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Abstract 
 

Understanding the self-assembly mechanism of surfactants in nonaqueous polar 
solvents is important to many practical applications, industrial formulation, and biological 
processes. However, despite this importance, the mechanism of self-assembly in nonaqueous 
media is not well understood, and the applicability of concepts and models derived for self-
assembly in aqueous media has not been well discussed in current literature. Improving our 
fundamental understanding of the self-assembly mechanism would allow us to link solvent 
properties, such as the solvent hydrogen-bonding, to the ability to support self-assembly, 
crucial for both industrial and biological applications.  

This project investigates self-assembly behaviour of amphiphiles in a green hydrogen-
bonding rich nonaqueous solvent, glycerol, and to assess the validity of the models designed 
for aqueous self-assembly. The surfactant chosen, sodium dodecyl sulfate, is well-studied in 
aqueous media, allowing for direct comparisons with current literature. The differences in bulk 
self-assembly were probed using small-angle neutron scattering (SANS), rheology, and 
microscopy techniques.  

The self-assembly structure in glycerol showed a striking difference compared to that 
in water, as a low molecular-weight gel formed upon addition of cSDS ~ 2 wt %. Through SANS 
and polarising light microscopy measurements, the structure was determined to be fibrillar on 
the microscale, with a diameter, D ~ 0.5 μm, and lamellar on the nanoscale. This contrasts with 
the behaviour observed in aqueous media, where globular ellipsoidal SDS micelles form. 
Furthermore, this gel phase was sensitive to many environmental conditions, e.g. temperature, 
water content, and the presence of electrolyte. Such unprecedented observations point to 
different driving forces for self-assembly in glycerol compared to in water, highlighting the role 
of a number of molecular parameters, in addition to hydrogen-bonding properties, of the 
solvent in mediating self-assembly.   
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Chapter 1 

Introduction 

Understanding self-assembly in nonaqueous polar solvents is vital due to their importance in a 

range of applications from formulations to the origin of life.  This works aims to discuss the 

mechanism of self-assembly in nonaqueous solvents, by probing both the interfacial and bulk 

structure of self-assembled surfactant mesophases. However, first it is pertinent to discuss the 

physical properties of nonaqueous polar solvents and the intermolecular interactions that could 

help drive these processes. It is also important to consider water as a solvent and to review self-

assembly in aqueous systems, as a reference and control for this work. This chapter presents 

an overview of these important aspects of self-assembly and nonaqueous solvents, with 

consideration of the applications of self-assembly in such media. The project motivation and a 

thesis outline are also presented in this chapter; more specific literature examples are discussed 

in relevant chapters.  

1.1 Project Motivation 

Our understanding of self-assembly in aqueous systems is at a high level, with the theories 

devised impacting many areas, from formulation science to biological processes. However, the 

mechanism of self-assembly in nonaqueous polar solvents is not well understood. This is a 

concern for applications or processes that make use of such solvents, for instance, certain 

insects have a nonaqueous component to their blood for cryoprotection. For more commercial 

applications, water as a solvent medium can lead to manufacturing problems; through use of 

nonaqueous solvents some of these manufacturing issues can be avoided.  

If the mechanism of self-assembly in nonaqueous solvents is well studied, and theories are 

devised, not only would industrial formulations be improved, but the understanding of 

biological processes would also improve. The self-assembly of amphiphiles can be probed 

interfacially and within the bulk, both are necessary to elucidate the fundamental self-

assembly mechanism. Traditionally, the interfacial behaviour of amphiphiles has been studied 
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using surface tensiometry and X-ray reflectivity (XRR) and the bulk behaviour using microscopy 

and small-angle scattering (SAS) techniques.  

This project aims to study the fundamental mechanism of self-assembly in nonaqueous polar 

systems and how this compares with aqueous systems. For this to be successful, simple 

surface-active (surfactant) molecules were chosen, with plenty of literature relating to the 

aqueous systems. The structure of self-assembled phases in both the bulk and the interface 

were probed with a range of techniques such as surface tensiometry, rheology, polarising light 

microscopy (PLM), and small-angle neutron scattering (SANS). The mechanism of self-assembly 

can then be discussed in light of the type of phases formed, furthering our understanding of 

self-assembly in nonaqueous polar solvents. This introduction provides a background to the 

project, including the fundamental theories of aqueous self-assembly and key properties of 

nonaqueous polar solvents.  

 

1.2 Nonaqueous Polar Solvents 

This project focuses on the use of nonaqueous polar solvents in self-assembly, and thus, 

understanding the key physical properties of these solvents is important. Nonaqueous polar 

solvents are a class of nonaqueous solvents that can further split into nonaqueous polar aprotic 

and nonaqueous polar protic solvents. Nonaqueous polar aprotic solvents cannot hydrogen-

bond with themselves, as they do not contain a H-X bond, where X is an electronegative atom. 

Here, we focus on nonaqueous polar protic solvents, in particular, alcoholic media, where 

hydrogen-bonding can occur via the hydroxyl (-OH) functional groups.  

1.2.1 Alcoholic nonaqueous solvents 

Alcohols are a class of nonaqueous solvent containing a hydroxyl (-OH) functional group, which 

can be present as a single functional group, or in multiple places, as a diol (two -OH), triol (three 

-OH), and so on. For an isolated hydroxyl group, this oxygen-hydrogen bond length, rO-H, is = 

0.970 Å 1, vs 0.957 Å in water. Alcoholic media have hydrogen-bonds in the bulk, where the 

oxygen atoms of one molecule are the donors and the hydroxyl hydrogen atoms are the 

acceptors, similar to water hydrogen-bonds. This results in interesting physical properties, such 

as higher than expected boiling points, Tb, or viscosities, η. 

The key physical properties of alcoholic media can be discussed in terms of the hydrogen-

bonding in the system to determine any trends (Figure 1.1, tables summarising the values used 
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are in Appendix A1. Key physical parameters of alcoholic nonaqueous solvents). The boiling 

points, Tb, and viscosities, η, of materials have been traditionally linked to the hydrogen-

bonding of the system2, as stronger intermolecular interactions increase the difficulty to 

separate molecules into the gaseous phase or to cause deformation. This is reflected in Figure 

1.1a and d, where Tb and η increase with the number of hydrogen-bonds, nHB (an approximated 

number of hydrogen-bonds the molecule could support)3-22. However, the molecular weight, 

Mw, should also be considered, in particular for η, where the link between Mw and η has been 

shown in the Mark-Houwink-Sakurada relation23. The viscosities follow the curve better in 

Figure 1.1e, where Mw is considered in the hydrogen-bonding description.  

However, this does not extend to other parameters, for example, the Hildebrand solubility 

parameter, δH, and the surface tension, γ, Figure 1.1g and j show no trend with the number of 

hydrogen-bonds. The Hildebrand solubility parameter is a numerical means of evaluating 

molecular miscibility, where molecules with similar δH values are miscible24; the parameter is 

linked to the cohesive energy density through a simple relation25 

𝛿! =	 (𝐶𝐸𝐷)
"
# =	)

∆𝐻$ − 𝑅𝑇
𝑉%

0
"
#

(𝟏. 𝟏) 

where CED is the cohesive energy density, ΔHV is the enthalpy of vaporization, R is the gas 

constant (8.314 J mol-1 K-1), T is the temperature, and Vm is the molar volume.  

The surface tension of a polar solvent can also be linked to the cohesion of a system, where 

the specific cohesion of a liquid, a2, is related as follows26 

𝑎# =	
2𝛾

𝜌& − 𝜌$
(𝟏. 𝟐) 

where γ is the surface tension, ρL is the density of the liquid phase, and ρV is the density of 

the vapour phase. 

The cohesion of a system is a physical property that takes into account the attraction over a 

distance27, and thus, it is pertinent to consider distance in the hydrogen-bonding description 

for these cohesion dependent parameters. In particular, for δH where the molar volume is 

important (Equation 1.1), and γ that is related to surface area. Therefore, the hydrogen-bond 

density, ρHB, can be defined as nHB per unit volume. Figure 1.1i and l show the relation of δH 

and γ as a function of ρHB respectively8, 9, 14, 18, 19, 24, 28-40, with both parameters now following a 

reasonably linear trend. For self-assembly purposes, δH and γ are more relevant physical 

parameters, suggesting that ρHB could relate to the ability of a solvent to support self-assembly.  
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Figure 1.1 The boiling point (Tb, a - c), viscosity (η, d - f), Hildebrand solubility parameter (δH, g 
- i), and surface tension (γ, j - l) of simple alcohols as a function of: number of hydrogen-bonds 
(nHB, left), number of hydrogen-bonds with molecular weight considered (nHB,m, centre), and 
hydrogen-bond density (ρHB, right). Dashed lines are guides for the eyes to improve trend 
clarity. 
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1.2.2 Applications of alcoholic nonaqueous solvents 

In current history, the search for a renewable green source of fuel is widespread, with one 

traditional route being the use of ethanol as a biofuel. The ethanol used is produced by large 

scale fermentation of agricultural crops, typically from corn crops in the U.S., the largest crop 

produced in the U.S.41. However, using purely ethanol-based biodiesels, E-diesels, has 

drawbacks, for instance, the amount of carbon dioxide (CO2) produced both in the 

fermentation process but also from combustion of the E-diesel42 is higher than that used in 

fossil fuel combustion. Xu et al. suggest collecting the CO2 generated from the fermentation, 

as the gas has a high purity (99 %), and using it in applications from food processing to metal 

fabrication43. Another consideration in reducing CO2 production in the fermentation process is 

to generate biofuels using another method; Fortman et al. discuss microbial production of 

biofuels, for example S. cerevisiae and wild-type Escherichia coli can produce ethanol44. 

Another route of improving E-diesels for use as fuel sources it to make blends with other fuels 

and diesels to improve efficiencies and reduce certain emissions, such as sulfur dioxide45. One 

such blend of ethanol-biodiesel-diesel showed better stability over a range of temperatures, 

and while it had the same energy value as the reference diesel, the sulfur content was reduced 

by 34 %46. A different blend containing diesel-soybean biodiesel-ethanol showed a reduction 

in CO2 emissions compared to pure diesel, and also, with the addition of alumina particles an 

increase in both fuel and thermal efficiencies of the engine47.  

Alcohols are also commonly used in hand sanitizers as a way of reducing bacterial and viral 

contamination48, demonstrated by the reduction in transmission of gastrointestinal illnesses 

by 59 % and respiratory illnesses by 20 % in homes using alcohol-based hand sanitizers 

(ABHS)49. Further, a comparison of ABHS with antimicrobial liquid soaps showed the ABHS 

performing better in deactivating 6 viruses50. However, some studies suggest that any 

reduction in viral contamination could be due to improved hand washing routines, rather than 

the ABHS itself. This was shown in a study where patients were at a higher risk of contracting 

norovirus, when they preferentially used ABHS over traditional hand soap51.  

Propylene glycol can be combined with agar to form Rambach agar, a specific culture able to 

differentiate Salmonella bacteria from other members of the family, Enterobacteriaceae, 

identifying Salmonella is important for prevention of salmonellosis outbreaks52-54. The 

propylene glycol is metabolized in a Salmonella culture, resulting in a local acidification of the 

agar, leading to the red colour observed (Figure 1.2). Other glycols were investigated to 
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determine if this was propylene glycol specific, however, none of the other glycols 

demonstrated the same biochemical activity.  

 

Figure 1.2 Bacterial colonies streaked on the Rambach agar showing the distinctive red colour 
of Salmonella colonies, a blue colour of E. coli colonies, and colourless Proteus colonies. Image 
taken from [52]. 
 

1.2.3 Non-alcoholic nonaqueous polar solvents 

This project focuses on the self-assembly in alcoholic media, however, there are other types of 

nonaqueous solvent, for example nitrogen-containing solvents have found applications in self-

assembly. Solvents with the amine functional group (-NH) are interesting, and are also 

hydrogen-bonding rich, like alcoholic media.  

Methylamine is the simplest amine, CH3NH2, where the HNH bond angle is 106.5 o (vs 105.5 o 

in ammonia) and the CNH bond angle is 112.1 o, suggesting the orientation of the amine group 

is similar to that in ammonia55. Methylamine is also of interest in interstellar science, having 

been detected in the nebula Sagittarius B2(OH)56, 57 (Sgr B258, Figure 1.3). The proposed 

mechanism of formation was hydrogenation from HCN to CH2NH on grains, and further 

hydrogenation to CH3NH2 on surfaces within the nebula, however, from further study into the 

distributions of amines formed in Sgr B2 this was considered improbable59. The formation was 

then shown to be a result of neutral-neutral processes in the gas phase, a common reaction 

type in interstellar medium60. The presence of such small molecules in the interstellar medium 

can help to elucidate the formation mechanism of not only simple molecules but also more 

complex molecules relevant for human life, such as β-alanine, an amino acid61.  

 

 



Chapter 1. Introduction 

 

7 
 

 

Figure 1.3 A colour composite image of the Sagittarius B2 nebula (bright red-orange section to 
the middle left) taken from the ATLASGAL survey. Image taken from [58]. 
 

Dimethylformamide (DMF) is a simple amide containing a carbonyl functional group next to an 

amine group, typically with the formula RC(O)NR’R”, where the R groups represent either 

hydrogens or other organic groups. DMF is a commonly used organic solvent for synthetic 

purposes, but its structure in the liquid state is quite interesting, considering the presence of 

groups that have the ability to form strong intermolecular interactions62. Experimental work 

using X-ray and electron diffraction coupled with computational calculations showed the liquid 

structure to be planar with no clustering, a result of weak intermolecular interactions63, 64. 

Aside from applications as a solvent in syntheses, DMF also helps improve the formation of 

quantum dots, such as cadmium sulfate without any surface stabilisers65, 66.  

1.2.4 Nonaqueous nonpolar solvents 

Nonaqueous nonpolar solvents are a group of solvents where there is no net dipole within the 

molecule, this could arise from a diatomic molecule where the electronegativities are equal 

and the electrons are shared, like nitrogen (N2). However, this can also arise from molecules 

with a symmetrical arrangement of polar bonds, such as boron trifluoride, a trigonal planar 

structure; unlike ammonia which has a distorted tetrahedron shape due to the lone pair, and 

thus, is polar.  

Another group of nonpolar molecules is hydrocarbons, as the electronegativities of carbon and 

hydrogen are similar (2.20 vs 2.55 respectively67). Hydrocarbons have traditionally been used 

as a fuel, for a range of vehicles, from cars to high-speed rockets. For aeropropulsion 

applications, the fuel needs either coolant68, to reduce the risk of ignition at super- and 

hypersonic speeds, or use of a cryogenic fuel, such as liquid methane69. Hydrocarbons are also 

prevalent in nature, with cuticular hydrocarbons helping communication in Potonomyrmex 
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barbatus worker ants70 and in interstellar applications with evidence for methane, ethane, 

actylene, and diacetylene in the stratospheric haze on Uranus71.  

 

1.3 Intermolecular Interactions 

 

There are four forces in nature, including the short-range interactions between elementary 

particles, the strong (~ 1038 in strength) and weak forces (~ 1025). There are also gravitational 

forces, the weakest of all four, relating to more cosmological phenomena, such as black holes 

or tidal motions72. The force most relevant in this project is the electrostatic interaction acting 

between atoms and molecules, which can be between formal charges (e.g. ionic bonding) to 

induced dipoles (e.g. van der Waals forces).  

1.3.1 Hydrogen-bonding 

Hydrogen-bonding is a type of association bond that had been considered by many in the early 

twentieth century, some suggest it was first Alfred Werner (1903) who proposed the 

configuration of ammonia to be H3N···HX73. Some suggest that it was Moore and Winmill (1912) 

who discussed amine interactions in aqueous environments, representing an equilibrium 

between the amine, water, and hydrated ions, with a complex of the form: NX3H(OH)74. 

However, many agree that the formal description of hydrogen-bonding was first proposed by 

Latimer and Rodebush (1920), suggesting a free pair of electrons on a water molecule could 

exert a force on a hydrogen from an adjacent molecule75 (noted as  A-H···B, where A is the 

acceptor and B is the donor).  

Weak hydrogen-bonds have bond energies typically < 30 kJ mol-1, however, some stronger 

types of hydrogen-bonds can reach energies of > 100 kJ mol-1 76. The strongest of such 

interactions, termed ‘very strong hydrogen-bonds’ and are better represented by A-H-B, 

suggesting that the proton is equally shared between the acceptor and donor. These are 

generally from acidic acceptors, where the electronegativity difference is high, combined with 

an almost, or indeed formal, negative charge77. An example would be F2NH···F-, which has a 

hydrogen-bond energy of 181.2 kJ mol-1 78, determined computationally, or FH···F- with an 

energy of 214 kJ mol-1, determined from ab initio studies79.  
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Figure 1.4 The boiling points, Tb, of a selection of hydrides as a function of the molecular 
weight, Mw, showing the impact of hydrogen-bonding on the Tb value. Image recreated from 
[80]. 
The intermolecular hydrogen-bond has already been mentioned previously as having a 

contribution to interesting physical behaviours, in particular, higher than expected boiling 

points, Tb, shown visually in Figure 1.480. But intramolecular hydrogen-bonding is also 

interesting; intramolecular hydrogen-bonds are typically stabilised through the formation of 

rings and can be formed in two ways like intermolecular hydrogen-bonds: resonance assisted 

(RAHB) and charge assisted (CAHB)81, 82 (Figure 1.5). Intramolecular hydrogen-bonding can 

direct self-assembly purposes through a stabilised conformation83, for example, Gallego et al. 

showed the self-assembly of a superhelix (Figure 1.6) from achiral discotic porphyrins, driven 

by intramolecular hydrogen-bonds and π-π stacking84.  

 

Figure 1.5 (a) Resonance assisted hydrogen-bonding, and (b) charge assisted hydrogen-
bonding using a positive charge (negative charge assisted hydrogen-bonding also exists). Image 
recreated from [82].  
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Figure 1.6 SEM image of a superhelix formed by intramolecular hydrogen-bond driven self-
assembly of achiral discotic porphyrins. Image taken from [84]. 
 

1.3.2 Ionic bonding 

Ionic bonding is the electrostatic interaction between ions of opposite charge, producing a 

molecule with a cation and an anion. As these bonds are between ions of opposite charge, in 

the solid state, a large lattice crystal structure can form, the structure of which can vary 

depending on the valency or coordination number of the ions85. The structures can be simple, 

such as sodium chloride (Figure 1.7a) or more complex, like Perovskite86, 87 (Figure 1.7c). Ionic 

bonds are typically stronger than hydrogen-bonds, with bond energies of 100 – 500 kJ mol-1, 

and Pauling (1929)88 defined an electrostatic valence bond strength, s 

𝑠 = 	
𝑧
𝑘

(𝟏. 𝟑) 

where z is the cation charge, and k is the cation coordination number.  

 

Figure 1.7 Schematic representations of a few ionic lattices, (a) sodium chloride, (b) caesium 
chloride, and (c) Perovskite. 
Ions in aqueous solution are more relevant to biological processes, for example in nerve 

transport, and the investigation of specific ion effects in aqueous solution is well-studied. One 

specific ion effect is summarised by the Hofmeister series, named after Hofmeister (1888)89, 
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who observed the effect of ions on protein solubility, termed salting in and out. The Hofmeister 

will be discussed in more detail in Chapter 7, where the specific ion effect is discussed in 

nonaqueous polar solvents and compared to aqueous media. Ions in aqueous solution also 

have interactions with the water molecules, a result of the polarity, where cations can interact 

with the oxygen negative dipole, and anions with the hydrogen positive dipoles. This will be 

discussed further in the next section.  

1.3.3 Dipole interactions 

Dipole interactions are a result of the asymmetric electron sharing of polar molecules, for 

example in water, where the electron density is pulled toward the oxygen atom and away from 

the hydrogen atoms. Dipoles can interact with each other through attraction to oppositely 

charged dipoles (Figure 1.8a). This can result in some interesting behaviour, for instance,  the 

addition of zinc ions a poly(acrylonitrile 2-methacryloyloxyethyl phosphorylcholine) hydrogel 

lead to not only reinforced mechanical strength, but also to shape memory of the hydrogel via 

dipole-dipole interactions through the cyano groups of the polymer90.  

 

Figure 1.8 Schematic representation of dipole interactions, (a) dipole-dipole interactions 
between hydrogen chloride molecules, and (b) ion-dipole interactions between a sodium 
cation and hydrogen chloride molecules. 
Dipoles can also interact with ions in solution, anions with positive dipoles, and cations with 

negative dipoles (Figure 1.8b), which has proven useful in applications from miscibility 

improvement91, 92 to tighter binding in host-guest complexes93. Borisenko et al. (2000) showed 

the important of ion-dipole interactions, by using phenylazo-phenylalanine-gramicidin as an 

ion channel; the dipole moment of the azobenzene group can be switched ‘on’ reversibly by 

photoisomerization, turning on the ion-dipole interactions and allowing for the passage of 

caesium and sodium ions94. The importance of ion-dipole interactions is highlighted in the 
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transport receptors of Mycobacterium tuberculosis, where ion-dipole interactions help in the 

binding to cell membranes, through the phosphate headgroups95.   

1.3.4 Van der Waals forces 

Van der Waals (vdW) forces are long-range interactions between any two neutral atoms96, 97, 

it is generally a weak force relating to the fluctuation of electron density around atoms. This 

can be induced by molecules with a permanent dipole, sometimes referred to as Debye 

forces98, but also between nonpolar atoms via the formation of instantaneous multipoles, 

referred to as London dispersion forces72, 99, 100. Jing et al. (2019)101 highlighted the importance 

of vdW forces in drug delivery, demonstrating that vdW dominates the interaction between 

gold nanoparticles and a plasma membrane and helps binding of gold as opposed to silica, a 

possible cause for the higher cytotoxicity of gold nanoparticles over silica.  

London dispersion forces also have importance in binding metal-ligand complexes. For 

instance a uranium complex with alkane ligands, [((ArO3)tacn)U(neo-C6)]·(cy-C5) (Figure 1.9a), 

where a combination of magnetic characterisation and correlated electronic structure 

calculations show the importance of London dispersion forces102, 103. A series of agostic, metal-

ligand complexes with alkane interactions, were studied in work by Lu et al. (2018) and for 

each studied the importance of London forces were found in each by natural bond orbital 

calculations104. 

 

Figure 1.9 (a) Molecular architecture of the uranium alkane complex, [((ArO3)tacn)U(neo-
C6)]·(cy-C5). (b) Ball and stick model of the circled section of (a), highlighting the alkane ligand 
interaction via a dotted line. Structure in (a) is recreated from [102], and image (b) is taken 
from [102]. 
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1.3.5 Lennard-Jones potential 

The Lennard-Jones potential is a simple model that describes the interaction between a pair of 

neutral molecules and is applicable to both dipole-dipole and van der Waals forces. The model 

was first proposed by Lennard-Jones (1928)105, Equation 1.4, and is shown graphically in Figure 

1.10. As the separation decreases in Figure 1.10, the two molecules are attracted to each other, 

indicative of the negative potential energy and is a result of van der Waals forces. The minimum 

potential energy is the strongest attractive interaction between the two molecules, and where 

the potential energy is equal to zero, this is the closest distance the molecules can achieve 

from each other. After this point, the molecules are strongly repulsed by each other as the 

distance gets closer, and the potential energy infinitely increases to a large positive value.  

𝑉(𝑟) = 4𝜀 ?@
𝜎
𝑟B

"#
−	@

𝜎
𝑟B

'
C =

𝐴
𝑟"#

−
𝐵
𝑟"#

(𝟏. 𝟒) 

 where V(r) is the potential energy, ε is the potential energy minimum, σ is the closest distance, 

r is the molecule separation, A = 4εσ12, and B = 4εσ6.   

 

Figure 1.10 Graphical representation of the Lennard-Jones potential, with parameters from 
Equation 1.4 highlighted. 
 

1.4 Self-Assembly 

 

Self-assembly is a process with applications in physics, chemistry, biology, and engineering, and 

thus, has many definitions. Generally, the accepted definition is the spontaneous organisation 

of molecules into stable aggregates under a thermodynamic equilibrium106-112. Systems from 

surface-active molecules (surfactants), to nanoparticles can form self-assembled hierarchical 

structures. Self-assembly in aqueous systems is well-studied and the following is a brief 

overview of existing literature.  
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1.4.1 General theories and concepts 

The driving force for amphiphile self-assembly is generally accepted as the hydrophobic effect, 

where organisation is driven by the repulsion of hydrophobic parts by the solvent113, 114. As 

amphiphiles have both hydrophobic and hydrophilic sections, the hydrophobic parts are 

repelled by the solvent and cluster within self-assembled aggregates, thus, leaving the 

hydrophilic sections on the outside of the clusters. The hydrophobic effect has been applied to 

nonaqueous polar systems, as the solvent interactions are similar to that in aqueous systems, 

and is termed the solvophobic effect115 (Figure 1.11). 

 

Figure 1.11 The clustering of surfactant molecules as a result of the hydrophobic effect, (a) 
isotropic surfactant molecules in water, (b) aggregation starting to occur, and (c) micelle 
formation to reduce contact between hydrophobic tails and water molecules.  
Another concept for amphiphile self-assembly is the critical packing parameter (Equation 1.5), 

a simple parameter used to predict aggregate structure in aqueous solution116-118. Despite the 

simplicity, the parameter is based on the thermodynamics of aggregate formation, making it a 

powerful tool for self-assembly in aqueous media. The variety of shapes as a function of the 

packing parameter is shown below in Figure 1.12, demonstrating the transition of globular 

micelles to a lamellar phase, to inverse phases with different amphiphile dimensions.  

𝐶𝑃𝑃 = 	
𝑣(
𝑎)𝑙*

(𝟏. 𝟓) 

where v0 is the tail volume, ae is the equilibrium headgroup area, and lc is the tail length.  



Chapter 1. Introduction 

 

15 
 

 

Figure 1.12 Schematic representations of the mesophases in aqueous amphiphile systems, as 
a function of the critical packing parameter and hydrophilic-lipophilic balance (HLB). Image 
taken from [116]. 
A critique of the packing parameter is the lack of consideration of environmental variables in 

the calculation, for example, Nagarajan detailed failures of the packing parameter arising from 

lack of tail specificity as the volume to length ratio is constant for many surfactants119, 120. A 

possible suggestion was that the packing parameter could be combined with computational 

simulation moving forward to improve the prediction. Another consideration, of particular 

interest to this project, is the influence of the solvent itself, many believe the headgroup area 

accounts for the solvent environment as it is the equilibrium headgroup area and not just the 

pure headgroup area. This is due to the change in size of headgroup area in the presence of 

pH, ions, and temperature. In some cases, whilst it is noted the parameter is an equilibrium 

area, it is often omitted for the pure headgroup area for ease of calculation121. 

The packing parameter is based on the thermodynamics of aggregation, which followed a few 

approaches, one being from Tanford (1978)113 who discussed aggregates, in terms of micelles, 

as separate chemical species with the free energy, ΔG ~ mμ0
N (a combination of the 

aggregation number, m, and the chemical potential, μ0
N). This approach assumes that dilute 

solution theory holds, with the assumption of an ideal solution, and thus, following the van’t 
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Hoff equation122 (Equation 1.6), Raoult’s law123 (Equation 1.7, 1.8), and Henry’s law124 (linked 

to Raoult’s law via Equation 1.9). 

𝑑 ln𝐾)+
𝑑𝑇

=
Δ𝐻,

𝑅𝑇#
(𝟏. 𝟔) 

where Keq is the equilibrium constant, T is the temperature, ΔHθ is the standard enthalpy 

change, and R is the gas constant (8.314 J mol-1 K-1). 

𝜌" =	
𝜌"(𝑛"

(𝑛"+	𝑛#)
(𝟏. 𝟕) 

𝜌# =	
𝜌#(𝑛#

(𝑛"+	𝑛#)
(𝟏. 𝟖) 

𝜌" = 𝑛"𝐾" (𝟏. 𝟗) 

where ρ is the vapour pressure, n is the mole fraction, and K is Henry’s constant.  

The equilibrium of thermodynamics can then be derived in terms of chemical potential, where 

the one side represents the aggregate formation (left), and the other side represents the 

monomers in solution (Equation 1.10).   

𝜇-( +
𝑘𝑇
𝑁
ln @

𝑛-
𝑁 B

= 	𝜇"( + ln(𝑋") (𝟏. 𝟏𝟎) 

where k is the Boltzmann constant (1.381 x 10-23 m2 kg s-2 K-1), and N is the aggregation number.  

Specifically, for surfactants, the critical micelle concentration, CMC, can be related to the 

thermodynamic enthalpy, allowing for a direct relation between the hydrophobic effect and 

the thermodynamics of a system (Equation 1.11)125. A second approach is to consider an 

equilibrium between a hydrated solid, a micellar phase and isotropic surfactant monomers, an 

approach discussed by Shinoda and Hutchinson (1962)126 (Figure 1.13). The micellization 

process, including CMC, was then further discussed in terms of the entropy in Equation 1.12, 

including an experimental constant, Kg, that considered ion concentration127, 128.  
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Figure 1.13 A process triangle depicting the equilibrium between a hydrated solid, isotropic, 
and micellar phase, with the enthalpies listed. Image recreated from [126].  

∆𝐻%
𝑅𝑇#

=	−
𝑑 ln 𝑐∗

𝑑𝑇
(𝟏. 𝟏𝟏) 

where ΔHm is the standard enthalpy change of micellization, and c* is the critical micelle 

concentration. 

∆𝑆% =	
∆𝐻%
𝑇

= 	−\1 +	𝐾/^	𝑅𝑇	
𝑑 ln 𝑐∗

𝑑𝑇
(𝟏. 𝟏𝟐) 

where ΔSm is the entropy of micellization, and Kg is an experimental constant.  

The kinetics of self-assembly can also be derived, by considering the equilibrium of surfactant 

monomers aggregating to form the micellar phase, a general step wise reaction scheme is 

shown in Figure 1.14. A rate equation can then be derived for the breakup of the micelle129, 130 

(Figure 1.14c) into a sub-micelle and surfactant monomers (Equation 1.13); the dissolution of 

surfactant to form micelles is considered to be the rate determining step131. Aniansson et al. 

then investigated the rate determining step to obtain the time constant (Equation 1.14 and 

1.15)132. 



Chapter 1. Introduction 

 

18 
 

 

Figure 1.14 The stepwise process of micellization showing the rate constants for each step of 
adding a surfactant monomer to the aggregate. Image recreated from [129]. 

𝑘01 +	�̅�"�̅�"20 =	𝑘02�̅�0 (𝟏. 𝟏𝟑) 

where ks
+ is the rate constant for the formation of the micelle, Ā1 is the monomer 

concentration, Ā1-s is the sub micelle concentration, ks
+ is the rate constant for the dissolution 

of the micelle, and Ās is the micelle concentration. 

1
𝜏
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𝑚
𝑛d

2"

(𝟏. 𝟏𝟒) 

𝑛 = 	
(𝑁 −	𝑁")

𝑁"
(𝟏. 𝟏𝟓) 

where τ is the time constant, σ is the width of the size distribution of the micelles, m is the 

mean aggregation number, N is the equilibrium number density of micelles, and N1 is the 

equilibrium number density of monomers.  

1.4.2 Self-assembly of surfactants 

Surface-active molecules (surfactants) are amphiphiles, typically with a polar headgroup and a 

single nonpolar tail. Their behaviour in aqueous media is well-characterised, typically with 

adsorption to the air-water interface as the surfactant concentration increases, to a critical 

concentration where a monolayer is formed at the interface and micelles start to form in the 

bulk – the critical micelle concentration, CMC (Figure 1.15). For common surfactants, such as 

sodium dodecyl sulfate (SDS), the properties of such phases have been determined 

experimentally a number of different ways, such as CMC, radius, or aggregation number (8.0 

mM 133, 18.1 Å 134-136, 69.6134-136 respectively via fluorescence quenching). The bulk behaviour 

is typically more complex, with a range of different mesophases present depending on 
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surfactant concentration, temperature, and pressure. These can also be referred to as 

lyotropic liquid crystalline mesophases, with micellar being arguably the simplest.  

 

Figure 1.15 The adsorption of surfactant molecules to the air-water interface with increasing 
concentration, demonstrating the effect on surface tension.  
At higher surfactant concentrations, or with more cylindrical shaped surfactants (packing 

parameter ~ 1), a lamellar phase can form (Figure 1.16a) where the nonpolar tails interact and 

the polar headgroups come together137-140. Lamellar phases can form from single surfactant 

systems, for example 70 wt % Brij 30 in water forms a lamellar phase, shown by the Maltese 

cross pattern in polarising light microscopy (PLM) (Figure 1.16b)141. But also, lamellar phases 

can form from mixed surfactant systems, for example SDS and DTAB can form lamellar sheets 

at equimolar compositions in water142, or another system is a 80:20 cetosteryl 

alcohol:cetosteryl alcohol-alkyl polyglucoside solution143. 
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Figure 1.16 (a) Schematic representation of a surfactant lamellar phase. (b) Polarising light 
microscope image of 70 wt % Brij 30 in water, (inset) magnified image to highlight the Maltese 
cross pattern. Image taken from [141]. 
Other more complex surfactant mesophases can form in the bulk, like the hexagonal system 

(Figure 1.17a and b), where cylindrical aggregates pack hexagonally, an example of which is 

Triton X100, a nonionic surfactant, in water at ~ 50 wt %144, 145. There is also the class of 

bicontinuous mesophases, where there are two main classes, the bicontinuous cubic where 

the surfactant forms a single continuous bilayer146. The second class is the water continuous 

cubic where the water forms a single continuous network of water channels146-148, typically 

referred to as micellar cubic phases. Three structures of the bicontinuous phase are the: 

double-diamond (Pn3m), double-gyroid (Ia3d), and double-network (Im3m), shown 

schematically in Figure 1.17c-e 149. Four of the micellar cubic phases are the: body centred 

cubic of truncated octahedra (Im3m), face centred cubic of rhombic dodecahedra (Fm3m), 

primitive cubic of distorted dodecahedra and tetradecahedra (Pm3n), and face centred cubic 

of distorted dodecahedra and hexadecahedra (Fd3m) (Figure 1.17f-i)150. 

Surfactants can also form self-assembled elongated wormlike micelles with the addition of 

different salts151-153, for example, the addition of sodium chloride (NaCl) to SDS solutions 

(above CMC) leads to elongated flexible SDS micelles, probed with SANS154. Wormlike micelles 

can also form from the addition of a co-surfactant, for example wormlike micelles can form 

with the addition of poly(oxyethylene) dodecyl ether to nonionic (alkanoyl-N-

methylethanolamide) and anionic (SDS) surfactants155-157. Also of particular interest is the 

mixture of cationic and anionic surfactants of similar chain length158-161, for example SDS and 

octyltrimethylammonium bromide (C8TAB) forms a gel phase at a ratio of 15:7 wt %, 

respectively, in aqueous systems162. Another example involving SDS and C12TAB 
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(dodecyltrimethylammonium bromide), here the same C12 tail length, formed ribbon-like 

micelles at a ratio of 3:1 by concentration, respectively163.  

 

Figure 1.17 (a) Schematic representation of a hexagonal mesophase. (b) Polarised light 
microscopy texture of a hexagonal mesophase. Schematic representations of bicontinuous 
cubic phases, (c) Ia3d, (d) Pn3m, and (e) Im3m. Schematic representations of micellar cubic 
phases, (f) Fm3m, (g) Im3m, (h) Pm3n, and (i) Fd3m. a and b are taken from [145]. c – e are 
taken from [149]. f – i are taken from [150].  
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1.4.3 Self-assembly of lipids 

Lipids are a biologically relevant amphiphile, typically with two nonpolar tails, which can self-

assemble into bilayered structures (Figure 1.18), as their packing parameter falls into a value 

of ~ ½ - 1, indication of a cylindrical molecular shape. Phospholipids are a class of lipid 

containing a phosphate headgroup and fatty acid chains, these lipids can be found in animal 

cell membranes164, 165, bacterial cell membranes166, and smaller cell components, such as 

mitochondria167-169. Lipids can form bilayered vesicles known as liposomes170, 171, often used as 

models for human cells or bacterial cells, but these can be unilamellar vesicles (Figure 1.18a), 

or multilamellar vesicles (Figure 1.18b). 

 

Figure 1.18 Schematic representations of some phases lipids can form, (a) unilamellar vesicles, 
(b) multilamellar vesicles showing two different morphologies, and (c) lamellar phase.  
Model membranes are often used to study membrane interactions with various particles, to 

assess the toxicity and to study the mechanism of cellular uptake of such particles172, this can 

be in the form of supported lipid bilayers or liposomes. Kawakami et al. (2001)173 probed the 

stabilisation mechanism of some polymers, poly (ethylene glycol), dextran, and methyl 

cellulose for instance, on distearoyl phosphatidylcholine (DSPC) and dipalmitoyl 

phosphatidylcholine (DPPC), showing an electrostatic interaction. Supported lipid bilayers are 

also a commonly used model membrane, Sironi et al.174 studied the structure of dioleoyl 

phosphatidylcholine (DOPC) multilayers formed via drop casting of liposome dispersions on 

mica surfaces. Fox et al.175 then studied the interactions between model nanoparticles, 
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poly(amidoamine) dendrimers, on these supported DOPC multilayers, demonstrating bilayer 

thinning (Δd ~ 10 Å) with added dendrimers.  

Lipid mesophases can also be used as model membranes, as the lamellar fluid phase, L⍺, is the 

structure of cell membranes176, so probing changes to the mesophase with added 

nanoparticles helps to elucidate the mechanism of toxicity177. These effects are seen in a 

monoolein mesophase, where the bicontinuous cubic gyroid phase disappeared on addition of 

silica nanoparticles178. The transition from lamellar to inverted hexagonal phase is reported to 

be energetically analogous to membrane fusion179, and a study of the effect of silica 

nanoparticles on dioleoyl phosphatidylethanolamine (DOPE) mesophases showed a promotion 

of the inverted hexagonal phase180.  

1.4.4 Self-assembly in nonaqueous solvents 

While self-assembly has been well discussed in aqueous systems, self-assembly in nonaqueous 

solvent is less studied, despite the importance of nonaqueous solvents. In an ethylene 

glycol:glycerol (10:90) mixture, Agrawal et al. (2019)181 showed the formation of erucyl 

bis(hydroxyethyl) methyl ammonium chloride (EHAC) wormlike micelles, persisting to 

temperatures as low as – 20 oC. Shukla and Raina (2020)182 showed an enhancement in the 

dielectric permittivity of cetyl pyridinium chloride and sodium dodecyl sulfate lyotropic liquid 

crystalline phases in glycerol and water mixtures, for applications in electronic devices. In 

polymers, an ethanol-water mixture was used to enhance the polymerisation-induced self-

assembly (PISA) of isobornyl acrylate-monomethoxy poly(ethylene glycol) (mPEG-PIBOA) 

copolymers, forming a range of different morphologies (Figure 1.19)183. These self-assembly 

studies highlight the presence of a solvophobic effect in nonaqueous polar solvents, similar to 

aqueous systems.  

 

Figure 1.19 Morphologies formed by the PISA of mPEG-PIBOA copolymers, (a) spheres, (b) 
wormlike micelles, and (c) vesicles. Image taken from [183]. 



Chapter 1. Introduction 

 

24 
 

Interfacial self-assembly behaviour of surfactants in nonaqueous polar media seems to 

resemble that in aqueous systems, whilst distinct differences in the morphology of the micellar 

aggregates have been reported in solution, with micellar phases observed in low concentration 

surfactant mixtures184 and more complex phases or hydrated crystals in higher concentration 

mixtures185, 186. For instance, in ethylene glycol, nonionic octaethylene glycol monotetradecyl 

ether (C14E8) formed elongated rod-like micelles and ionic sodium dodecyl sulfate (SDS) or 

dodecyltrimethylammonium bromide (C12TAB) formed ellipsoidal micelles187, 188. C10E4OMe 

(C10H21O(C2H4O)4CH3) was found to have a critical micelle concentration (CMC) of 11.6 mM and 

form a monolayer at the air-water interface189, 190.  

In nonaqueous nonpolar media, self-assembly is better studied, with the formation of inverse 

micelles or phase expected due to the bulk solvent being nonpolar and will have stronger 

attractive interactions with the nonpolar tails. Lopez-Oliva et al. (2015)191 showed examples of 

self-assembled block copolymer phases (sphere, vesicles, and wormlike micelles) formed in n-

heptane, nonaqueous and nonpolar, via RAFT-mediated PISA192. Hydroxyapatite liquid crystals 

(HALC) were synthesised and dispersed by Tan et al. 193 in cyclohexane, toluene, and styrene, 

where the HALCs formed in cyclohexane showed high stability. Nanowires of a poly(lauryl 

methacrylate)-11-(4-(4-butylstyryl)phenoxy)undecyl methacrylate copolymer were dispersed 

in a range of nonpolar solvents, for instance chloroform and n-heptane, with potential 

application in electric nanoconductors194.  

 

1.5 Summary 

This overview has highlighted the importance of nonaqueous solvents in a range of different 

applications, from renewable fuels to even answering the question of life. However, despite 

the importance of self-assembly in many of these applications, self-assembly is not well-

studied in nonaqueous solvents, in particular polar solvents. Promising studies using self-

assembly in nonaqueous polar solvents have shown the hydrophobic effect to be transferable 

as a solvophobic effect to nonaqueous polar and nonpolar solvents. Yet, there are concerns 

with the packing parameter, highlighting the necessity to study the fundamental mechanism 

of self-assembly in nonaqueous polar solvents and discuss the solvent effect. Comparing the 

self-assembly behaviours seen in nonaqueous polar solvents with aqueous media, the 
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concepts and theories developed can be assessed critically and further developed for 

application to nonaqueous media.  

The importance of intermolecular interactions was also discussed in this short overview, 

especially regarding self-assembly where intermolecular interactions underpin the formation 

of large aggregates. Whilst this project focusses on hydrogen-bonding, given the nature of 

alcoholic media to form hydrogen-bonds, other intermolecular interactions have proven to be 

vital in aggregation. Even van der Waals forces, considered the weakest intermolecular 

interaction, has proven to be important in forming agostic complexes, though often neglected 

as they are present in all molecules.  

 

1.6 Thesis Outline 

The main objective of this project was to study the fundamental mechanism of self-assembly 

in nonaqueous polar systems, assessing the validity and applicability of models developed for 

aqueous systems to these media. Through rigorous experimental work, some curious 

observations have been made involving the self-assembly of amphiphiles in nonaqueous 

solvents, suggesting that not all theories are valid and applicable.    

Chapter 2 gives an overview on the background of the techniques used in this project, including 

synchrotron small-angle neutron scattering (SANS), and X-ray reflectivity (XRR). Chapter 3 

provides the details of the samples used and methods to prepare the samples in this project. 

Chapter 4 reports the formation of an unexpected SDS-in-glycerol gel phase, using a series of 

techniques to resolve the structure on the macro-, micro-, and nanoscale. The effect of 

temperature and surfactant concentration are also discussed, probing the critical gelation 

concentration, cCGC, and the critical gelation temperature, TGC. Chapter 5 probes the effect of 

water on the SDS-in-glycerol system, to investigate the role of nonaqueous polar solvents in 

binary solvent systems. In particular, studying the effect of a co-solvent on the gelation 

mechanism. Chapter 6 details the specific ion effect on the gelation mechanism of 

supramolecular gels in nonaqueous polar solvents, studying the Hofmeister series in glycerol 

using fluoride ions. Chapter 7 follows this chapter by probing specific ion effects in self-

assembled fluid phases in glycerol, comparing with the Hofmeister series. Chapter 8 discusses 

the formation of fractal SDS aggregates in glyceline (a deep eutectic solvent), causing gelation 

to occur through a counterion condensation mechanism. Chapter 9 then investigates the effect 
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of temperature and surfactant concentration on the mesophase formed. Chapter 10 

summarises miscellaneous results relating to lipid self-assembly carried out in nonaqueous and 

aqueous nonaqueous binary systems. These relate to self-assembly both at the interface and 

within the bulk. Chapter 11 concludes the thesis by discussing the results from earlier chapters 

and drawing insight into the self-assembly mechanism in nonaqueous polar solvents, with 

suggestions of further work to continue the project.  
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Chapter 2 

Experimental Techniques 

This chapter describes the experimental techniques used in this project to characterise and 

analyse the systems studied. Many of the techniques employed here make use of synchrotron 

radiation, and thus, synchrotron radiation will be discussed in detail here, for both X-ray and 

neutron radiation. The air-liquid interface was investigated using surface tensiometry and X-ray 

reflectivity (XRR). The bulk was imaged using a selection of microscopy techniques, including 

polarising light microscopy (PLM), confocal laser scanning microscopy (CLSM), and 

environmental scanning-electron microscopy (ESEM). The bulk was further characterised using 

rotational rheometry and small-angle neutron scattering (SANS).  

 

2.1 Small-Angle Neutron Scattering (SANS) 

 

Small-angle scattering (SANS) employs neutron radiation to study matter on the nanoscale, 

due to the shorter wavelengths (λ) of neutrons as opposed to visible light. In SANS 

measurements the scattering intensity (I(q)) is measured as a function of the momentum 

transfer or scattering vector, q. The scattering vector is measured indirectly as the deflection 

of the incident beam by objects in the sample, and is linked to this angle of deflection via 

Equation 2.1.   

𝒒 = 	
4𝜋 sin 𝜃

𝜆
(𝟐. 𝟏) 

where q (or 2q) is the angle between the incident beam and the detector, and λ is the 

wavelength of the neutron radiation.  

In a scattering experiment, the intensity of radiation is captured by a detector, where 

transmitted radiation and incident radiation is blocked by a beamstop located in the path of 

the incident beam. The radiation is scattered by interaction with the nuclei of scattering objects 

in solution. The collected intensity provides a two-dimensional pattern, where the presence of 

rings and point peaks in intensity suggest the presence of scattering objects, of dimensions 
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within the experimental q-range. The magnitude of intensity is determined by coherent and 

incoherent radiation, where coherent scattering increases the intensity detected and 

incoherent decreases. This two-dimensional scattering pattern can be converted into a one-

dimensional curve profile via an azimuthal integration.  

SANS instruments can be modified to look at even larger structures by use of a Bonse-Hart 

camera1, 2 or by exploiting the Larmor precession of neutrons in a magnetic field (spin-echo 

SANS3, 4) in U/VSANS. In the same way, SANS instruments can be modified to study wider angles 

in WANS modes, in particular, instruments such as Nimrod (ISIS Muon and Neutron Source) 

are able to bridge the gap between SANS and neutron diffraction (ND)5. SANS instruments can 

also be modified to study other effects, for example high pressure cells can be placed onto 

beamlines or rheometers can be placed onto beamlines to study in situ structural changes from 

applied shears.  

2.1.1 History of the neutron 

Prior to the discovery of the neutron, atomic nuclei were proposed to consist of integer positive 

hydrogen nuclei closely coupled with electrons and heavier elements were proposed to consist 

of integer helium nuclei and so on6, 7. However, in 1932, Chadwick concluded the presence of 

neutral subatomic particles, termed neutrons, from the interactions of α-particles with 

polonium, which emitted penetrating radiation of neutrons, noting the radiation consisted of 

a mass and no charge8, 9.  

With the knowledge of these particles, further study into their behaviour proved fruitful when 

Feather noted that the particles were able to scatter elastically and inelastically in nitrogen10. 

Thus, the first neutron diffraction measurements were carried out during this time; it was not 

until 1945, when ‘piles’ or nuclear reactors were built, containing higher neutron fluxes, that 

neutron diffraction/scattering became more established by Wollan and colleagues at Oak 

Ridge, USA11.  

 

2.1.2 Synchrotron radiation 

Synchrotron radiation is the radiation produced by an accelerated particle moving along a 

curved path12; for X-ray radiation, this is typically a charged electron beam and for neutron 

radiation, this is a neutron beam. Here, neutron radiation will be considered as SANS 

measurements are discussed.  
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2.1.2.1 Neutron sources 

Neutron radiation requires an initial source to generate the neutron beam before tailoring of 

the energies or wavelengths can be applied for use at neutron beamlines. Historically nuclear 

reactors have been used to generate neutrons, but spallation sources have become more 

common recently. The two methods both have their advantages and disadvantages, which will 

be further discussed in Section 2.1.2.4. 

2.1.2.2 Nuclear reactors 

Nuclear reactors provide neutron beams through nuclear fission reactors, typically the fuel for 

such reactors is uranium isotopes, which is cooled by heavy water13, 14. The heavy water slows 

down the high-energy neutrons, so that further fission can occur and sustain a chain reaction, 

resulting in thermal neutrons (lower in energy). Further cooling to produce cold and ultra-cold 

neutrons is achieved using a ball of deuterium kept in a liquid state; the neutrons lose energy 

through collisions with deuterium atoms and the resultant lower energy neutrons are fed to 

the beamlines. In a similar manner, hot neutrons (higher energy neutrons) can be produced 

using a ball of graphite kept at high temperatures (> 2600 K).  

2.1.2.2.1 D11, ILL 

The neutron facility at the Institut Laue-Langevin (ILL) has a nuclear reactor as its neutron 

source, with an intense, continuous neutron flux (~1.5 x 1015 neutrons per second per cm2)15. 

The ILL supports many different techniques, aside from SANS, including neutron diffraction, 

neutron reflectometry and neutron spectroscopy, and has multiple beamlines associated with 

these various techniques. D11, a SANS beamline at ILL (Figure 2.1)16, is the lowest momentum 

transfer SANS instrument at ILL with a q-range of 0.0003 – 1 Å-1, allowing for objects between 

0.63 – 2100 nm to be studied. The detector is placed in a vacuum tube and is able to move up 

to 39 m away from the sample in the direction of the beam, in experimental work carried out 

here, three different sample-detector distances were used (1, 8, 39 m) for a q-range of 0.0016 

– 0.495 Å-1.  
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Figure 2.1 Schematic of the D11 beamline, Institut Laue-Langevin, recreated from [16]. 
2.1.2.2.2 KWS-3, Forschungszentrum, Jülich 

The KWS-3 beamline (Figure 2.2) has very small-angle neutron scattering (VSANS) capabilities, 

with a possible q-range of 0.00004 – 0.02 Å-1, allowing for objects between 3.1 – 15700 nm to 

be studied17, 18. To access the VSANS capabilities, KWS-3 makes use of a focussing toroidal 

mirror, with three replica mirrors, which reflects the neutron beam before hitting the 

detectors. Toroidal mirrors are commonly used in optics to focus beams of electromagnetic 

waves19, 20, which are cheaper and easier to produce than elliptical mirrors. The detector for 

the KWS-3 instrument is kept stationary, but to keep the q-range extended, two sample 

positions are used: 1.3 and 9.5 m. 

 

Figure 2.2 Schematic of the KWS-3 beamline, Forschungszentrum Jülich, recreated from [17, 
18].  
2.1.2.3 Spallation sources 

Spallation sources start with a proton source, typically from a negatively charged hydrogen 

beam, which is then injected into a linear accelerator (LINAC) to produce highly energetic 

protons. Once the protons have been accelerated, the beam is directed at a heavy metal target, 
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such as tungsten or tantalum, and the spallation process begins21. The first collision the 

energetic protons have are with lower energy nucleons in the target, after this the protons and 

nucleons cascade into further collisions with other or the same nuclei until the proton energy 

is depleted22, 23. The remaining excited nuclei lose energy by evaporating largely energetic 

neutrons, however, the neutrons produced are not monochromatic, but have a spectrum of 

different energies.   

2.1.2.3.1 Loq, ISIS 

The neutron facility at ISIS Muon and Neutron source is powered by a spallation source, 

originally containing only one target station, a second target station was completed, and 

experiments were scheduled by 200824. Loq (Figure 2.3), a SANS beamline at ISIS, is served by 

the first target station, a tantalum target cooled by heavy water25. As the ILL, ISIS has access to 

many different neutron techniques, including neutron reflectivity, neutron diffraction, and 

neutron spectroscopy, but ISIS also generates muons for muon spectroscopy by passing the 

energetic proton beam through a graphite intermediate target21. 

Loq is now the oldest SANS instrument at ISIS, with three other SANS instruments available at 

the second target station: Sans2d, Zoom and Larmor. Unlike D11, Loq has a stationary detector 

placed 4.1 m from the sample to collect the small-angle data25. There is also the second 

detector, placed closer to the sample area, to collect higher-angle data, allowing for LOQ to 

access a q-range of 0.006 – 1.4 Å-1, equivalent to a size range of 4.5 – 104.7 nm.  

 

 

Figure 2.3 Schematic of the Loq beamline, ISIS Muon and Neutron Source, recreated from [25]. 
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2.1.2.3.2 Sans2d, ISIS 

Mentioned previously, Sans2d (Figure 2.4) is a SANS instrument located on target station 2, 

where the neutron beam is produced by the same 800 MeV proton beam as target station 1, 

but the target is a tantalum coated tungsten cylinder. Sans2d also has two detectors like Loq, 

however, these detectors are moveable allowing for two sample-detector distances, Ld, of 4 

and 12 m to be used26, 27. The other main difference is the five removable collimators housed 

before the sample area, allowing for a collimation length ,Lc, to be 2 – 12 m; for Lc = Ld, observed 

neutron count rates are higher due to greater detector areas. The accessible q-range for 

Sans2d is ~ 0.002 – 3 Å-1, equivalent to a size range of 0.2 – 314 nm. 

 

Figure 2.4 Schematic of the Sans2d beamline, ISIS Muon and Neutron Source, recreated from 
[27]. 
 

2.1.2.4 Comparison of nuclear reactors and spallation sources 

The main advantage of a nuclear reactor is the high and stable neutron flux accessible in the 

continuous chain reactions occurring in the reactor core. The stability of the neutron flux is 

non-trivial and is dependent on a critical mass of fissile material in the core. Where below this 

mass the number of neutrons produced will decrease over time and above this mass the 

number of neutrons will exponentially increase causing a high energy release. However, a 

second mechanism helps to improve the stability, where fission fragments produce delayed 

neutrons allowing the chain reaction to be sustained as it is dying out28. The high flux, 

accessible to nuclear reactors, allows for the production of monochromatic neutron beams, 

improving data quality.  

Spallation sources, on the other hand, typically have a lower neutron flux than reactors, 

resulting in typically white beams of neutrons for data capture, but in a wide range of energies 
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from cold to hot neutrons29. The spallation process is fast, with the release of neutrons less 

than 10-15 s after the target nuclei were first hit. Therefore, if the initial proton beam fired at 

the target is pulsed, then the wavelength distribution of neutrons is determined by the time of 

the initial pulse. This allows for the white beam of neutrons used in spallation experiments to 

be collected in a single frame and analysed together, in a technique known as time-of-flight 

(TOF) SANS, removing the need for a monochromator30.  

 

2.1.2.5 Time-of-flight (TOF) SANS 

Time-of-flight (TOF) SANS is a technique that can be used with pulsed neutron sources, which 

can be generated using a chopper to create equal pulses of neutron beam. The TOF can then 

be related to the distance of the known flight path and the wavelength of the incident neutrons 

through a de Broglie relation31  

𝜆 = 	
ℎ

𝑚 ∙ 𝜈
= 	

𝑡 ∙ ℎ
𝑚 ∙ 𝐿

(𝟐. 𝟐) 

where λ is the incident beam wavelength, h is the Planck constant (6.626 x 10-34 m2 kg s-1), m 

is the mass of the neutron (1.675 x 10-27 kg), ν is the velocity of the neutron, t is the TOF, and 

L is the distance between neutron source and detector.  

Equation 2.2 shows the link between neutron energy and the TOF, and thus, a white beam of 

neutrons can be detected simultaneously and split by wavelength as a function of time. This 

experimentally allows for the scattering data to be collected and then separated by neutron 

wavelength if necessary, particularly in cases of multiple scattering.  

2.1.2.6 Experimental procedure 

Two types of sample holder were used in SANS experiments, the first was for liquid samples 

and the other for gel samples. The liquid sample holders were quartz cuvettes (Hellma 110-2-

40 and 110-1-40) of both 2 mm and 1mm path length. The 2 mm cuvettes were used in largely 

deuterated systems and 1 mm cuvettes for largely hydrogenated systems, reducing negative 

intensity arising from incoherent scattering.  

The sample holders for gels were sandwich cells (Figure 2.5) based on the design of those from 

the ILL, these consisted of a stainless steel base and brass top; brass was chosen as the top as 

it is a softer metal and would make a better seal. Inside the base and top were two quartz 

windows providing a ‘neutron transparent’ window for the neutrons to travel through, these 

were kept unscratched by Teflon washers separating them from the metal. Lastly, a Viton o-
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ring was used to create a seal in the cell and to contain the sample in the centre of the cell. A 

second type of sandwich cell was used at KWS-3 to reduce the multiple scattering effects 

observed; this cell reduced the path length of the sample to 0.2 mm.  

 

Figure 2.5 The sandwich cells used in SANS measurements of the gel phase. (a) The full 
assembled cell, (b) the cell contained in a sample holder for the D11 beamline, and (c) 
individual components of the cell laid out in assembly order. 
 

2.1.3 Scattering length densities in neutron experiments 

The scattering length density (SLD) of a molecule quantifies the interaction of radiation with 

individual molecules without having to know the position of the constituent atoms32. For 

neutron experiments the SLD is specific to the interaction of neutron radiation with atoms and 

looks at the sum of the atomic scattering lengths in a unit volume 

𝜌- =	
∑𝑛3𝑏3
𝑉%

(𝟐. 𝟑) 

where ρN is the neutron SLD, ni is the number density for atom ‘i’, bi is the bound coherent 

scattering length for atom ‘i’, and Vm is the molecular volume. 

2.1.3.1 Neutron scattering lengths 

The neutron scattering length describes the scattering of a neutron by a single bound nucleus33 

and is determined experimentally through a variety of methods34, including total reflection, 

where a monochromatic beam of slow neutrons is reflected from a mirror; or from prism 

refraction, where the neutron beam is passed through a prism. The neutron scattering length 

is unlike X-ray atomic scattering lengths as neutron scattering lengths differ by isotope and in 

particular, the difference between a hydrogen atom and a deuterium atom is large (-3.7406 vs 
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6.671 fm respectively) allowing for the application of contrast matching. A selection of  neutron 

scattering lengths for relevant atoms is given in Table 2.135. 

Table 2.1 The bound coherent neutron scattering lengths, bcoh, for a selection of relevant 
atoms. 

Element bcoh (fm) 

H -3.741 

D 6.671 

C 6.646 

N 9.360 

O 5.803 

Cl 9.577 

S 2.847 

Na 3.630 

Br 6.795 

P 5.130 

 

2.1.3.2 Contrast matching 

As mentioned, the difference in neutron scattering length of hydrogen and deuterium is large 

(-3.741 vs 6.671 fm respectively), this allows for the contrast to be exploited to observe the 

structural detail of the system. A negative scattering length (such as hydrogen, bcoh = -3.741 

fm) indicates an atom with strong incoherent scattering, the type of inelastic neutron 

scattering that takes away intensity from a structural standpoint36. While inelastic incoherent 

neutron scattering can probe vibrational modes for intermolecular and intramolecular 

interactions, the main aim of this project was to use SANS to probe structural detail37.  

The other benefit that H/D substitution boasts in neutron scattering is to be able to use 

‘contrast matching’ to tune the SLD of a particular component of the system to match another, 

therefore being able to look at the structure of particular part of the system alone38. For 

example, by tuning a H2O/D2O mixture to match the shell of a core-shell particle, the structure 

of the core alone can be observed (Figure 2.6). Though it should be noted that the hydrogen-

bonding differs between deuterated and protonated samples, and this can have an impact on 
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structural detail, changing morphology in extreme cases. This can be monitored by small-angle 

X-ray scattering experiments carried out on various contrasts used experimentally.  

 

Figure 2.6 Graphical representation of contrast matching, where the colours indicate different 
SLD values. (a) depicts no contrast matching, (b) depicts that the core has been contrast 
matched out, and (c) depicts the shell has been contrast matched out. 
 

2.1.3.3 Calculation of neutron scattering length densities 

The last part in determining the neutron SLD for the various surfactants and solvents used in 

this work was the calculation of the molecular volume, Vm. The determination of Vm was done 

one of three ways: using the density, taken from literature, or through molecular dynamic 

simulation. The Vm values for relevant molecules are given in Table 2.2. 

Table 2.2 The molecular volumes, Vm, for a selection of relevant molecules, determined 
computationally or through the density.  

Molecule Vm (Å3) 

h-Water 30 

d-Water 33 

Glycerol 126 

Ethylene Glycol 93 

Choline Chloride 198 

Sodium Dodecyl Sulfate (SDS) 403 

SDS-tail 51 

SDS-head group 352 

 

From the above Vm values, the neutron SLD can be determined; Table 2.3 summarises the 

neutron SLDs used in the experimental work here.  
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Table 2.3 The neutron SLDs, ρN, for a selection of relevant molecules.   

Molecule ρN (10-6 Å-2) 

h-Water -0.56 

d-Water 6.38 

h-Glycerol 0.59 

d-Glycerol 7.20 

h-Ethylene Glycol  0.26 

d-Ethylene Glycol  7.00 

h-Choline Chloride 0.28 

d-Choline Chloride 5.02 

h-Glyceline 0.45 

d-Glyceline 5.79 

h-SDS (With Na+) 0.40 

d-SDS (With Na+) 6.85 

h-SDS-tail -0.39 

d-SDS-tail 7.00 

h-/d-SDS-headgroup 5.11 

 

2.1.4 Data reduction 

Data reduction is an important step in obtaining data in SAS experiments, as the analysis 

process relies on the data being representative of the system; if there is a contribution to the 

data from instrument discrepancies then the data does not reflect the system correctly. The 

reduction process in SAS experiments here is done at the beamline, through the instrument 

specific software: Mantid39, 40 (Loq, Sans2d; ISIS), LAMP41, 42 (D11; ILL), and QtiKWS (KWS-3; 

Julich). The individual aspects of the data reduction process will be discussed in further detail 

below.  

2.1.4.1 Beam centre 

The beam centre must be corrected for in cases where long neutron wavelengths and long 

flight paths are used, to reduce any gravitational effects the beam experiences, given that 

neutrons have mass as opposed to X-rays. This is a particularly important reduction for pulsed 
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sources that use multiple neutron wavelengths in one pulse, as the beam centre will change as 

a function of time due to the different wavelengths arriving at the detector at different times. 

The correction for gravitational effects applies a set of concentric rings about the unscattered 

beam and determining the q values by obtaining the mean radius of the rings. The number of 

neutrons in the rings detected can then be compared against the number of neutrons expected 

from an ideal instrument setup, including a consideration for the q value of detected 

neutrons43.  

2.1.4.2 Detector masking and efficiencies 

The scattered intensity is collected by the detector; however, detectors are damaged over time 

and there may be dead pixels or areas across the 2D detector that would contribute to the 

scattered intensity. These can be corrected for by masking out the pixels that are affected by 

damage and removing their contribution to the scattered intensity44.  

Another concern with detectors is the number of neutrons detected is not equal to the number 

of incident neutrons, different detectors will have different efficiencies, but this discrepancy 

must be corrected for45. This can be accounted for by calculating an idealised efficiency, which 

considers the transmission and absorption probabilities of an incident neutron46.  

2.1.4.3 Dark current/counts 

Another contribution to the scattering intensity is the residual current in the detector after 

being exposed to radiation, also known as dark current43, 47. The correction for this is carried 

out by measuring the scattered intensity with the beam blocked at the sample position with a 

neutron absorbing material (molybdenum for example); any intensity reaching the detector 

would be due to dark current.  

2.1.4.4 Transmission 

The transmission of neutrons through the sample is another contribution to the scattering 

intensity that should be removed. The direct beam, which accounts for a large proportion of 

transmitted intensity, is blocked by a beamstop that will stop the high intensity transmitted 

neutron beam from causing damage to the detectors. Transmission is further corrected for by 

indirectly measuring the transmission of the sample; the transmission of the background (can) 

(usually an empty cuvette or empty cuvette containing solvent) and the sample in the 

background is measured and then the transmission of the sample alone can be calculated and 

corrected for48.  
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2.1.4.5 Background scattering 

The subtraction of a background is an important step for reduction is a wide range of 

experiments, as it removes the contribution of everything in the sample except the scattering 

object of interest. For example, a good background subtraction for a surfactant in D2O, would 

be to run a cuvette with D2O only, and thus, in the scattering data the main contribution to the 

scattering should be from the surfactant alone.  

2.1.4.6 Standard samples and normalisation 

Standard samples are run in scattering experiments to help with the detector efficiency 

correction, by being able to highlight the incorrect pixels; standards are also required in 

normalising scattering data to an absolute scale. Typically, standard samples are those that 

predominantly incoherently scatter neutrons, for example light water or vanadium, providing 

a background high in intensity. Then, the scattering can be used to calculate a calibration 

constant and is multiplied by the sample scattering data to obtain the absolute value49. 

Incoherent scattering contributes negatively to the scattered intensity, whereas coherent 

scattering contributes positively to the scattered intensity. However, light water cannot be 

used as a standard in TOF-SANS measurements, as light water has been found to significantly 

scatter neutrons inelastically during TOF-SANS experiments50. Glassy carbon is used in place of 

light water as a normalisation standard in TOF-SANS, as it is well-characterised and is well-

defined structurally51. 

2.1.4.7 Multiple scattering 

Multiple scattering is a type of incoherent scattering that occurs in all SAS experiments, 

whereby a detected wave is scattered multiple times by objects in the sample before 

detection52, 53 (Figure 2.7). This usually has little effect on the scattering data, but multiple 

scattering effects increase with the following conditions: sample thickness, sample 

concentration, radiation wavelength, object size, scattering contrast, and sample 

concentration. These conditions highlight that multiple scattering is more noticeable in SANS 

experiments as opposed to SAXS experiments, where shorter sample path lengths and shorter 

radiation wavelengths are used.   
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Figure 2.7 A schematic of a multiple scattering event, the incident neutron is scattered by 
multiple objects in the sample before being detected, image recreated from [52]. 
 

2.1.5 Data fitting 

There are many methods for analysing scattering data, going from simpler approximations to 

more complex models, to obtain further structural information about various systems studied. 

The main methods used in this work will be discussed here, but the individual models will be 

further explained alongside the results where appropriate.  

2.1.5.1 Guinier approximation 

The Guinier approximation uses the low-q region of a scattering profile to calculate the radius 

of gyration (Rg) of objects in solution (Equation 2.4). The radius of gyration described by the 

Guinier approximation is based on the electronic distribution, where Rg is the electronic radius 

of gyration around the electronic centre of mass. Therefore, there is a subtle difference in the 

description of this Rg vs the inertia based Rg traditionally used, however, the difference is often 

considered negligible54-57.  

ln 𝐼(𝒒) = 	 ln 𝐼(0) −	
𝒒#𝑅/#

3
(𝟐. 𝟒) 

where I(q) is the scattered intensity, I(0) is the incident intensity, q is the momentum transfer, 

and Rg is the radius of gyration.  

There are a few considerations to be made with the Guinier approximation, the first of which 

reflects on the q-range of the SANS profile. A simple relation between Rg and q for globular 

aggregates shows that qmaxRg < 1.3 to fulfil a valid Guinier region; a smaller Rg allows for a larger 

qmax for a valid region. For systems that do not fulfil this relation, the Guinier approximation 

does not apply58. The validity of this q-range can be seen in a plot of ln[I(q)] vs q2, where a 

linear region in the low-q regime of the profile should be seen in the case of a valid Guinier 

region.  



Chapter 2. Experimental techniques 

 

49 
 

Further manipulation of the Guinier approximation can help to identify Guinier valid regions, if 

the raw data is multiplied through by q, becoming qI(q) vs q2, then the plot becomes a Guinier 

peak analysis plot and the Guinier region will show a peak59. The Guinier approximation can be 

further modified for sheet-like objects60, 61, or objects that have one dimension smaller than 

the other two, plotting ln[q2I(q)] vs q2. The thickness of the sheets can then be determined 

from the gradient of the linear slope in the Guinier valid region.  

2.1.5.2 Porod approximation 

The Porod approximation (Equation 2.5) is a power law that can be applied to the high-q region 

of a scattering profile, the specific surface area (Sv) can be calculated from the slope of a I(q) 

vs q4 plot61. The Porod approximation is valid for not only dilute globular aggregates, but also 

for densely packed bulk mesophases, working best for those with internal surfaces.  

𝐼(𝒒) = (Δ𝜌)# ∙
2𝜋
𝒒4 ∙ 𝑆5

(𝟐. 𝟓) 

where Δρ is the scattering length density contrast, and Sv is the specific surface area. 

2.1.5.2.1 Guinier-Porod analysis 

SasView, the model analysis software that will be discussed further in Section 2.1.6, has 

implemented a new model by Hammouda62 combining both the Guinier and Porod 

approximations. This model allows analysis over the whole q-range, applying the Guinier 

approximation to the low-q and the Porod relation to the high-q, the model applies two slightly 

modified versions of the Guinier and Porod approximations (Equations 2.6 and 2.7 

respectively) 

𝐼(𝒒) = 	
𝐺
𝒒0
exp b

−𝒒#𝑅/#

3 − 𝑠
d (𝟐. 𝟔) 

𝐼(𝒒) = 	
𝐷
𝒒%

(𝟐. 𝟕) 

where s is a dimensionality parameter, and D is the Porod exponent.  

The term appearing in the Guinier section of the model is ‘s’, where s = 0 for globular 

aggregates, s = 1 for rod-like structure, and s = 2 for lamellar structure. The term appearing in 

the Porod section of the model is ‘D’, which describes scattering inhomogeneities, where D = 

4 for particles with smooth surfaces, D = 3 for particles with rough surfaces, D = 2 for two-

dimensional structures like lamellae, and D = 1 for rod-like structure.   
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2.1.6 Model analyses 

SANS profiles can also be fitted using model analysis, the software used to fit SANS profiles in 

this work was SasView63, which is a software with various structures and models for scattering 

data. The subsections here will discuss the general form of the models, but further detail will 

be discussed alongside the appropriate results.  

2.1.6.1 Scattering of objects in dilute solutions 

The scattering of particles in solution can be expressed in a simple relation56 

𝐼(𝒒) = 𝑆(𝒒)𝑃(𝒒) (𝟐. 𝟖) 

where S(q) is the structure factor, and P(q) is the form factor.  

The structure factor, S(q), is related to the interactions between particles in solution, for 

example, if there are charged particles in solution then there will be some interparticle 

repulsion or attraction dependent on charge64. However, if the solution of particles is diluted, 

at a certain dilution the particles will not interact due to the large separation of the charges, in 

this case it is probable that S(q) ~ 1 and Equation 2.8 reduces to ~ P(q). The form factor, P(q), 

is related to the shape of the particles in solution and through data modelling, dimensions of 

the structure can be found. The various form factors and structure factors will be discussed in 

further detail where appropriate.  

2.1.6.2 Scattering of bulk mesophases 

Unlike small discrete particles, the scattering from bulk mesophases is different depending on 

the crystallinity of the phase, the scattering profile will differ substantially from dilute solutions. 

Like dilute systems, the scattering profile for mesophases will still contain a P(q) and a S(q), 

however, these two factors become more difficult to define with more concentrated systems, 

for example S(q) becomes significant and cannot be approximated to 1. For highly ordered 

mesophases, containing regions where the interparticle separation is considerably larger than 

the individual particle diameter, this can result in the appearance of Bragg peaks.  

2.1.6.2.1 Bragg peaks 

For systems that have large crystalline order over a long distance compared to the particle 

diameter, a specific type of diffraction can occur, Bragg diffraction (Figure 2.8). Bragg 

diffraction can also be described as the coherent scattering of radiation from many crystal 

planes, resulting in high intensity points along the q-space known as Bragg peaks65-67. This type 

of diffraction is also described by Bragg’s law 

𝑛𝜆 = 2𝑑 sin 𝜃 (𝟐. 𝟗) 
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where nλ is the incident wavelength multiplied by an integer, d is the d-spacing, and θ is the 

reflected angle.  

Equation 2.9 can be combined with Equation 2.1 to obtain a link between d and q  

𝑑 = 	
2𝜋
𝒒

(𝟐. 𝟏𝟎) 

 

 

 

Figure 2.8 Diffraction of radiation from a highly ordered crystalline system that fulfils the Bragg 
condition, and thus, coherently interferes.  
The d-spacing of the system, d, is linked to the lattice parameter, a, of cubic crystal systems68 

𝑑6,8,9 =	
𝑎

√ℎ# +	𝑘# +	𝑙#
(𝟐. 𝟏𝟏) 

where a is the lattice parameter, and h, k, l are the Miller indices of the Bragg plane.  

This can be rewritten for q using Equation 2.10 

𝒒	 = 	
2𝜋√ℎ# +	𝑘# +	𝑙#

𝑎
(𝟐. 𝟏𝟐) 

The structure of the mesophase can be identified by tracking the q-positions of multiple Bragg 

peaks in the scattering profile, ideally there should be three to identify the mesophase. From 

the ratios of the peak with respect to each other, the mesophase can be identified from a list 

of predefined ratios (Table 2.4)69.   
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Table 2.4 A summary of the Bragg peak ratios for a few relevant crystalline phases, recreated 
from [69]. 

Mesophase Peak ratios 

Lamellar 1:2:3:4… 

Cubic micellar (fcc) √3:√4:√8:√11:√12… 

Cubic micellar (bcc) √2:√4:√6:√8:√10… 

Bicontinuous cubic (Im3m) √2:√4:√6:√8… 

Bicontinuous cubic (Pn3m) √2:√3:√4:√6:√8… 

Bicontinuous cubic (Ia3d) √6:√8:√14:√16:√18… 

Hexagonal √3:√4:√7:√12… 

 

2.1.6.2.2 Scherrer analysis 

The Scherrer equation links the full-width half-maximum (FWHM) to the coherence length, Lc, 

of the mesophase, giving structural order information70. Scherrer (1918)71 showed that when 

radiation is diffracted by a randomly oriented crystals and the particle size is small, the 

diffracted beam is broadened. Scherrer was then able to obtain the relation 

𝐵	 = 	
𝑘𝜆

𝐿* cos 𝜃
(𝟐. 𝟏𝟑) 

where B is the peak width, k is a shape factor often taken as unity, λ is the radiation wavelength, 

Lc is the coherence length, and θ is the Bragg angle.  

Equation 2.13 can be rearranged in terms of the FWHM, the peak width halfway between the 

background and peak maximum 

Δ𝒒 = 	
2𝜋𝑘
𝐿*

(𝟐. 𝟏𝟒) 

where Δq is the FWHM. 

The FWHM was determined here experimentally by applying a Gaussian fit to the Bragg peaks 

in the scattering data, though both Voigt and Gaussian fits were trialled.  

2.1.6.2.3 Paracrystalline disorder 

Paracrystallinity is a property observed in many types of condensed matter, for example 

cellulose and liquid crystals, where there is short- and medium-range crystallinity, but there is 

no long-range crystallinity72. This is exemplified in Figure 2.9, where the paracrystalline lattice 

is disordered compared to the ideal crystalline lattice. The distinguishing feature of 
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paracrystalline and amorphous materials is that paracrystalline materials still contain some 

order, observed in Figure 2.9.  

 

Figure 2.9 Schematic representations of a crystalline material (green), a paracrystalline 
material (purple), and an amorphous material (orange).  
Paracrystalline disorder, g, is a measure of the disorder in paracrystalline systems73, 74 and can 

be determined combining a few equations75-77. The first looks at the total contribution to the 

line broadening, which has contributions from the finite crystallite size and the paracrystallinity 

𝐵:;:# =	Δ𝒒# =	𝐵*# + 𝐵<# (𝟐. 𝟏𝟓) 

where Btot is the total line broadening, Bc is the contribution from crystallite size, and Bβ is the 

contribution from the paracrystallinity.  

Bc is related to the crystallite size perpendicular to the h,k,l lattice plane, Lh,k,l, from the Scherrer 

equation 

𝐿6,8,9 =	
2𝜋𝑘
𝐵*

(𝟐. 𝟏𝟔) 

Bβ, the peak broadening due to paracrystallinity, is related to both the d-spacing, d, and the 

paracrystalline disorder, g78 

𝐵< =	
2𝜋(𝜋	𝑔	𝑛)#

𝑑
(𝟐. 𝟏𝟕) 

where g is the paracrystalline disorder, and n is the peak order, an integer value.  

Equations 2.15 – 2.17 can be combined to link Δq to g 

Δ𝒒#

2𝜋#
=	

𝑘
𝐿6,8,9#

+	
(𝜋	𝑔	𝑛)4

𝑑#
(𝟐. 𝟏𝟖) 

Equation 2.18 can be plotted in the form ‘y = mx + c’, where y = Δq/2π2 and x = n4, to obtain a 

value of the coherence length from the intercept (c = k/Lh,k,l
2) and the paracrystalline disorder 

from the gradient (m = (π g n)4 / d2).  
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2.1.6.3 Model fitting approach 

The fitting approach in systems where the morphology is unknown can be difficult, especially 

in cases where it cannot be predicted by neither the packing parameter nor microscopy. The 

approach to fitting taken in this work aimed to converge to a morphology with a minimum 

amount of bias in the system. Bias is inherently a part of the fitting process as certain 

parameter values are entered and kept within a specific, physically feasible, range. The fitting 

approach in this work taken was a multi-step process that allowed for a variety of morphologies 

to be trialled against the raw profiles.  

The first step was to identify the group of morphologies that would be trialled against the 

profile, for instance, in a case of globular aggregates, a variety of globular form factors would 

be chosen. These would be given idealised parameters and compared against the raw 

scattering profiles to identify the most appropriate model, using the chi squared statistical 

parameter, the residual functionality, and general appearance of the fit as an evaluation tool. 

Once this morphology was broadly chosen, then the more specific set of models were probed 

to identify the morphology, i.e. sphere, core-shell sphere, vesicle, and raspberry in the case of 

spherical aggregates. These again would be given idealised parameters, compared against the 

raw profiles and evaluated. Once the appropriate morphology was identified, an in-depth 

fitting analysis was carried out, allowing the values to range in magnitude, within a physically 

feasible range.  

The structure factor used in this work was the Hayter-MSA structure factor, describing the 

interaggregate interactions as a Coulombic interpair particle interaction, typically used in the 

case of ionic surfactants. This is a mean sphere approximation and it should be noted that in 

this work it has been applied in the case of non-spherical objects. Whilst it was used due to the 

difficulty of modifying it to apply to anisotropic objects, it does reduce the validity of the model, 

given that it is not prepared for the case of non-spherical objects. To improve the models used 

in this work, ideally, a modification for the case of non-spherical objects would be applied.  
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2.1.7 Small-Angle X-ray Scattering (SAXS) 

The analogous technique to SANS using X-rays as the scattered radiation is known as small-

angle X-ray scattering (SAXS). SAXS is a well-established technique first discovered by Guinier 

in 193854, 79, working with similar sized systems as in SANS measurements. Despite the 

difference in radiation type, the two techniques are similar, and the data analysis can be used 

interchangeably, using an X-ray SLD in place of the neutron SLD.   

2.1.7.1 Neutron vs X-ray radiation 

SAXS and SANS, whilst conceptually similar experiments, measure different interactions with 

matter, SAXS probes the interactions of X-rays with electron density in matter and SANS probes 

the interactions of neutrons with the nuclei in matter80. The X-ray scattering length of atoms 

increases with atomic number, however, in neutron experiments, this is much more random, 

and some nuclei have negative scattering lengths. The large difference in scattering length 

between hydrogen and deuterium (-3.74 vs 6.67 fm respectively), allows for interesting 

contrast experiments that can refine structure in more complex systems.  

While contrast is an advantage of neutron experiments, X-ray sources tend to have a higher 

flux, in particular at synchrotron sources with high brilliance, which allows for a larger spatial 

resolution. These factors result in SAXS measurements being faster than SANS, making time-

dependent or kinetic experiments easier with a SAXS setup. Although the high energy of X-ray 

sources allows for faster measurements, it can be an issue for softer, biological samples, which 

can be damaged in such environments.  

2.1.7.2 Contrast issues 

Contrast has been mentioned as a benefit in neutron experiments, given the large difference 

in scattering lengths of hydrogen and deuterium, but it is not often considered in X-ray 

experiments, beyond needing an SLD difference for resolution. Here it should be mentioned 

that SANS is commonly studied in aqueous surfactant systems, as the X-ray contrast is poor 

due to the similarity of atoms in both the solvent and solute. For example, SDS and glycerol, at 

14 keV, have SLDs of 10.935 and 11.199 10-6 Å-2 respectively, not enough contrast for SAXS 

measurements.  
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2.2 X-Ray Reflectivity (XRR) 

X-ray reflectivity (XRR) is a technique using X-ray radiation to probe the structure of interfaces 

on the nanoscale, where many of the concepts align with those discussed for neutron 

experiments (Section 2.1). Rather than a bulk technique, XRR resolves the structure at 

interfaces by specular reflection of X-rays at various interfaces, solid-air, solid-liquid, liquid-air, 

where the detected intensity can be fitted to gain structural information.   

X-rays are a type of electromagnetic radiation, with a general λ range of 0.01 - 10 nm (~ 102 – 

105 eV) and are the second highest energy type of radiation81. X-rays can be split into two 

categories dependent on energy, soft X-rays are lower in energy (~ 10 – 0.5 nm) and the higher 

energy X-rays are hard X-rays (~ 0.5 – 0.01 nm); though gamma is the highest energy 

electromagnetic radiation, hard X-rays tend to overlap in energy82. 

 

2.2.1 Synchrotron radiation 

Synchrotron radiation in X-ray experiments is generated by an accelerated charged electron 

beam, kept ready for use in storage rings, which then are fed to beamlines. The theory of X-

ray synchrotron radiation was first developed independently by Ivanenko and Pomeranchuk in 

Russia (1944) and Schwinger in the US (1946), but experimentally, synchrotrons did not 

become well-established until after 1960 for spectroscopic methods83.   

2.2.1.1 Generating an X-ray 

Table-top X-ray instruments use weaker energy sources of X-rays, both cheaper and safer in 

lab environments, typically a copper alpha (Cu kα) target is used, which has an X-ray wavelength 

of 1.54 Å corresponding to an energy of ~ 8 keV.  

Generating synchrotron radiation is more complex, the electron beam is typically injected into 

a linear accelerator (LINAC) to produce a high energy beam of electrons. The source of 

electrons can vary, but the source at Diamond Light Source, UK is a high voltage cathode, that 

when heated transfers enough energy to the electrons for thermionic emission to occur84. 

After the beam has been accelerated in the LINAC, it is then fed into a booster synchrotron, 

which allows for more of the accelerated beam to be accepted into the storage ring that feeds 

the beamlines85. The whole synchrotron must be kept under vacuum, including the storage 

ring, as the beam can lose efficiency through scattering with any particles in the beam path86, 

87.  
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The storage ring of a synchrotron (Figure 2.10) not only feeds the beamlines but is a type of 

circular particle accelerator that extends the lifetime of the beam, by circulating the beam for 

many hours88. The storage ring is made of straight sections that are separated by bending 

magnets to guide the beam along the storage ring. The straight sections consist of insertion 

devices that generate the intense beam, one insertion device is known as an undulator, which 

produces high intensity radiation with a narrow bandwidth. The other insertion device is known 

as a wiggler, which produces radiation with a boarder spectral range89, 90. Radiofrequency (RF) 

cavities are also in place around the storage ring to reduce energy losses from travelling around 

the storage ring91; RF cavities are specifically shaped to induce resonance, increasing the 

intensity of the electron beam92.  

The storage ring feeds the electron beam into a front end93 that provides the X-ray beam 

through one of two ways: an insertion device or a bending magnet94. In the case of bending 

magnet beamlines, the X-rays are produced as the electron beam is deflected by the magnet, 

and in the case of insertion devices, as the electrons are forced to oscillate, X-rays are 

produced95.  

 

Figure 2.10 A simplified overview of an X-ray synchrotron storage ring showing the individual 
components, insertion devices include both undulators and wigglers, recreated from [88].  
 

 

 



Chapter 2. Experimental techniques 

 

58 
 

2.2.1.2 Reflectivity theory 

X-rays that undergo total reflection from a mirror, typically do not penetrate deeply into the 

material surface, considering this Parratt (1954) stipulated that analysis of the reflected 

intensity would yield important structural information about the mirror surface, in particular 

roughness and coverage96. The refractive index, ni, and incident angle, θ, can be used to 

calculate the reflectivity by considering Fresnel reflectivity82 

𝑛 = 1 − 	𝛿 + 𝑖𝛽 (𝟐. 𝟏𝟗) 

where n is the refractive index, δ is the real part of the refractive index, and β is the imaginary 

part of the refractive index. δ and β are coefficients relating to the scattering properties, δ 

relating to the electron density and β relating to the absorption and are defined as97 

𝛿 = 	
𝜆#

𝜋
𝜌)𝑟) (𝟐. 𝟐𝟎) 

𝛽 = 	
𝜇𝜆
2𝜋

(𝟐. 𝟐𝟏) 

where λ is the X-ray wavelength, ρe is the electron density, re is the Thomson scattering length 

(2.818 x 10-5 Å) – the classical radius of an electron, and μ is the absorption length.  

Snell’s law relates the refractive index and the incident angle 

𝑛" cos 𝜃" =	𝑛# cos 𝜃# (𝟐. 𝟐𝟐) 

For air-liquid reflectivity experiments this can be simplified as nair = 1 and can be related to 

Equation 2.19 

cos 𝜃3 =	𝑛93+=3> cos 𝜃: = (1	 − 	𝛿) cos 𝜃: (𝟐. 𝟐𝟑) 

For total reflection to occur, θt = 0 o, and this can be used to define a critical angle, below which 

total reflection does not occur. Then cos(θi) can be further simplified with a small-angle 

approximation, leads to 

cos 𝜃 = 1 − 	𝛿	 ≈ 	1 −	
𝜃*#

2
(𝟐. 𝟐𝟒) 

This can be rearranged to give θc and can be combined with Equation 2.20 

𝜃* 	≈ 	√2𝛿 = 		𝜆�
𝜌)𝑟)
𝜋

(𝟐. 𝟐𝟓) 

XRR at the air-liquid interface studies the reflection of X-rays above this critical angle, where 

the intensity decays with increasing angle98.  
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2.2.1.2.1 Reflectivity at the air-liquid interface 

Reflectivity is a phenomenon that can occur at various interfaces, in this work the air-liquid 

interface is studied, but XRR has also been used to probe the solid-air and solid-liquid 

interfaces. Experimentally the three interfaces are measured similarly, but the advantage of 

solid interfaces is the ability to rotate the stage directly to get the desired q-range. However, 

the free rotation of liquid surfaces is not possible and thus a double crystal deflector (DCD), 

part of the I07, Diamond Light Source setup, can be used to rotate the beam to obtain the 

desired q-range99.  

2.2.1.3 I07, Diamond 

I07 is a reflectivity beamline at Diamond Light Source (Figure 2.11), that also has capabilities 

for grazing incidence X-ray diffraction and scattering100, 101. I07 uses hard X-rays (8 – 30 keV) to 

probe surface structure, generated by an undulator front end, which passes through the DCD 

setup for air-liquid experiments to the sample, then the reflected intensity is collected through 

the detector at a sample-detector distance of ~ 9 m. The sample environment used were Teflon 

troughs (5 x 20 cm, holding ~ 35 mL liquid) (Figure 2.12), contained in a nitrogen atmosphere 

to reduce damage to the amphiphile tails, and the q-range used in this work was 0 – 0.8 Å-1. 

 

Figure 2.11 Schematic of the I07 beamline, Diamond Light Source, recreated from [99]. 
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Figure 2.12 The Teflon troughs used to hold the samples, when measuring the air-liquid 
interface at I07, Diamond Light Source. A meniscus should be formed at the top of the sample 
to ensure clean reflectivity from the surface, without interference from the Teflon trough itself.  
2.2.3 Scattering length densities in X-ray experiments 

The neutron scattering length density (SLD) was discussed in Section 2.1.3; while the X-ray SLD 

is calculated similarly, there are a few differences, including an imaginary part that is linked to 

the absorption of X-rays (negated in experiments here) 

𝜌? =	
𝑟) ∑𝑛3𝑓"!

𝑉%
+ 𝑖

𝑟) ∑𝑛3𝑓#!
𝑉%

(𝟐. 𝟐𝟔) 

where ρX is the X-ray SLD, re is the Thomson scattering length (2.818 x 10-5 Å), ni is the number 

density of atom ‘i', f1i is the real part of the atomic scattering factor for atom ‘i’, and f2i is the 

imaginary part of the atomic scattering factor for atom ‘i’.  

2.2.3.1 Atomic scattering factor 

The atomic scattering factor describes the scattering of an X-ray by electrons bound to atoms 

as the ratio of the amplitude scattered by that atom to the amplitude scattered by a free 

electron in the same direction102. The atomic scattering factor will change dependent on the 

radiation wavelength and will typically increase with decreasing wavelength, due to the deeper 

penetration of high energy X-rays. 

The atomic scattering factors here were calculated at 12.5 keV, corresponding to the energy 

of the beam used in measurements. To determine the atomic scattering factor,  f1 vs energy, 

E, was first plotted for each individual element present in the system, before fitting a smaller 

section of the curve, containing the energy required, to a polynomial fit. The fit resulted in the 
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equation for the section of the curve (example, Equation 2.27) and gave the values for the 

constants, example in Table 2.5. Once the constants have been obtained, f1 can be calculated 

by choosing the ‘x’ value to be the energy of interest, here 25 keV or 25000 eV, a list of relevant 

f1 values are given in Table 2.6.  

𝑦 = 	𝑘4𝑥4 +	𝑘@𝑥@ +	𝑘#𝑥# +	𝑘"𝑥 +	𝑘( (𝟐. 𝟐𝟕) 

Table 2.5 The polynomial fit constants to the f1 vs E data for carbon. 

Constant Value 

k4 5.2819 x 10-18 

k3 - 2.6145 x 10-13 

k2 4.9977 x 10-9 

k1 - 4.5113 x 10-5 

k0 6.1726 

 

Table 2.6 The atomic scattering factors, f1, for a selection of relevant atoms, calculated at 12.5 
keV.  

Element f1 (at 12.5 keV) 

H 1.00 

C 6.01 

N 7.01 

O 8.15 

Cl 17.24 

S 16.20 

Na 11.07 

Br 32.73 

 

2.2.3.2 Calculation of X-ray scattering length densities 

As per the neutron SLDs, the X-ray SLDs use the molecular volume in the calculation, these 

have already been presented in Table 2.2. Combining these Vm values with the f1 values in Table 

2.6, the X-ray SLDs can be calculated. 
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Table 2.7 The X-ray SLDs, ρX, for a selection of relevant molecules. 

Molecule ρX (10-6 Å-2) 

Water 9.539 

Glycerol 11.292 

Ethylene Glycol  10.402 

Choline Chloride 10.882 

Glyceline 11.155 

SDS (With Na+) 10.862 

SDS-tail 7.776 

SDS-headgroup 26.970 

 

2.2.4 Data Reduction 

The measurements from I07 were carried out and reduced using the generic data acquisition 

(GDA) software available at the beamline. The reflected beam could be tracked using a 2D 

image from the detector and regions of interest (ROI) were selected for a reflected beam image 

and a background image. Through the GDA software, the ROI for the reflected beam could be 

integrated into a 1D curve for the data, subtracting the background image and accounting for 

other corrections such as the beam footprint and sample normalisation.  

2.2.5 Data Analysis 

The reduced data were analysed in Motofit, a program run within Igor Pro103 for both neutron 

and X-ray reflectivity fitting. The fitting program uses the method of analysis developed by 

Parratt (1954)96, which splits the interface into layers and the model is built from slabs 

representing these layers104.  
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2.3 Surface Tensiometry 

Surface tensiometry is a technique commonly used in surfactant characterisation, as it allows 

for the critical micelle concentration, surface excess concentration, and surfactant headgroup 

area to be determined. There are two main methods of surface tensiometry that can be carried 

out, equilibrium and dynamic methods. In this work, equilibrium surface tension was carried 

out to probe the critical micelle concentration of a surfactant in a solvent.   

2.3.1 Equilibrium surface tensiometry 

Surface-active molecules, in particular surfactants, can aggregate at a critical aggregation 

concentration, for surfactants this is the critical micelle concentration, termed CMC. 

Equilibrium surface tension is a method where the surface tension is measured until an 

equilibrium has been reached, where all surface-active molecules in the mixture have reached 

the air-liquid interface and the surface tension is reduced. This holds until the CMC, where 

there is a monolayer of surfactants on the surface and no more surfactants can adsorb to the 

surface. After this point, the surface tension becomes constant with respect to the surfactant 

concentration.  

2.3.1.1 Experimental procedure 

In this work, the Wilhelmy plate method105 (Figure 2.13) was used with a Krüss K100 

tensiometer; the Wilhelmy plate is an inert platinum plate that was rinsed with ethanol and 

water, then burned to remove surface-active impurities. The CMC was determined by 

preparing surfactant solutions in a range of concentrations and measuring the surface tensions 

individually. For viscous solvents, the solutions were allowed to equilibrate before 

measurement to stop diffusion effects in the measurements, and measurements were 

repeated to ensure reliability. 

The vessels used to carry out the measurements were glass recrystallisation dishes (purchased 

from Duran, 70 mL volume, 50 mm diameter), which were acid cleaned in a 10 % nitric acid 

bath. Then, the vessels were rinsed with various solvents (ethanol, acetone, milliQ water) and 

dried with nitrogen. The vessels were further cleaned with a UV ozone treatment for 15 mins 

prior to use, and before measurements each vessel was checked with pure milliQ water, to 

observe a surface tension of close to 72.8 mN m-1, implication of no surface-active impurities 

in the vessel.  
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Figure 2.13 The Wilhelmy plate method for equilibrium surface tension measurements, where 
the surface tension is measured by the force pulling the plate into the solution, recreated from 
[105]. 
 

2.4 Polarised Light Microscopy (PLM) 

Polarised light microscopy (PLM) is an imaging technique often used in anisotropic soft matter 

systems to view at the micro-scale. A polarised light microscope differs from a typical optical 

microscope by one or two additional components, the first, and the most important, is the 

polarisers placed above and below the sample. The polarisers are made of thin-film polarising 

filters, the first of which takes the unpolarised light from the lamp and turns it into plane-

polarised light. If the two polarisers are oriented 90 o with respect to each other, then as the 

plane-polarised light reaches the second polariser, it will not pass through as it is plane-

polarised in the incorrect orientation.  

The second additional component is less important and is called a waveplate, which is used to 

add a phase difference to the light travelling through changing the wavelength and hence, the 

colour106. In the absence of a waveplate, sometimes there are structural details in the sample 

that would be missed, the presence of a waveplate can help make these details visible. 

2.4.1 Birefringence  

Birefringence is a property that allows specimens to be detected by polarised light, useful in 

soft matter systems where anisotropic phases are common107. A simplified description of 

birefringence can be formed based on refractive index differences 

Δ𝑛 = 	𝑛) − 𝑛; (𝟐. 𝟐𝟖) 

where Δn is the birefringence, ne is the refractive index the extraordinary wavefront (n‖) 

experiences, and no is the refractive index the ordinary wavefront (n⊥) experiences. 
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To form a link to PLM, the polarizability of the system can be linked to the refractive index 

through Vuk’s equation108, and therefore can be related to the birefringence 

𝑛3# − 1
〈𝑛#〉 + 2 = 	

4𝜋
3 𝑁𝛼3 (𝟐. 𝟐𝟗) 

Δ𝑛 = 	
4𝜋
3
〈𝑛#〉 + 2
𝑛∥ 	+ 	𝑛B

	𝑁	(𝛼∥ 	+ 	𝛼B) (𝟐. 𝟑𝟎) 

where ni is the refractive index of n‖ or n⊥, <n2> is the average value of the refractive indices 

((n‖
2 + 2n⊥2)/3), N is the number of molecules per unit volume, and αi is the polarizability.  

The polarizability of the system can then be linked to the anisotropy through the dielectric 

constant, as a dielectric material can be polarised when placed into an electric field. This is 

further related to the anisotropy, as isotropic materials are the same in all directions and the 

dielectric reduces to a simple scalar value.  

However, in the case of anisotropic materials, which are no longer symmetric, the dielectric 

constant has components in both the parallel and perpendicular to the object orientation and 

is better described as a second-order tensor109, 110. Therefore, in the case of anisotropic 

materials, the dielectric constant has both a magnitude and a direction, causing the 

birefringence when polarised light encounters the material.  

 

2.4.2 Experimental procedure 

The samples were placed onto glass microscope slides (76 x 26 mm) and then sealed to the 

atmosphere using a glass coverslip (22 x 22 mm). The imaging was carried out immediately 

after slide preparation to reduce any environmental effects, such as drying or the introduction 

of moisture. Two microscopes were used in this experimental work, a Nikon Eclipse E200 (with 

PixeLINK Capture OEN software) and an Olympus BX53-P (with Stream software) a general 

setup of a polarised light microscope is seen in Figure 2.14. Imaging was carried out at ambient 

conditions, using three or four different magnifications (4 (only on the Nikon microscope), 10, 

20, and 40 x). 



Chapter 2. Experimental techniques 

 

66 
 

 

Figure 2.14 A typical polarising light microscope setup, microscope shown is the Nikon Eclipse 
E200. The sample can be viewed through either a camera, and images can be taken using the 
microscope specific software, or directly through the binoculars. The polarising filters are 
positioned above and below the sample and can be rotated (90 o with respect to each other) 
to enable the polarising mode, or at 0 o with respect to each other for typical optical imaging. 
The waveplate conditions used in this work were a first order 530 nm waveplate, a first order 
546 nm waveplate and without a waveplate.   
 

2.5 Confocal Laser Scanning Microscopy (CLSM) 

Confocal microscopy is a microscope technique that was first developed by Marvin Minsky in 

1957111, who produced a point source of light that would illuminate the sample and then be 

refocused to be captured by a pinhole aperture and fed to a photosensitive device. This 

invention (layout shown in Figure 2.15) allowed for the unfocused out-of-plane light to be 

removed from the image, an issue with wide-field fluorescence microscopy. The double convex 

lenses used allow for the unfocused light to be refocused to a point when passing through the 

sample and pinhole aperture, retaining the point focus throughout imaging.  
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Figure 2.15 The setup of the confocal microscope as stated in Minsky’s original patent, 
recreated from [111]. 
2.5.1 Experimental procedure 

Imaging was carried out using a Leica SP5 multi-laser confocal scanning laser microscope, with 

a glycerol lens, as the match in refractive index from the sample and lens helped to improve 

image quality. The hydrophobic dye of choice was nile red (Figure 2.16), often used in soft 

matter sample imaging112-114, and first dispersed in glycerol, then 10 μL of this dispersed 

solution was added to the surfactant solution, which was excited using an Argon laser, λex = 

488 nm. 

 

Figure 2.16 The molecular architecture of nile red, the hydrophobic dye used in CLSM imaging, 
and is often used in fluorescence microscopy. The dye has an excitation wavelength of 515-
560 nm and an emission wavelength of > 590 nm. 
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2.6 Environmental Scanning-Electron Microscopy (ESEM) 

The environmental scanning-electron microscope (ESEM) is a scanning-electron microscope 

(SEM) that is able to operate at low vacuum for the benefit of soft or wet samples115. A 

traditional SEM images the surface of samples using an electron beam that scans across the 

sample. The electrons are generated by an electron gun via thermionic emission, which pass 

through a magnetic condenser lens, narrowing the beam, analogous to light microscopy116. 

The electron beam then passes through an objective lens, for focusing, before hitting the 

sample, after the electrons interact the sample they are emitted as secondary electrons or 

backscattered electrons (Figure 2.17). Typically, secondary electrons are collected in standard 

SEMS setups, however, for ESEM setups the backscattered electrons are collected using a solid-

state detector allowing for a low vacuum to be used.   

 

Figure 2.17 The difference between secondary and backscattered electrons in SEM imaging, 
secondary electrons are collected in a standard SEM setup, and backscattered electrons are 
collected in ESEM, recreated from [116].  
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2.7 Rheology 

Rheology is a characterisation method probing the mechanical properties of a material; in soft 

matter systems and in particular gel systems, rheology is used to investigate the shear stress 

properties and the viscoelastic behaviour. The viscoelastic properties can be investigated in 

the bulk and at the interface, however, in this study, the bulk was investigated as the system 

of interest was a solid-like gel phase. The rheometer used in this study was a rotational 

rheometer, which applies a shear by rotating the bottom geometry shown in the setup117 

(Figure 2.18). 

  

 

Figure 2.18 The Kinexus Pro rheometer, Malvern Panalytical, a rotational rheometer, used to 
characterise the rheology of the phases in this project. A cone-plate geometry was the chosen 
geometry for measurements, which is shown in the inset. Image of rheometer taken from 
[117]. 
 

2.7.1 Viscometry rheology 

Viscometry rheology helped to characterise the Newtonian behaviour of the various systems 

studied in this work, in particular the viscosity properties. The viscosity properties were probed 

by measuring the shear stress (σ) response to an applied shear rate (γ̇), the shear viscosity (η) 

can then be calculated for each stress/rate point through a simple relation 

𝜂 = 	
𝜎
�̇�

(𝟐. 𝟑𝟏) 

where η is the shear viscosity, σ is the shear stress, and γ̇ is the shear rate. 
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The Newtonian behaviour of fluids can be probed using the σ-γ̇ relation, as a Newtonian fluid 

has a constant viscosity independent of the applied shear, and thus, a plot of σ-γ̇ should show 

a straight line that goes through the origin. Materials that are non-Newtonian will demonstrate 

a deviation from this behaviour and exhibit shear thinning or shear thickening behaviour.  

During these measurements, the first normal stress difference (N1) was also determined, by 

taking the difference between the shear stress (σ11) (taken from torque measurements) and 

the normal stress (σ22) taken from direct normal force measurements (σ22 = F/A)118. The first 

normal stress difference is important for viscoelastic fluids, which typically have a non-zero N1 

profile vs γ̇119. 

2.7.1.1 Experimental Procedure 

Viscometry was carried out using the Kinexus Pro rheometer and a cone-plate geometry (CP 

4/20) (Figure 2.18), ensuring a constant shear was applied evenly throughout the sample, 

improving the reliability of measurements120. The measurements were taken using a constant 

cone-plate separation of 145 μm, using a shear rate range of 0.1 - 100 s-1, and were tested with 

both increasing and decreasing γ̇. Repeat measurements were carried out, using a fresh sample 

each time, to ensure reproducibility and any hysteresis was probed by measuring one sample 

multiple times. The top and bottom geometries were cleaned in between measurements with 

milliQ water and then wiped clean with lint free medical tissues to ensure no impurities or lint 

was left behind.  

 

2.7.2 Oscillation rheology 

Oscillation rheology characterised the viscoelastic properties of the systems in this work, by 

using two types of measurement: amplitude and frequency sweeps (Figure 2.19)121. Oscillation 

measurements typically make use of the parallel plate geometry (PU20, for example), however, 

in measurements here, a cone-plate was used due to the wall-depletion effects observed in 

the systems. This is caused by the depletion of large particles in the dispersed phase from the 

solid boundary (the geometry), while the liquid phase remains at the boundary122. The cone-

plate geometry reduces the depletion effects by reducing the gap between the top and bottom 

geometries by comparison with the parallel plate setup, seen in literature to reduce wall 

depletion effects123-128. 
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Figure 2.19 Oscillation rheology experiments: amplitude (top) and frequency (bottom) sweeps 
as a function of strain (γ) vs time (t). Images recreated from [121]. 
2.7.2.1 Amplitude Sweeps 

Amplitude sweeps are a type of measurement where the frequency of the rotation used in the 

rheometer is kept constant and the amplitude is allowed to vary, thus, changing the 

deformation applied to the system (Figure 2.19 top). The measurements provide the elastic 

(G’) and viscous (G”) moduli as a function of the applied deformation (γ) and plots of these 

moduli characterised the linear viscoelastic region (LVER) of the system. The LVER is a region 

where the moduli are independent of the deformation applied, i.e. are constant with increasing 

γ, important for frequency sweep measurements where the deformation is held constant, 

usually within the LVER. Frequency sweeps can be carried out after the LVER, but these are not 

as well-studied  and lead to complex non-linear rheology effects.  

2.7.2.1.1 Experimental Procedure 

Amplitude sweeps were performed on the Kinexus Pro rheometer using a cone-plate geometry 

(Figure 2.18), to reduce any wall-depletion effects. The frequency of the oscillation 

measurements was set at 1 Hz, the standard frequency chosen for amplitude sweeps in the 

Malvern software. The deformation range used in measurements was 0.001 – 100 %, a range 

that was found to catch the LVER in all systems measured here.  
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2.7.2.2 Frequency Sweeps 

Frequency sweeps are a type of measurement where the frequency is allowed to vary, and the 

amplitude is held constant – essentially applying the same deformation with increasing or 

decreasing speed (Figure 2.19 bottom). These measurements characterise G’ and G” as a 

function of the frequency (ω), often used in the characterisation of viscoelastic materials. A 

crossover in a plot of G’ and G” vs ω is indication of viscoelastic behaviour, as the systems shifts 

from largely elastic to largely viscous (or vice versa). 

2.7.2.2.1 Experimental Procedure 

Frequency sweeps were carried out using the Kinexus Pro rheometer and a cone-plate 

geometry (Figure 2.18), to reduce any wall-depletion effects. The strain (or deformation) value 

was taken from the LVER measured in amplitude sweep measurements. The frequency range 

used was 150 – 0.001 Hz, using the full frequency range capabilities of the rheometer, 

however, some of the data at the high and low frequencies was found to be noisy. The noise 

arises from vibrations in the environment adding to the frequency applied by the rheometer, 

leading to discrepancies in the measured moduli. Such data points were removed as 

anomalous in appropriate places.  
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Chapter 3 

Materials and Sample Preparation 

This chapter provide the details of surfactants and solvents used in the various experimental 

techniques of later chapters, including any purification steps where appropriate. The purity of 

the surfactants were monitored with 1H nuclear magnetic resonance (NMR) spectroscopy to 

ensure the success of the purification. This chapter also explains the methodology used to 

prepare the deep eutectic solvent (DES, glyceline), from its constituent components. Lastly, this 

chapter will describe the preparation steps for the two main types of system studied here, the 

liquid-like and gel-like phases.   

 

3.1 Materials 

 

3.1.1 Surfactants 

Sodium dodecyl sulfate (SDS) was purchased from Fisher Scientific (Leicestershire, UK) at a 

purity of >= 98.0 % (10593335); SDS was recrystallised three times from ethanol, with ~ 5 % 

water, before use and the purity was monitored using 1H NMR (Figure 3.1). 

Dodecyltrimethylammonium bromide (DTAB) was purchased from Sigma-Aldrich (Merck, 

Darmstadt, Germany) at purity of > 98.0 % (D8638); DTAB was recrystallised three times from 

acetone before use and the purity was monitored using 1H NMR (Figure 3.2). 1H NMR 

measurements, for both SDS and DTAB, were carried out in deuterium oxide (D2O), purchased 

from Sigma-Aldrich (99.0 % purity, 99.9 atom % D; 151882). The purified surfactants were 

stored in a refrigerator (~ 2 oC) until use and were used within a month of recrystallisation to 

ensure purity.  

3.1.1.1 1H NMR analysis of SDS 

Figure 3.1 shows the 1H NMR spectra throughout the progression of the recrystallisation 

procedure, to demonstrate the purity of SDS at the end of the steps, the final 1H NMR spectrum 

was analysed.  



Chapter 3. Materials and sample preparation 

80 
 

1H NMR (400 MHz, D2O) δ (in ppm) 4.64 (D2O, s), 3.89 (2H, t, a), 1.54 (2H, q, b), 1.17 (18H, m, 

c), 0.74 (3H, t, d) 

 

 

Figure 3.1 A series of 1H NMR spectra from each step of the recrystallisation of SDS: before 
recrystallisation (red), after one recrystallisation step (orange), after two recrystallisation steps 
(yellow), and three recrystallisation steps (green). The molecular architecture of SDS is given in 
the inset, with labelled protons according to the analysis, and a zoom of the chemical shift, δ 
= 1.10 – 1.00 ppm is given (right) to show the disappearance of impurity peaks. The D2O solvent 
peak is shown at 4.64 ppm.  
 

3.1.1.2 1H NMR analysis of DTAB 

Figure 3.2 shows the 1H NMR spectra throughout the progression of the procedure, to 

demonstrate the purity of DTAB at the end of the steps, the final 1H NMR spectrum was 

analysed.  
1H NMR (400 MHz, D2O) δ (in ppm) 4.64 (D2O, s), 3.23 (2H, m, a), 3.00 (9H, s, b), 1.65 (2H, m, 

c), 1.20 (18H, m, d), 0.74 (3H, t, e) 
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Figure 3.2 A series of 1H NMR spectra from each step of the recrystallisation of DTAB: before 
recrystallisation (red), after one recrystallisation step (orange), after two recrystallisation steps 
(yellow), and three recrystallisation steps (green). The molecular architecture of DTAB is given 
in the inset, with labelled protons according to the analysis, and a zoom of the chemical shift. 
The D2O solvent peak is shown at 4.64 ppm. 
 

3.1.2 Molecular Solvents 

3.1.2.1 Hydrogenated solvents 

Water (milli-Q; Advantage A10; resistivity 18.2 MΩ cm and total organic content < 3ppb) was 

used as an aqueous comparison for the non-aqueous systems studied in this work. Glycerol 

was purchased from Fisher Scientific at >= 98.0 % purity (10336040) and was used as received. 

Ethylene glycol (ethane-1,2-diol) was purchased from Sigma-Aldrich at >= 99.5 % purity 

(102466) and was used as received. Propylene glycol (propane-1,2-diol) was purchased from 

Sigma-Aldrich at 99.0 % purity (82280) and was used as received. All solvents were kept sealed 

until use to reduce water content in the samples.  

3.1.2.2 Deuterated solvents 

Deuterium oxide (D2O) was purchased from Sigma-Aldrich (99.0 % purity, 99.9 atom % D; 

151882) and was used as received. d8-Glycerol was purchased from Sigma-Aldrich (98.0 % 

purity, 98.0 atom % D; 447498) and was used as received. d6-Ethylene glycol was purchased 

from Sigma-Aldrich (99.0 % purity, 98.0 atom % D; 530549) and was used as received. d8-

Propylene glycol was purchased from Sigma-Aldrich (99.0 % purity, 98.0 atom % D; 486272) 

and was used as received. All solvents were kept sealed until use to reduce water content and 

h/d exchange in the samples. 
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3.1.3 Deep Eutectic Solvents (DES) 

Glyceline, a deep eutectic solvent (DES), was prepared by mixing choline chloride and glycerol 

in a 1:2 molar ratio respectively. Choline chloride was purchased from Sigma-Aldrich at 98.0 % 

purity (C1879) and was used as received. d9-(trimethyl)-Choline chloride was purchased from 

Sigma-Aldrich (98.0 % purity, 98.0 atom % D; 492051) and was used as received. The purity of 

choline chloride was trialled before use to determine whether recrystallisation was 

appropriate and was monitored with both 1H NMR, in D2O, (Figure 3.3) and surface tensiometry 

(Figure 3.4).  

3.1.3.1 1H NMR analysis of choline chloride 

Figure 3.3 shows the 1H NMR spectra throughout the progression of the procedure, to 

demonstrate the purity of choline chloride at the end of the steps, the final 1H NMR spectrum 

was analysed.  
1H NMR (400 MHz, D2O) δ (in ppm) 4.64 (D2O, s), 3.93 (2H, m, a), 3.39 (2H, m, b), 3.07 (9H, s, 

c) 

 

 

Figure 3.3 A series of 1H NMR spectra from each step of the recrystallisation of choline chloride: 
before recrystallisation (red), after one recrystallisation step (orange), after two 
recrystallisation steps (yellow), and three recrystallisation steps (green). The molecular 
architecture of choline chloride is given in the inset, with labelled protons according to the 
analysis, and a zoom of the chemical shift. The D2O solvent peak is shown at 4.64 ppm, due to 
the exchangeable nature of the hydroxyl proton in D2O, this does not appear in the spectrum. 
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3.1.3.2 Surface tensiometry analysis of glyceline 

Equilibrium surface tension measurements were used to assess the purity of choline chloride 

and whether it was appropriate to recrystallise choline chloride before use. Two samples of 

glyceline were prepared, one using choline chloride as received and one with recrystallised 

choline chloride, a comparison of the surface tensions, γ, vs time, t, is shown in Figure 3.4. The 

equilibrium surface tensions of the as received and recrystallised samples are close in value 

(66.1 and 66.2 mN m-1 respectively), demonstrating that the recrystallisation step is not 

necessary in the preparation of glyceline.  

 

Figure 3.4 The surface tension, γ, vs time, t, of glyceline containing choline chloride as received 
(red) and recrystallised choline chloride (green).  
 

3.2 Sample Preparation 

 

3.2.1 Preparation of a deep eutectic solvent, glyceline 

The method used to prepare glyceline was developed by Sanchez-Fernandez et al.1. Prior to 

preparing glyceline, all glassware was cleaned in a 10 % nitric acid solution prior to use, by 

immersing in the acid overnight, then soaking in milli-Q water and rinsing in milli-Q water 

before leaving to dry in an oven at 60 oC. Glyceline was then prepared by mixing choline 

chloride and glycerol (1:2 molar ratio) in a Stuart SI505 shaker incubator at 60 oC, 550 RPM for 

two hours or until homogeneous. Due to the hygroscopic nature of both choline chloride and 

glycerol, the solvent vessels were kept sealed during preparation and storage, to ensure the 

water content was kept negligible.  
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3.2.2 Preparation of liquid-like surfactant solutions 

All glassware was acid-cleaned as discussed in Section 3.2.1 prior to sample preparation. The 

surfactant was then dissolved in a solvent of choice and left to mix on a Stuart SRT9D roller 

mixer until homogeneous. In the cases where the surfactant did not dissolve after being left 

on the roller mixer, the solutions were transferred to the shaker incubator for two hours at 60 
oC and 550 RPM or until homogenous. If the shaker incubator did not aid solubilising the 

surfactant, it was considered insoluble at that concentration. For surface tension 

measurements, a stock solution of the highest concentration probed was prepared and 

dilutions were made from this stock.  

3.2.3 Preparation of the gel-like phase 

All glassware was acid-cleaned as discussed in Section 3.2.1 prior to sample preparation. The 

surfactant solutions were then prepared at a concentration above the critical gelation 

concentration, cCGC, which was then left in the shaker incubator for two hours at 60 oC and 550 

RPM or until homogeneous. The solutions were then removed from heat, as transparent 

liquids, and left to cool to room temperature overnight, resulting in a viscosity increase (and 

the phase would hold its weight upon inversion) and an opaque appearance.  
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Chapter 4 

Peculiar self-assembly in glycerol: From 

micelles to lamellar microfibres 

Glycerol, a nonaqueous hydrogen-bonding solvent, is widely used in industrial formulations due 

to its desirable physical properties. Surfactants are ubiquitous in such applications; however, 

surfactant self-assembly in glycerol is not well understood. Here, the unexpected formation of 

a microfibrillar gel in SDS and glycerol mixtures is reported at a critical gelation concentration 

(cGC) as low as ~ 2 wt%; such SDS gelation has not been observed in aqueous systems. The 

structure of the gel phase was studied using a series of techniques: polarised light microscopy 

(PLM), confocal laser scanning microscopy (CLSM), environmental scanning electron 

microscopy (ESEM), rheology, and small-angle neutron scattering (SANS). The microscopic 

structure of the gel consisted of microfibres some mm in length and with an average diameter 

of D ~ 0.5 μm. The fibres in the gel phase exhibited shear-induced alignment in the viscometry 

measurements, and oscillation tests showed that the gel was viscoelastic, with an elastic-

dominated behaviour. Fitting to SANS profiles showed lamellar nanostructures in the gel 

microfibres at room temperature, transforming into cylindrical-micellar solutions above a 

critical gelation temperature, TCG ~ 45 oC. These unprecedented observations highlight the 

markedly different self-assembly behaviours in aqueous and nonaqueous hydrogen-bonding 

solvents, which is not currently well understood. Deciphering such self-assembly behaviour is 

key to furthering our understanding of self-assembly on a fundamental level.  
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4.1 Introduction 

Understanding surfactant self-assembly in polar nonaqueous solvents is important for 

industrial applications ranging from personal care products2-7, to paints and coatings8-12. It is 

also of importance to certain biological processes. For instance, hyalophoria cecropia pupae13 

(Figure 4.1c) have a heightened level of glycerol in their blood (~ 200 vs 2 mM in the adult 

moth14). This is conjectured to disrupt water hydrogen-bonding and thus ice formation, 

preventing tissue damage in extreme weather conditions during diapause14-18. Glycerol has 

often been used as a cryoprotectant19, for example, glycerol was found to preserve mouse 

spermatozoa after freezing20, 21. 

 

Figure 4.1 The various stages of the hyalophoria cecropia moth: fourth larval stage (a), cocoon 
stage (b), pupae stage, removed from cocoon (c), and the adult moth stage (d). Images taken 
from [13]. 
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4.1.1 Glycerol 

Glycerol is a green solvent of interest due to its beneficial physical properties, including high 

boiling point, low toxicity, and excellent solvency for organic species22-24. Produced in large 

quantities as a by-product in preparing biodiesel, glycerol has found applications from 

formulations25-28 to a possible fuel source. Rhodopseudomonas palustris, a bacterium, was 

found to convert glycerol to hydrogen29, 30 via photofermentative conversion. Glycerol is also 

important to life not only in cellular processes, as a cryoprotective agent, protecting against 

intracellular ices, which are linked to cellular death31, 32. But also in interstellar ices, where the 

spontaneous formation of glycerol, a precursor to lipids, is important to the origin of life 

question33, 34.  

The molecular architecture of glycerol is simple (Figure 4.2a), a propane backbone with three 

hydroxyl functional groups, causing the ability to form both inter- and intra-molecular 

hydrogen-bonds. Intramolecular hydrogen-bonding is a phenomenon that can stabilise specific 

conformations via the formation of rings, where 5, 6, and 7 membered rings are typically 

favoured35. Intramolecular hydrogen-bonding in glycerol is controversial, where computational 

work in combination with experimental neutron diffraction studies found no evidence of 

intramolecular hydrogen-bonding in liquid glycerol36. However, nuclear magnetic resonance 

(NMR) spectroscopy and computational studies have provided evidence for the formation of 

intramolecular hydrogen bonds37-40. 

The molecular architecture and intra-/inter-molecular interactions allow for the formation of 

126 individual conformations of the glycerol molecule41 across different states, simulated and 

studied by ab initio molecular orbital and density functional theory (DFT) calculations. While 

the structure of a glycerol molecule is simple, the 126 possible conformations makes it 

challenging to determine the structure of amorphous and noncrystalline glycerol forms. In the 

liquid state, the structure is proposed to be disordered with an average of 5.68 ± 1.51 hydrogen 

bonds per molecule36.  



Chapter 4. Peculiar self-assembly in glycerol 

90 
 

 

Figure 4.2 (a) The molecular architecture of glycerol showing the intra- and inter-molecular 
hydrogen-bonding. (b) A cubic box (length, a=b=c = 28.96 Å, angle, α=β=γ = 90o) of 200 glycerol 
molecules, built using EPSR software and neutron diffraction data. (c) Representation of the 
electrostatic surface potential for glycerol, simulated by minimising the potential with a Merck 
molecular force field (MMFF94s) and obtaining partial charges of the individual atoms.  
 

4.1.2 Water vs glycerol 

Some physical properties of water and glycerol are compared in Table 4.1, previously noted in 

Chapter 1. Introduction; the material properties of glycerol are typically higher, for instance 

the viscosity, (ηW ~ 0.9 vs ηG ~ 900 cP, at 25 oC)42, 43, or the boiling point (TB,W = 373 vs TB,G = 

563 K)44. However, the properties that rely on molecular cohesion are higher for water, such 

as the surface tension (γW = 72.8 vs γG = 64.0 mN m-1)45, and the Hildebrand solubility 

parameter (δH,W = 16.7 vs δH,G = 14.3 J m-3)44, 46. The surface tension is relevant to the self-

assembly of surfactants in liquids, a high surface tension implies a high solvophobic effect47, 48 

– the driving force for self-assembly. Therefore, the molecular cohesion can be used as a 

measure of solvent ability to support self-assembly. As discussed in Chapter 1. Introduction, 

the hydrogen-bond density, ρHB, follows the trend of cohesion, relating the hydrogen-bonding 

of a system to solvent ability to support self-assembly.  
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Table 4.1 A summary of key relevant physical parameters for water and glycerol showing the 
importance of hydrogen-bonding on the system properties: molecular weight (Mw), number of 
hydrogen-bonds (nHB), molecular volume (Vmolecular), hydrogen-bond density (ρHB), density (ρ), 
boiling point (Tb), viscosity (η), surface tension (γ), Gordon parameter, Hildebrand solubility 
parameter (δH), and dielectric constant (ε). a denotes the value has been measured 
experimentally in this study.   

Parameter Water Glycerol 

Mw (g mol-1) 18.0 92.1 

nHB 4 9 

vmolecular (Å3) 30 120 

ρHB (nm-3) 134 76 

ρ (25 oC, g cm-3) 1.0042 1.2642 

tB (K) 37344 56344 

η (25 oC, CP) 0.8942, 43 908a 

γ (25 oC, mN m-1) 72.845 64.0a 

G (J m-3) 2.74-2.843, 49, 50 1.5149, 50 

δH (J m-3) 16.744, 51 14.344, 51 

ε (25 oC, F m-1) 78.544, 45 42.544 

 

Surfactant self-assembly in aqueous media is well understood52-61, with the hydrophobic effect 

identified as the driving force47, 48 and the aggregate shape well predicted by the packing 

parameter62-65. At higher surfactant concentrations, complex mesophases can form and this 

phase behaviour is shown in phase diagrams, as a function of surfactant concentration c, 

temperature T, pressure P (for instance SDS in water Figure 4.3a). However, self-assembly of 

surfactants in polar hydrogen-bonding rich nonaqueous media is less well-understood and it 

remains unclear if the concepts and theoretical models governing aqueous molecular self-

assembly are applicable.  

SDS in water is a well-studied system, in particular, the micellar system has been probed using 

a range of techniques including: NMR spectroscopy, light scattering, quasi-elastic light 

scattering (QLS) and SANS53-55, 57, 66-70. A summary of the various techniques and sizes is shown 

in Table 4.2, where both ellipsoidal and spherical morphologies are reported. The SDS aqueous 

lamellar phase has also been probed71, with a reported bilayer size of 32.0 Å72, about the length 

of two SDS molecule lengths.  
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Table 4.2 A summary of experimental and reported SDS in micelle dimensions: author, model 
shape, technique, radius r1 (the equatorial radius in the case of ellipsoids), and radius r2 (the 
polar radius in the case of ellipsoids). Techniques include small-angle neutron scattering 
(SANS), light scattering (LS), quasi-light scattering (QLS), and dynamic light scattering (DLS). 

Author Model shape Technique r1 (Å) r2 (Å) 

Matthews et al. Sphere SANS ~ 20 - 

Cabane et al.53 Sphere LS ~ 20 - 

Missel et al.70 Sphere QLS 19.4 ± 2.5 - 

Berr et al.66 Sphere SANS 28.2 ± 9.3 - 

Chang and Kaler57 Sphere QLS 24.7 - 

Garg et al.68 Ellipsoid DLS, SANS 22.5 ± 5.5 16.7 

Berr and Jones67 Ellipsoid SANS 20.3 13.6 

Hammouda69 Ellipsoid SANS ~ 22 ~ 16 

 

 

Figure 4.3 (a) The phase diagram of SDS in water as a function of temperature, T, and SDS 
concentration, cSDS, recreated from [41]. Schematic representations of the phase are shown 
lamellar (b), hexagonal (c), micellar (d), and hydrated crystals (e). 
SDS in pure glycerol systems are not well-studied, Khan et al.73 showed that the Krafft point, 

TK, of SDS increased from ~ 16 oC in pure water to 31 oC in pure glycerol. The critical micelle 

concentration, CMC, in the glycerol/water mixture, assessed using the pendant drop method, 

was found to increase with the amount of glycerol (i.e. from 8.1 mM in water to vs ~ 35 mM in 
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glycerol), pointing to different self-assembly behaviours. However, the bulk is not discussed by 

the authors and is not discussed in the literature. 

4.1.3 Chapter overview 

Here, an unusual self-assembly behaviour of sodium dodecyl sulfate (SDS) in glycerol is 

reported. The well-established aqueous mesophase diagram54, 55 shows that SDS would form 

spherical or ellipsoidal micelles at a CMC of 8.1 mM (0.2 wt %)74, and then a lamellar phase at 

~80 wt%. In contrast, we have observed that SDS formed a gel at a concentration as low as 2.3 

wt%. The structure of this complex gel phase was probed microscopically with polarising light 

microscopy (PLM), confocal laser scanning microscopy (CLSM), and environmental scanning 

electron microscopy (ESEM). Further structural information was obtained from small-angle 

neutron scattering (SANS) and rheological measurements. The observation of this unexpected 

gel phase, not formed at such low SDS concentrations in aqueous media, highlights the 

complexity of self-assembly behaviour of surfactants in hydrogen-bonding nonaqueous media 

which is not currently fully understood.  

 

4.2 Data Analysis 

 

4.2.1 Introduction 

The scattering profiles obtained in this chapter were taken at the LOQ75, 76 and Sans2d75, 77 

beamlines, ISIS Muon and Neutron Source, Oxford, UK (RB: 181062978 and 191008079). LOQ 

utilizes neutrons with wavelengths λ = 2 – 10 Å and the data was collected in the q range of 

0.008−1.6 Å -1. For Sans2d, a q-range of 0.002 – 0.5 Å-1 was achieved utilizing neutrons of λ = 

1.75 – 10.75 Å. The raw scattering data was corrected for the detector efficiency, sample 

transmission, and background scattering and converted to scattering cross-section data (∂Σ/∂Ω 

vs q) using MantidPlot80-82. The data was then converted to an absolute scale (cm-1) using the 

scattering intensity from a standard sample (a solid blend of hydrogenous and perdeuterated 

polystyrene) in accordance with established procedures83. All model analyses were carried out 

in SasView84 and full model refinements are shown in Appendix A2. Model refinement of SDS 

in glycerol. 
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4.2.2 Scattering from lamellar objects 

The SANS data for SDS in glycerol at 25 oC was fitted using the lamellar phase models in 

SasView. The general scattering intensity for lamellar systems is described as85, 86 

𝐼(𝒒) = 	
2𝜋𝑉𝑃(𝒒)𝑆(𝒒)

𝑑𝒒#
(𝟒. 𝟏) 

where V is the scattering volume; P(q) is the form factor that describes the shape of the 

particles or the phase present; S(q) is the structure factor that describes the interparticle 

interaction; and d is the lamellar spacing. 

The five lamellar models in SasView were trialled to simulate the raw scattering profiles, the 

first model is a simple lyotropic lamellar system85, 86 (Figure 4.4a) that models the layers based 

on a single scattering length density (SLD) contribution for the whole sheet. Figure 4.4a also 

represents the morphology of a lamellar stack with a Caillé structure factor87, S(q), which 

accounts for elasticity or bending observed in some lamellae, particularly in lipid bilayers88. 

Figure 4.4b represents the two previous models but with separated tail and headgroup 

contributions based on separated SLD contributions. Figure 4.4c represents the final lamellar 

model, a lamellar paracrystal stack model89, where the lamellar form individual stacks oriented 

anisotropically with respect to each other.   

 

Figure 4.4 Schematic representations of the lamellar models in SasView: (a) lamellar and 
lamellar with Caillé S(q), tL is the bilayer thickness; (b) lamellar with separate headgroup and 
tail contributions with and without Caillé S(q), tL is the bilayer thickness; and (c) lamellar 
paracrystal structure, tL is the bilayer thickness, nL is the number of lamellar layers in an 
individual stack, and d is the d-spacing.  
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4.2.3 Scattering from globular objects 

The SANS data for SDS in glycerol above the critical gelation temperature, TGC, was fitted to a 

globular aggregate model. Initially, four types of model were chosen (Figure 4.5): a sphere, 

ellipsoid, cylinder, and parallepiped. The general scattering intensity for a sphere is90 

𝐼(𝒒) = 	
scale
𝑉

b3𝑉(∆𝜌)
sin(𝒒𝑟) − 𝒒𝑟 cos(𝒒𝑟)

(𝒒𝑟)@
d
#

(𝟒. 𝟐) 

where scale is related to the volume fraction φ, V is the volume, Δρ is the contrast in scattering 

length density, q is the momentum/transfer/scattering vector, and r is the sphere radius.  

The general scattering intensity for an ellipsoid form factor, P(q), is91, 92 

𝑃(𝒒, 𝛼) = 	
scale
𝑉

𝐹#(𝒒, 𝛼) (𝟒. 𝟑) 

where 

𝐹(𝒒, 𝛼) = 	∆𝜌𝑉
3(sin 𝒒𝑟 − 𝒒𝑟 cos 𝒒𝑟)

(𝒒𝑟)@
(𝟒. 𝟒) 

and 

𝑟 = 	 [𝑟C# sin# 𝛼 +	𝑟D# cos# 𝛼]
"
# (𝟒. 𝟓) 

α is the angle between the ellipsoid axis and q, V is the volume (V = (4/3)πrPrE
2), rE is the 

equatorial radius, and rP is the polar radius.  

The general scattering intensity for cylindrical systems is described as93, 94 

𝑃(𝒒, 𝛼) = 	
𝐹#(𝒒, 𝛼) sin(𝛼)

𝑉
(𝟒. 𝟔) 

where 

𝐹(𝒒, 𝛼) = 2(∆𝜌)𝑉
sin @12𝒒𝐿 cos(𝛼)B
1
2𝒒𝐿 cos(𝛼)

𝐽"(𝒒𝑅 sin 𝛼)
𝒒𝑅 sin 𝛼

(𝟒. 𝟕) 

and α is the angle between the cylinder axis and q; ∆ρ is the contrast in scattering length 

density; V is the cylinder volume; L is the cylinder length; R is the cylinder radius; and J1 is the 

first order Bessel function.  

The general scattering intensity of a parallepiped is described as95, 96 

𝐼(𝒒) = 	
scale
𝑉

(∆𝜌𝑉)#〈𝑃(𝒒, 𝛼, 𝛽)〉 (𝟒. 𝟖) 
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where V is the volume (V = abc), a is the height, b is the width, c is the length, α is the angle 

between the length and q, β is the angle between the projection of the particle in the a-b plane 

and b, and this is averaged over all orientations (indicated by <…>).   

 

Figure 4.5 Schematic representations of the globular aggregate models chosen to simulate raw 
scattering profiles: (a) spherical P(q), r is the radius; (b) ellipsoidal P(q), rE is the ellipsoidal 
radius, and rP is the polar radius, (c) cylindrical P(q), r is the radius, and l is the length, and (d) 
parallepiped P(q), a is the height, b is the width, and c is the length. 
These models were also trialled with a structure factor, S(q), to account for the initial increase 

in intensity of the scattering profiles above TGC. The chosen S(q) was a Hayter-MSA S(q)97, 98, 

that describes the interactions between individual aggregates as a Coulombic interparticle pair 

attraction. This was chosen as it has been used to describe SDS in water micelle interactions 

and because SDS is an ionic surfactant, however, it should be noted that this is a mean sphere 

approximation and has been applied to non-spherical systems.   

For the cylindrical model in particular, a series of different cylinder models were tested to find 

the appropriate model to fit the scattering profiles. The tested models were a capped cylinder, 

core-shell-cylinder, cylinder, elliptical cylinder, flexible cylinder, and hollow cylinder. Schematic 

representations are shown in Figure 4.6. 
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Figure 4.6 Schematic representations of the cylindrical models trialled: (a) capped cylinder, (b) 
core-shell-cylinder, (c) cylinder, (d) elliptical cylinder, (e) flexible cylinder, and (f) hollow 
cylinder. 
 

4.3 Results and Discussion 

 

4.3.1 Surface tensiometry of SDS in glycerol 

The surface tension, γ, vs ln(cSDS), plots in both glycerol and water are shown in Figure 4.7,  with 

the CMC, minimum surface tension γmin, and the headgroup area AHG at ~CMC determined 

from the measurements listed in Table 4.3. The tensiometry data indicates surface activity of 

SDS in glycerol at room temperature, with surfactant adsorption to the air-glycerol interface 

as γ decreased with cSDS to a critical point - the CMC, after which it became constant with 

increasing cSDS, analogous to the aqueous system.  

The CMC value of SDS in glycerol is higher than that in water (11.7 vs 8.1 mM), likely due to a 

stronger solvophobic effect in water than in glycerol, consistent with a higher surface tension 

(and thus a higher cohesive energy) of water (72.8 mN m-1; cf. Table 4.3) compared to that of 

glycerol (64.0 mN m-1). This is also consistent with a lower minimum surface tension at the air-

water interface (γmin = 38.3 mN m-1) compared to that at the air-glycerol interface (γmin = 46.0 

mN m-1). Lastly, the optimal headgroup area, AHG, can be determined through calculation of 

the surface excess, Γ, (Equations 4.9 – 4.10) in the linear region in the γ-ln(cSDS) plot preceding 



Chapter 4. Peculiar self-assembly in glycerol 

98 
 

the CMC. As shown in Table 4.3,  SDS had a similar optimal headgroup area AHG = 46.0 Å2 at the 

air-glycerol interface than that at the air-water interface (AHG = 43.5 Å2).  

𝛤 = 	−	
) 𝑑𝛾
𝑑 ln(𝑐EFE)

0

2𝑅𝑇
(𝟒. 𝟗) 

𝐴!G =	
1
𝑁H𝛤

(𝟒. 𝟏𝟎) 

where Γ is the surface excess, γ is the surface tension, cSDS is the SDS concentration, R is the 

gas constant (8.314 J K-1 mol-1), T is the temperature, AHG is the headgroup area, and NA is 

Avogadro’s constant (6.022 x 1023 mol-1). 

 

Figure 4.7 Surface tension, γ, vs ln(cSDS), for SDS at the air-glycerol (red circles) and air-water 
(blue circles) interface at room temperature. The surface tensions of the pure solvents are 
indicated by the horizontal dashed lines. 
Table 4.3 A summary of the surface tension parameters determined from surface tensiometry 
measurements of SDS in water and glycerol: the surface tension of the pure solvent (γ0), the 
minimum surface tension after addition of SDS (γmin), the critical micelle concentration (CMC), 
the surface excess (Γ), and the surfactant headgroup area (AHG). 

Solvent γ0 (mN m-1) γmin (mN m-1) CMC (mM) Γ (10-6 mol m-2) AHG (Å2) 

Water 72.8 38.3 8.1 3.82 43.5 

Glycerol 64.0 46.0 11.7 1.66 46.0 
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4.3.2 The formation of a low molecular-weight gel (LMWG) 

SDS was added to glycerol at a concentration range of 0.2 – 4.4 wt% (or 10 – 220 mM); the 

surface tension data above shows a CMC of 0.3 wt% (or 11.7 mM) SDS in glycerol, this 

corresponded to an SDS concentration of ~ 0.6 – 14.7 CMC. All the samples appeared 

transparent and fluid at 60 oC (Figure 4.8a). Upon cooling to room temperature (25 oC), an 

opaque gel-like phase was observed in the samples with SDS concentration > ~2.3 wt % (~7.7 

CMC), which could hold its own weight upon inversion (Figure 4.8b). For comparison, a 

transparent liquid phase was retained throughout the SDS concentration range in aqueous 

media (not shown), unable to hold its own weight upon inversion, consistent with an aqueous 

globular-micelle solution54, 55. Table 4.4 summarises the results from vial inversion tests: if the 

sample held its weight upon inversion, it was deemed a gel. Table 4.4 shows that the gel only 

started to form at ~ 1.1 wt % SDS, with full gelation occurring at ~2.3 wt % SDS.  

 

Figure 4.8 (a) Inverted glass vials containing ~3 mL of transparent liquid SDS micellar solution 
in glycerol with different concentrations of SDS (labels in b) immediately after they were 
heated at 60 oC and shaken at 550 RPM for 2 h. (b) After being left overnight at room 
temperature, the samples with > 2.3 wt % (~7.7 CMC) SDS formed an opaque gel-like phase. 
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Table 4.4 Physical observations from the vial inversion tests at different SDS concentrations. N 
denotes a transparent phase that flowed upon inversion formed. Y denotes an opaque phase 
that held its weight upon inversion. Na denotes that the sample started to thicken, but the 
phase still flowed upon vial inversion. 

SDS wt % 0.0 0.2 0.6 1.1 2.3 2.7 3.1 3.5 4.0 4.4 4.8 

Vial Inversion 
Result N N N Na Y Y Y Y Y Y Y 

 

The effect of temperature on the formation of the phase is also exemplified in Figure 4.8, with 

the gel-phase “melting” at elevated temperatures, hypothesised to arise from the breakup of 

the fibrous aggregates to form SDS globular micelles, similar to those observed in aqueous 

systems. Heating and agitation of SDS and glycerol mixtures was also shown to be important 

in producing the gel mesophase, and thus, the effect of these variables was probed. The 

mixtures were tested as above with a series of vial inversion tests, at different concentrations 

and using different preparation methods, and the results are summarised in Table 4.5. It can 

be seen that the sample preparation method is important to whether the gel is produced, likely 

due to the system needing to overcome a kinetic energy barrier.  

Table 4.5 Further physical observations from varying sample preparation of SDS in glycerol. N 
is neither heated nor agitated, H is heated only, S is agitated only, H/S is both heated and 
agitated. N denotes a transparent phase that flowed upon inversion. Y denotes an opaque 
phase that held its weight upon inversion. Na denotes that the sample started to thicken, but 
still flowed upon vial inversion. Nb denotes that the sample contained solvated crystals. 

SDS wt % 
Glycerol 

N H S H/S 

0.2 N -- -- N 

0.6 N -- -- N 

1.1 N -- -- Na 

2.3 Nb N N Y 

4.4 Nb Na Na Y 
 

Meanwhile, even at SDS concentration as low as 0.8 wt % (3.7 CMC), fibrillar aggregates were 

observed (visible by eye) (Figure 4.9), pointing to the elongated aggregate structure, which 

could be responsible for the gelation. Entangled fibrillar aggregates are well known to be 

present in gels arising from low molecular-weight gelators (LMWGs), sometimes arising from 
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elongated wormlike aggregates99-102. However, such fibrillar aggregates structures with SDS 

concentrations as low as 2.3 wt % with no other additives have not been reported previously 

in glycerol media. 

 

Figure 4.9 Photographs of the fibrous aggregates present in a glycerol solution with ~ 0.8 wt% 
SDS, with a magnified fibre-rich region (Right) showing that the fibre length was on the order 
of mm. (Right, inset) A section of the image highlights the fibre morphology and size with an 
enhanced contrast. 
4.3.3 Microscopic structure of gel-like surfactant mesophase 

Polarised light microscopy (PLM) showed the presence of an anisotropic phase (Figure 4.10a 

and b), consisting of entangled fibrillar aggregates with no long-range ordering. The length of 

these fibres could not be probed with this technique, as the fibres were longer, on average, 

than the field of view. The fibre morphology was either straight (Figure 4.10a) or curved (Figure 

4.10b), indicative of flexible fibrillar aggregates.  

The fibrillar aggregates are reminiscent of elongated wormlike aggregates, though there is a 

disparity in size, often resulting in gel-like material properties103, 104 and usually with the 

addition of a co-surfactant105-108 or salt109-112. Wormlike micellar solutions are an example of 

low molecular-weight gels (LMWGs) and, aside from their wormlike appearance, they have 

characteristic rheological responses to shearing113-117. Such gels arise from physical 

entanglement (as opposed to chemical crosslinking) of wormlike micelles, making them readily 

deformable. Wormlike micelles are useful in applications such as drug delivery118, 119, as their 

cylindrical shape allows for high cellular uptake120, 121.  

Although the fibre length is not accurately accessible here, the fibre diameters were found to 

be up to 20 μm (not shown) and highly polydisperse. This diameter is two orders of magnitude 
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larger than the typical SDS wormlike micelle diameter of ~35 - 41 Å in aqueous salt solutions68, 

122-125, pointing to the hierarchical nature of the microfibres. The structure of the fibres was 

confirmed in environmental scanning-electron microscopy (ESEM, Figure 4.10c and d). 

 

Figure 4.10 (a, b) PLM images and (c, d) ESEM images of the fibrillar aggregates present in 4.4 
wt % SDS in glycerol. 
Furthermore, confocal microscopy was facilitated by adding a hydrophobic dye (Nile red, λex = 

488 nm) to tag the hydrophobic parts of the fibres (Figure 4.11a). The high contrast between 

the fibres and glycerol allowed determination of a statistical distribution of the fibre diameter 

D, with a peak value at ~0.49-0.50 μm in a range of 0.1 – 1.4 μm (Figure 4.11b). The average 

fibre diameter was Da ~ 494 nm, two orders of magnitude larger than that of an SDS wormlike 

micelle in aqueous solution68, 122-125. This again confirms that the fibrillar aggregates could not 

be composed of single SDS wormlike micelles and that the microfibres were of hierarchical 

structure.  
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Figure 4.11 (a) Confocal micrograph of the microfibrillar structure in the 4.4 wt% SDS-in-
glycerol gel.  The yellow boxes indicate the regions in which the fibre diameters were 
measured, with its distribution shown in (b). 
Thus, the microscopy observations confirm that the microscopic structure of the gel network 

consisted of fibrillar aggregates. The low SDS concentrations at which the gelation occurred in 

the absence of other additives suggest that self-assembly in glycerol is very different from that 

in water.  

4.3.4 Rheological properties of the LMW SDS-in-glycerol gel 

 

Figure 4.12 Shear stress, σ, vs shear rate, γ̇, for the SDS-in-glycerol gel (4.4 wt%; ~14.7 CMC). 
The inflection point in the curve is indicative of shear thinning non-Newtonian fluid behaviour 
(with possible fibre breakage). (inset) Corresponding first normal stress difference, N1, vs shear 
rate, γ̇) 
The shear stress magnitude sustained by the gel (σ < 250 Pa) over the shear rate γ̇ range 

investigated (Figure 4.12) is consistent with a weak physical gel. Figure 4.12 also shows shear 
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thinning behaviour with a non-linear shear stress-shear rate (σ-γ̇) relationship, which is not 

characteristic of ideal Newtonian fluids. The presence of an inflection point in the σ-γ̇ plot 

indicates shear alignment within the gel, commonly observed in polymer melts126-130 and 

wormlike micelle solutions113, 114, 117, 131-133, consistent with the microfibrillar aggregate 

structure observed in the gel. Breakage of the microfibres could also occur upon shear along 

with shear-induced alignment, and further structural characterisation using in situ rheo-SANS 

and post-shear PLM could help to shed lights on such structural transformations. 

 

Figure 4.13 First normal stress difference, N1, vs shear rate, γ̇, for the SDS-in-glycerol gel (4.4 
wt %; ~14.7 CMC) plotted on a log-log scale. The negative values in Figure 4.12 have been 
removed for this plot. A linear dependence is observed with a slope ~ 3.8. 
The first normal stress difference N1 over the γ̇ range is shown in the inset (Figure 4.12, with 

the log-log plot shown in Figure 4.13), which is the difference (and thus the anisotropy) 

between the stress value in the shear direction and that in the direction perpendicular to shear. 

The plot shows a general increase in N1 with γ̇, from an initial negative value to large positive 

values, indicating increased structural anisotropy due to shear attributable to the fibrous 

aggregates becoming elongated in the direction of the applied shear, again consistent with a 

microfibrillar structure.  
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Figure 4.14 (a) G' (elastic, red) and G" (viscous, blue) as a function of shear strain, γ, for the gel 
(4.4 wt% SDS; ~14.7 CMC), with an initial plateau linear viscoelastic region (LVER) (ω = 1 Hz). 
(b) The variation of G’ and G” with SDS concentration, cSDS, at γ = 0.001 %. (c) G' (elastic, red) 
and G" (viscous, blue) as a function of the frequency, ω, for the gel (4.4 wt% SDS) (γ = 0.012 
%). (d) The variation of G’ and G” with cSDS, at ω = 10 Hz. 
Table 4.6 Values for the slopes in the liquid and gel regimes of the plots of the elastic (G’) and 
viscous (G”) moduli vs cSDS for the amplitude (γ = 0.001 %) and frequency (ω = 10 Hz) sweep 
measurements in Figure 7(b) and (d), respectively.   

Modulus Regime 
Modulus vs. cSDS 

Slope (Pa) 

G’(γ) 
Liquid 0.146 

Gel 116.0 

G”(γ) 
Liquid 0.197 

Gel 48.9 

G’(ω) 
Liquid 189.4 

Gel 8678.6 

G” (ω) 
Liquid 489.9 

Gel 3642.2 

The elastic and storage moduli (G’ and G”, respectively) are plotted as a function of strain (γ), 

to illustrate the viscoelastic behaviour of the gel, as shown in Figure 4.14a. An initial linear 
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viscoelastic region (LVER) indicates that the structure of the system (as commonly observed in 

all materials) was unaffected by small deformations. Given the strength of this gel, it is also 

tempting to compare with the stronger gels formed by semiflexible networks, such as actin 

filaments or microtubules. The MacKintosh model134 describes a relation between G’ and the 

bending modulus, κ, where G’ ~ κ 2, for dense gels. The estimated κ values using this model are 

plotted against cSDS in  Figure 4.15, giving κ ~ 140 Pa for the microfibrillar aggregates 

constituting the gel at the highest cSDS investigated. In comparison, actin filaments135 exhibited 

a bending modulus κ ~ pPa, much lower than that observed here; whereas gelatin fibres136 

exhibited κ ~ kPa, closer to the values observed here.  

 

Figure 4.15 The bending modulus, κ, as a function of cSDS with a guideline showing the non-
linear relation. κ was determined using the MacKintosh model134 and the plateau G’ values 
from amplitude sweep measurements. 
Beyond the LVER, both G’ and G” decreased by two orders of magnitude, indicating that the 

fibrillar structure was sensitive to larger deformations. It is possible that the elongated 

structures were broken into smaller aggregates, leaving globular aggregates at high shear 

deformations. The gel appeared elastic at low deformations with G’ > G’’; however, as the 

deformation was increased, the viscous modulus, G’’, became dominant, arising from the 

presence of globular aggregates, making the phase more liquid-like.  

The values within the LVER region of the two moduli at a low deformation (γ = 0.001 %) are 

shown in Figure 4.14b as a function of SDS concentration, cSDS. Whilst at higher SDS 

concentrations, the gel exhibited a predominantly elastic behaviour, the viscous modulus G’’ 

dominated at lower SDS concentrations. This is also consistent with the physical appearance 

of the system: at low cSDS, it appeared as a transparent liquid that was able to flow. These shear 
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measurements confirm a fluid-to-gel transition occurring between 1.1 – 2.5 wt% (~3.7 – 8.3 

CMC) SDS - consistent with the macroscopic visual observation in Figure 4.9; the concentration 

for this transition can be defined as a critical gelation concentration, cGC.  

Figure 4.14c shows that both G’ and G’’ increased with the frequency, ω, with the gel exhibiting 

largely elastic behaviour (i.e. G’ > G’’ with no cross-over) over the frequency range investigated. 

The moduli, however, seemed less sensitive to the frequency compared to the strain, 

suggesting that the gel was more sensitive to the deformation applied, as opposed to the speed 

at which it was applied (Figure 4.14a). However, the convergence of the moduli at lower 

frequencies could be indicative of the presence of viscoelastic fibrillar networks137, where the 

relaxation time is shorter than the one measurable with the experimental technique. Though 

it should be noted that detailed structural information cannot be drawn from rheology alone. 

The magnitude of the moduli (G’ ~ 27 kPa and G’’ ~ 11 kPa, respectively, at ω = 10 Hz) is 

relatively high for the SDS-in-glycerol gel (cSDS = 4.4 wt%). This compares with the literature 

moduli values for surfactant-based gels133, 138-142, typically from elongated wormlike 

aggregates, in the range of 10 – 100 Pa, although with some exceptions up to G’ = ~ 8 kPa143. 

This indicates that the SDS-in-glycerol gel was both highly viscous and highly elastic. It is also 

tempting to compare this with the stronger gels formed by semiflexible biopolymer networks, 

such as actin filaments or microtubules 

Figure 4.14d shows the variation in the moduli with cSDS at high frequency (ω = ~10 Hz), which 

follows a similar trend to that in Figure 4.14b, where there is a crossover from a viscous fluid 

to an elastic gel in the range c* = 1.1 - 2.5 wt%. This points to an entangled fibrillar network at 

higher cSDS and liquid-like globular micelle solutions at lower cSDS.   

 

4.3.5 Gel nanostructure from SANS 

4.3.5.1 Sodium dodecyl sulfate in water 

h-SDS in D2O was measured as a control to compare against the SDS in glycerol scattering 

profile, these measurements were carried out at 25 oC only. The fitting analysis carried out 

here reflected literature studies that show the morphology of SDS micelles to be spherical or 

ellipsoidal in shape. The fitted data is shown in Figure 4.16, and the fitting parameters are 

summarised in Table 4.7. 
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Figure 4.16 Fitted SANS profiles for various concentrations of SDS in D2O, a control for the SDS-
in-glycerol gel at 25 oC. The model chosen for the fitted data was a core-shell-sphere F(q) and 
a Hayter-MSA S(q). The CMC of SDS in water is 8.1 mM (0.3 wt %). 
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Table 4.7 A summary of the fit parameters for 4.5, 2.3, 1.2, and 0.3 wt% SDS in D2O at 25 oC, 
fitted to a core-shell-sphere F(q) combined with a Hayter-MSA S(q) (Figure 4.16): scattering 
length density of the headgroup ρHG, scattering length density of the tail ρtail, scattering length 
density of D2O ρD, core radius r, shell thickness t, volume fraction φ, charge c, temperature T, 
concentration of salt csalt, dielectric constant ε, polydispersity of the radius σr, polydispersity of 
the thickness σt, and chi squared value χ2. 

Parameter 4.5 wt % 2.3 wt % 1.2 wt % 0.3 wt % 

ρtail (10-6 Å-2) -0.29 -0.29 -0.25 -0.35 

ρHG (10-6 Å-2) 4.95 4.95 5.70 5.00 

ρD (10-6 Å-2) 6.64 6.64 6.71 6.85 

r (Å) 18.0 19.0 19.3 17.4 

t (Å) 2.0 2.0 2.1 2.0 

φ 0.03 0.02 0.01 0.01 

C (e) 40.2 26.0 24.8 35.0 

T (K) 298 299 294 301 

csalt (M) 0.00 0.00 0.00 0.09 

ε 80.1 80.1 80.1 80.1 

σr 0.15 0.09 0.00 0.20 

σt 0.10 0.10 0.00 0.09 

χ2 1.18 1.16 0.97 0.76 

 

4.3.5.2 Raw SANS profiles of SDS in glycerol 

SANS measurements revealed a lamellar mesophase in the gel evident from the emergence of 

the equally spaced Bragg peaks at q = 0.11, 0.22, and 0.34 Å-1 (indicated by the vertical dashed 

lines in the figure), attributed to nα = 1, 2, and 3 lamellar peak order, as cSDS approached ~2.3 

wt% (Figure 4.17). The Bragg peaks were more pronounced at cSDS = 4.4 wt% that at lower SDS 

concentrations (cf. Figure 4.17 for cSDS = 2.3 wt%). The lamellar d-spacing calculated from the 

Bragg peak positions is d ~ 57 Å (also summarised in Table 4.8),  larger than that reported in 

aqueous systems (d ~ 38 Å54, 55) and indicating h-SDS bilayers swollen with inter-bilayer 

glycerol. 
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Figure 4.17 also shows the distinctive transition in the SANS profile at cSDS = 1.1 wt% (~3.7 CMC) 

SDS concentration, where there was no low-q turnover comparable to the SANS profile of the 

gel sample at higher cSDS; the Bragg peaks were also absent, indicating that, at low SDS 

concentrations, the lamellar structure was not present.   

 

Figure 4.17 SANS profiles for h-SDS in d-glycerol at various surfactant concentrations cSDS at 
room temperature. Enlarged view of the Bragg peaks for 4.4 wt% shown in the inset. The 
profiles are offset on the vertical scale for clarity 
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Table 4.8 Bragg peak positions for the SDS-in-glycerol gel at the two highest surfactant 
concentrations (4.4 and 2.3 wt%). 

Conc (wt%) Peak q (Å-1) d-Spacing (Å) 

4.4 

1 0.11 57.1 

2 0.22 57.1 

3 0.34 55.4 

2.3 

1 0.11 57.1 

2 0.22 57.1 

3 0.33 57.1 

 

The effect of temperature on the SANS profile for the h-SDS-in-d-glycerol gel (cSDS = 4.4 wt%) is 

shown Figure 4.18. The transition from the lamellar phase to a micellar phase is distinctive in 

the SANS profile, occurring between T = 40 and 50 oC, which we term as the critical gelation 

temperature (TGC). The micellar phase shows the presence of a structure factor, indicative of 

interactions between micellar aggregates in solution, which has been observed in aqueous 

ionic surfactant solutions67.   

 

Figure 4.18 SANS profiles for 4.4 wt% (~14.7 CMC) h-SDS in d-glycerol at different 
temperatures, showing the transition  between the micellar solution to the lamellar phase at 
a critical gelation temperature CGT ~ 40 – 50 oC. 



Chapter 4. Peculiar self-assembly in glycerol 

112 
 

Of five different lamellar models trialled, the paracrystal lamellar stack model was found to 

best fit the gel SANS profiles. Figure 4.19a shows an example fit to the 4.4 wt% (~14.7 CMC) h-

SDS in d-glycerol gel, with the corresponding fitting parameters including the χ2 value listed in 

Table 4.9. This model describes multiple lamellar stacks in solution, oriented anisotropically 

with respect to each other (Figure 4.19c).  

The analysis here shows that the thickness of the h-SDS bilayer to be tL = 48.1 Å, whereas the 

lamellar d-spacing is d = 55.6 Å. Therefore, the structure of the lamellar phase must incorporate 

a layer of intercalating d-glycerol molecules (∆d ~ 8 Å, corresponding to 1.5-2 glycerol molecule 

widths) that solvate the SDS headgroups.  

 

Figure 4.19 (a) Fitted SANS data for 4.4 wt% (~14.7 CMC) h-SDS in d-glycerol at 25 oC (raw data, 
red circles; fit, black line) with an enlarged view of the lamellar peaks shown in the inset. (b) 
Fitted SANS data for 4.4 wt% h-SDS in d-glycerol at 70 oC (raw data, pink circles; fit, black line), 
with a cartoon depiction of the cylinder morphology (inset). (c) Schematic representation of 
the paracrystalline lamellar model used to fit the data at 25 oC. 
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For the higher temperature data, different micellar aggregate models were trialled, of which a 

cylindrical form factor with the Hayter-MSA structure factor was found to best fit the SANS 

profile. Figure 4.19b shows an example fit of this model to the 4.4 wt% SDS-in-glycerol at T = 

70 oC (above the CGT ~ 45 oC) with the fitting parameters summarised in Table 4.10. The model 

describes the globular aggregates as cylindrical in nature, where the interactions between 

them can be considered as a Coulombic interparticle pair potential97, 98.  

Table 4.9 Table summarising the fitting parameters for the paracrystalline lamellar stack model 
used to simulate the data for 4.4 wt% (~14. 7 CMC) h-SDS in d-glycerol at 25 oC (cf. Figure 
4.19a): SDS bilayer thickness tL, number of layers in the stack nLayers, d-spacing, polydispersity 
of the d-spacing σd, scattering length density of SDS ρSDS, scattering length density of glycerol 
ρGly, polydispersity of the SDS bilayer thickness σt, and chi squared value χ2. 

Parameter 
Lamellar Stack 

Paracrystal Model 

tL (Å) 48.1 

nLayers 21.0 

d-Spacing (Å) 55.6 

σd (Å) 0.01 

ρSDS (10-6 Å-2) 0.395 

ρGly (10-6 Å-2) 7.20 

σt 0 

χ2 2.62 
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Table 4.10 Table summarising the fit parameters for the cylindrical F(q) with Hayter-MSA S(q) 
used to simulate the data for 4.4 wt% (~14. 7 CMC) h-SDS in d-glycerol at 70 oC (cf. Figure 
4.19b): scattering length density of SDS ρSDS, scattering length density of glycerol ρGly, cylinder 
radius r, cylinder length l, volume fraction φ, charge C, temperature T, salt concentration csalt, 
dielectric constant ε, polydispersity of the radius σr, polydispersity of the length σl, and chi 
squared value χ2. 

Parameter 
Cylindrical F(q) with 

Hayter-MSA S(q) 

ρSDS (10-6 Å-2) 0.395 

ρGly (10-6 Å-2) 7.20 

r (Å) 17.0 

l (Å) 12.0 

φ 0.122 

C (e) 4.94 

T (oC) 70 (343 K) 

csalt (M) 0 

ε 42.5 

σr 0.229 

σl 0.234 

χ2 1.39 

 

4.4 Summary and Conclusions 

 

This chapter demonstrates the formation of a lamellar, low molecular-weight gel (LMWG) in 

glycerol, a hydrogen-bonding rich nonaqueous polar solvent – at an SDS concentration as low 

as cSDS ~ 2 wt % (~6.7 CMC), which has been termed as the critical gelation concentration (cGC), 

below a critical gelation temperature TGC ~ 40-45 oC. This has not been previously reported: it 

is well established that SDS has a packing parameter of ~ 0.25144, 145, forming approximately 

spherical micelles in water at a comparable CMC of cSDS = 2.3-4.4 wt % and 25 oC, whilst an 

aqueous SDS lamellar phase would form at a much higher cSDS ~ 80 wt % at 60 oC54, 55.  
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The microscopy results showed the presence of anisotropic fibrillar aggregates in a gel-like 

phase, similar in appearance to – but much thicker than elongated wormlike aggregates, with 

an average diameter, Da = 0.494 μm, some two orders of magnitude higher compared to ~ 5 

nm reported for the wormlike micelle diameter in water. Rheology measurements further 

indicated the presence of fibrillar aggregates, with shear alignment of the aggregates observed 

in the σ - γ̇ plot. The first normal stress difference (N1) was positive and its magnitude increased 

with γ̇, indicating aggregate elongation in the direction of the applied shear, again consistent 

with the presence of fibrillar aggregates.  

SANS measurements showed isotropic scattering at cSDS below ~ 1 wt %, then above ~ 2 wt % 

the scattering profile was well described by a paracrystalline lamellar stack model. Between 

cSDS ~ 1 – 2 wt % (~ 3.7 – 7.5 CMC) the scattering profile did not show the presence of Bragg 

peaks or any low-q turnover; hence, the critical gelation concentration is determined to be cGC  

~ 1.1 wt % (4.1 CMC). The fitted lamellar thickness, d ~ 55.6 Å, indicated a glycerol layer of ∆d 

~ 8 Å intercalating with the SDS bilayers (thickness tL ~ 48.1 Å). This contrasts with SDS in 

aqueous systems (Figure 4.16), which typically forms globular micelles at comparable SDS 

concentrations.  

Taken together, nanoscopic structural characterisation from SANS indicates that 

anisotropically oriented domains of lamellar stacks were the building units in the gel-like phase, 

which could possibly bundle into fibrillar aggregates observed microscopically. Another 

possible structure would be a multi-lamellar cylinder, which has been observed in self-

assembled structures146-152, and is analogous to multi-lamellar vesicles observed in aqueous 

lipid systems. However, the well-defined lamellar spacing means that as the SDS molecular 

packing would have to change in each layer to facilitate a consistent d-spacing, which is an 

unfavourable scenario. To summarise, the link between these lamellar domains and the 

microfibrillar aggregates remains unclear, and further experiments are required to unravel the 

structure, e.g. using neutron diffraction.  
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Figure 4.20 Possible structures of the gel phase, linking the microscopic and nanoscopic 
observations: (a) concentric cylinders, (b) lamellar fibres, and (c) a hierarchical structure similar 
to cellulose natural fibres.  
The most striking feature of this observation is the contrast between the self-assembled 

structures in glycerol and water. To account for the formation of lamellar aggregates using a 

packing parameter argument, it would be expected that either the tail volume would be much 

bigger, or the tail length/headgroup area would be much smaller in glycerol. The surface 

tensiometry results show a slightly larger (but similar) headgroup area compared to the value 

in water (46.0 Å2 vs 43.5 Å2 for glycerol vs water), implying a slightly smaller packing parameter 

which would favour aggregates with a higher curvature. This contrasts with the experimental 

observation of the lamellar aggregates. Given that the hydrophobic effect (and thus the 

interfacial tension between the polar solvent and the surfactant tail) is considered the driving 

force for self-assembly in water, we consider the properties related to the molecular cohesion 

in glycerol. Such properties, for example, the surface tension (γ) or Hildebrand solubility 

parameter (δh), can be related to the hydrogen-bonding in the system, described by either the 

hydrogen-bond capacity (nHB, i.e. hydrogen-bonding per molecule) or, by considering the 

molecular volume, the hydrogen-bond density (ρHB) (Table 4.1).  

The material properties of the solvents, such as the boiling point (Tb) and viscosity (η) are higher 

for glycerol than for water, following the trend in the hydrogen-bonding capacity nHB. The 

viscosity of glycerol is three orders of magnitude higher than that of water (908 cP vs 0.89 cP), 

suggesting that nHB and the molecular architecture contribute to the viscosity. However, Table 

4.1 shows that the cohesion-dependent parameters track the hydrogen-bond density ρHB, 

indicating the importance of molecular volume in the hydrogen-bond description for self-

assembly.  This could have implications on fundamental self-assembly concepts, such as the 
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packing parameter, which may need to consider the hydrogen-bonding, or intermolecular 

interactions, to be applied to nonaqueous hydrogen-bonding rich solvents. 

These results have demonstrated that the established concepts in molecular self-assembly for 

aqueous systems cannot be applied fully to this curious case of SDS self-assembly in glycerol. 

Understanding the mechanism behind such self-assembled structures will be important to 

many applications from personal care products and drug delivery methods using glycerol, to 

the fundamental role of glycerol in biological processes (e.g. the heightened level of glycerol in 

the blood of hyalophoria cecropia pupae during diapause).  
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Chapter 5 

Low molecular-weight gelation in binary 

systems: Water-induced phase 

transformations 

Binary solvent systems are ubiquitous in industrial and biological applications, for instance as 

emulsions or prebiotic syntheses. Despite the important implications of water-induced phase 

transitions, these are not well-studied. The nanoscopic structure of the surfactant mesophase 

was studied using small-angle neutron scattering (SANS). The phases were probed both at room 

temperature (25 oC) and at elevated temperatures (T ≤ 70 oC). This chapter reports a gel-to-

fluid transition upon increasing water content of the solvent, such behaviour has not been 

previously reported. The structure of the SDS-in-glycerol gel was shown previously to be a 

microfibrillar, lamellar gel, however, destructuring of the gel was seen even upon addition of 

20 % water, as the number of Bragg peaks in the raw scattering profile is reduced. At water 

solvent contents, XW ≤ 0.5, a broad peak relating to a fluid micellar phase is observed, which 

was related to a rod-like morphology through fitting analyses. Finally, in SDS aqueous solutions, 

spherical micelles were observed. At T = 70 oC, each of the solvent compositions showed a 

micellar phase, consistent with the behaviour observed previously in the SDS-in-glycerol gel. 

These results have demonstrated the complexity of self-assembly in the bulk of binary solvent 

mixtures, and that concepts derived for aqueous systems are not fully applicable to such media. 

Understanding the mechanism of self-assembly and mesophase formation in binary systems is 

important to many applications from the formulation industry to biological processes. 
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5.1 Introduction 

 

Self-assembly of surfactants in aqueous media in the presence of a nonaqueous component is 

ubiquitous in applications from the food1, 2 and formulation industries3, 4, to biological 

processes, where emulsification is important in the digestion of lipids5-7. Binary solvent systems 

are also linked to the formation of life question, where aqueous mixtures of short chain 

amides8, 9 (such as formamide) or alcohols10, 11 (such as glycerol) are often probed as the media 

for prebiotic synthesis. Thus, understanding the self-assembly of amphiphiles in such media is 

vital for these important applications.  

Self-assembly in aqueous alcoholic media has been probed12. For instance, the critical micelle 

concentration (CMC) cationic alkyl benzyl dimethyl ammonium chloride (BAC) has been probed 

in ethanol-water, methanol-water, and glycerol-water mixtures13, where the CMC generally 

increases with alcohol content (5.3 – 10.3 mM, 5.3 – 9.0 mM, and 5.3 – 9.1 mM respectively). 

The same trend for the CMC was observed for sodium dodecyl sulfate14 in ethanol-water, 

methanol-water, and glycerol-water mixtures (8.0 – 8.6 mM, 8.0 – 16.2 mM, and 0 – 9.6 mM 

respectively). The effect of ethanol on the CMC of a surface active ionic liquid (n-alkyl-3-

methylpyridinium bromide; [Cnmpy][py]) in aqueous media was also probed, showing a small 

increase in CMC with alcohol content (9.74 vs 9.83 mM)15. 
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Emulsions are another common example of surfactant self-assembly in binary systems, usually 

a combination of a polar, typically water, and a nonpolar, typically an oil, solvent16-18. For 

instance, a system of water, n-octane, and a nonionic surfactant (C12E5; pentaethylene glycol 

monododecyl ether) formed microemulsions19 demonstrating the Winsor three phase 

behaviour dependent on solvent composition ratio20. Nanoemulsions can also be formed, 

where the emulsion droplet size is on the nanoscale21, one such example is an oil-in-water 

nanoemulsion formed by tea saponin (a natural surfactant with a mixed composition) in water 

and medium triglyceride oil22, 23. Emulsions can also be prepared in fully nonaqueous media, 

where the polar phase is also nonaqueous, such as an oil-in-glycerol pickering emulsion 

stabilised by hydrophobic silica particles, with 50 % silanol groups24.  

For glycerol-aqueous media specifically, some prior work has been carried out, for instance the 

work by Carnero-Ruiz et al. who probed the effect of glycerol on aqueous solutions of SDS and 

tetradecyltrimethylammonium bromide (TTAB). As the amount of glycerol is increased the 

CMC of TTAB also increased (3.75 to 7.76 mM, from 0 to 60 % glycerol), and the observation 

of increased microviscosity, from fluorescence polarization studies, leading to an 

interpretation of glycerol interaction with the solvation layer of TTAB micelles25. Similarly, with 

SDS, an increase in CMC was observed with an increase in solvent content, from 0 % to 60 % 

glycerol (8.0 to 14.1 mM)26, the increased microviscosity was also observed, which, with the 

observed increase in surfactant headgroups, was accounted for by glycerol interaction with 

the solvation layer of micelles.  

However, despite the rich literature around surfactant self-assembly in binary systems, most 

of the work is carried out on micellar solutions. Water-induced phase transitions are typically 

studied regarding the effect of water on solid phase amphiphiles, for example, the phase 

transition from a solid film of dimethyldodecylamine-N-oxide (DDAO) to a lamellar, hexagonal, 

and then cubic phase with increasing additional water27. For biologically relevant lipids, 1,2-

dioleoylphosphatidylethanolamine (DOPE) underwent a transition from a multi-layered film, 

to a ribbon, and then hexagonal phase with increasing additional water28. Water-induced gel-

to-fluid phase transitions in surfactant gel phases are not well reported, despite its importance.  
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5.1.1 Chapter overview 

This chapter reports the effect of water on the self-assembly behaviour of a sodium dodecyl 

sulfate (SDS)-in-glycerol supramolecular gel. The well-established aqueous mesophase 

diagram29, 30 shows that SDS would form spherical or ellipsoidal micelles at a CMC of 8.1 mM26, 

and then a lamellar phase at ~ 80 wt %. However, in the previous chapter reporting the self-

assembly behaviour of SDS in glycerol, a microfibrillar low molecular-weight gel (LMWG) phase 

is observed31. A  phase transition upon increasing water content in the solvent is observed, 

from gel to fluid, consistent with observations of SDS in aqueous media. The structure of these 

phases at 25 oC – 70 oC was probed using small-angle neutron scattering (SANS). The 

observation of this gel-to-fluid phase transition with increasing water content, not previously 

reported in aqueous media or in previous studies on binary systems, highlights the importance 

of studying the effect of water on nonaqueous gel phases.   

 

5.2 Data Analysis 

 

5.2.1 Introduction 

SANS data was obtained from samples contained in quartz cells with a 2 mm path length over 

0.5 h integration time on the Sans2d32, 33 small-angle diffractometer at the ISIS Pulsed Neutron 

Source (STFC Rutherford Appleton Laboratory, Didcot, UK). Sans2d utilizes neutrons of 

wavelengths λ = 1.75 – 10.75 Å and the data was collected in the q-range of 0.002 – 0.5 Å-1. 

The raw scattering data was corrected for the detector efficiency, sample transmission, and 

background scattering and converted to scattering cross-section data (∂Σ/∂Ω vs q) using 

MantidPlot34-36. The data was then converted to an absolute scale (cm-1) using the scattering 

intensity from a standard sample (a solid blend of hydrogenous and perdeuterated 

polystyrene) in accordance with established procedures37.All model analyses were carried out 

in SasView38 and full model refinements are shown in Appendix A6. Model refinement of SDS 

in glycerol-water mixtures. 
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5.2.2 Model analyses 

 

The SANS data at 25 oC was fitted using two different models shown schematically in Figure 

5.1. The first was a lamellar paracrystal stack model (Figure 5.1a), in which individual SDS 

lamellae stacks in solution were treated as being independent of each other, with the lamellae 

considered as a whole rather than separate headgroup and tail layers. The general scattering 

intensity for lamellar systems is described as39-42 

𝐼(𝒒) = 	
2𝜋𝑉𝑃(𝒒)𝑆(𝒒)

𝑑𝒒#
(𝟓. 𝟏) 

where V is the scattering volume, P(q) the form factor that describes the shape of the particles 

or the phase present, S(q) the structure factor that describes the interparticle interaction, and 

d the lamellar spacing.  

The second model used to fit data at 25 oC was a mass fractal model (Figure 5.1b) describing 

the scattering from fractal-like aggregates in solution43 

𝐼(𝒒) = 𝑃(𝒒)𝑆(𝒒) (𝟓. 𝟐) 

where the form factor is 

𝑃(𝒒) = 𝐹(𝒒𝑟)# (𝟓. 𝟑) 

and the structure factor is 

𝑆(𝒒) = 	
Γ(𝐷% − 1)𝜁F"2"

[1 + (𝒒𝜁)#]
(F"2")

#

	
sin[(𝐷% − 1) tan2"(𝒒𝜁)]

𝒒
(𝟓. 𝟒) 

where r is the radius of the building block, Γ the correlation length, Dm the mass fractal 

dimension, and ζ the cut-off length.  

Micellar fits were to either cylinders or spheres/ellipsoids using a Hayter-MSA structure factor. 

The general scattering intensity for a cylinder is44, 45:  

𝑃(𝒒, 𝛼) = 	
𝐹#(𝒒, 𝛼) sin(𝛼)

𝑉
(𝟓. 𝟓) 

where 

𝐹(𝒒, 𝛼) = 2(∆𝜌)𝑉
sin @12𝒒𝐿 cos(𝛼)B
1
2𝒒𝐿 cos(𝛼)

𝐽"(𝒒𝑅 sin 𝛼)
𝒒𝑅 sin 𝛼

(𝟓. 𝟔) 

and α is the angle between the cylinder axis and q; ∆ρ is the contrast in scattering length 

density; V is the cylinder volume; L is the cylinder length; R is the cylinder radius; and J1 is the 

first order Bessel function.  
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The general scattering intensity for a sphere is44, 45:  

𝐼(𝒒) = 	
𝑠𝑐𝑎𝑙𝑒
𝑉 	 ∙ 	 b3𝑉(Δ𝜌)

sin(𝒒𝑟) − 𝒒𝑟 cos(𝒒𝑟)
(𝒒𝑟)@

d
#

(𝟓. 𝟕) 

 

 

Figure 5.1 Schematic representations of the SANS models used to fit the SANS profiles: (a) 
lamellar stack paracrystal P(q), (b) mass fractal model, (c) core-shell-cylinder P(q), (d) core-
shell-sphere P(q), (e) ellipsoidal P(q), and (f) elliptical cylinder P(q).  
 

 

5.3 Results and Discussion 

 

5.3.1 SDS in 80 % water and 20 % glycerol 

Figure 5.2a shows the SANS scattering profiles of 4.4 wt % SDS in 20 % glycerol at different 

temperatures, T. The upturn in intensity in the low-q region of the profile suggests the 

presence of some larger objects in the bulk, likely due to inter-aggregate interactions forming 

a larger network. The broad peak in the higher-q region of the profile is due to the presence of 
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globular aggregates with a discrete size. Figure 5.2b shows the same scattering profiles, but on 

an absolute scale, showing a decrease in intensity with increasing temperature. This could be 

a result of higher solubility of the surfactant at increased temperatures reducing the number 

of micelles formed in the bulk.   

Fitting analysis showed either a cylindrical or elliptical cylindrical morphology and a Hayter-

MSA structure factor, S(q), with fitting parameters shown in Table 5.1 and Table 5.2, though 

the size of length suggests more disk-like and disk will be used interchangeably below. The 

presence of an S(q) further shows inter-aggregate interactions and is consistent with 

observations in micellar solutions of SDS in both water and glycerol. The transition from 

cylindrical to elliptical cylindrical suggests a desolvation of the headgroups, consistent with an 

increased thermal energy (kbT) in the system causing disruption around the headgroups. This 

increased thermal energy is the cause of the shorter cylinder length, l, as this would encourage 

breakup of the longer aggregates46, and indirectly causing a decrease in charge, due to the 

aggregation number also decreasing. The cylinder radius, r, decreasing with increasing 

temperature (Table 5.1 and Table 5.2) is a result of the increased motions of the hydrophobic 

chains at higher T, allowing for a better configuration of the tails, reducing steric effects47.  
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Figure 5.2 (a) Fitted scattering profiles of 4.4 wt % SDS in a glycerol-water mixture (XG:W = 0.2 : 
0.8) at various temperatures: 25 oC (red), 40 oC (orange), 45 oC (yellow), 50 oC (green), 70 oC 
(blue), 25 oC after six hours cooling (purple). Solid black lines represent fitting to a cylindrical 
P(q) with a Hayter-MSA S(q) and dashed black lines represent fitting to an elliptical cylindrical 
P(q) with a Hayter-MSA S(q). Profiles are offset for clarity. (b) Scaled raw scattering profiles of 
4.4 wt % SDS in a glycerol-water mixture (XG:W = 0.2 : 0.8) at various temperatures, using the 
same legend as in (a). 
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Table 5.1 Table summarising the fit parameters for the cylindrical P(q) with Hayter-MSA S(q) 
used to simulate the data for 4.4 wt% h-SDS in 20 % d-glycerol at different temperatures (cf. 
Figure 5.2a): cylinder radius r, cylinder length l, scattering length density of SDS ρSDS, scattering 
length density of solvent ρsol, volume fraction φ, charge C, temperature T, salt concentration 
csalt, dielectric constant ε, polydispersity of the radius σr, polydispersity of the length σl, and chi 
squared c2. a denotes cooling to 25 oC for ~ 6 h.  

Cylindrical P(q) 25 oC 40 oC 45 oC 50 oC 25 oC a 

r (Å) 17.5 ± 0.2 17.0 ± 0.2 17.0 ± 0.2 17.0 ± 0.2 17.7 ± 0.2 

l (Å) 20.0 ± 0.6 18.5 ± 0.6 17.2 ± 0.4 17.4 ± 0.6 19.5 ± 0.4 

ρSDS (10-6 Å-2) 0.395 0.395 0.395 0.395 0.395 

ρsol (10-6 Å-2) 6.54 6.54 6.54 6.54 6.54 

φ 0.05 0.06 0.06 0.06 0.07 

C (e) 8.0 7.5 7.0 6.9 8.6 

ε 65.4 65.4 65.4 65.4 65.4 

c2 2.8 3.4 2.2 1.7 2.6 

 
Table 5.2 Table summarising the fit parameters for the cylindrical P(q) with Hayter-MSA S(q) 
used to simulate the data for 4.4 wt% h-SDS in 20 % d-glycerol at 70 oC (cf. Figure 5.2a): cylinder 
minor radius rm, axis ratio AR, cylinder length l, scattering length density of SDS ρSDS, scattering 
length density of solvent ρsol, volume fraction φ, charge C, temperature T, salt concentration 
csalt, dielectric constant ε, polydispersity of the minor radius σrm, polydispersity of the axis ratio 
σAR, polydispersity of the length σl, and chi squared c2. 

Elliptical 
cylindrical P(q) 

70 oC 

rm (Å) 11.6 ± 1.3 

AR 3.1 ± 0.9 

l (Å) 17.1 ± 1.8 

ρSDS (10-6 Å-2) 0.395 

ρsol (10-6 Å-2) 6.54 

φ 0.07 

C (e) 3.4 

ε 65.4 

c2 1.7 
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5.3.2 SDS in 50 % water and 50 % glycerol 

Figure 5.3a shows the SANS scattering profiles of 4.4 wt % SDS in 50 % glycerol at different 

temperatures, T. Similarly, to that observed in 20 % glycerol, there is an upturn in intensity in 

the low-q region of the raw scattering profile, and a broad peak in the higher-q region. This is 

caused by the presence of globular aggregates, with a discrete size, in the bulk, where inter-

aggregate interactions cause clustering of larger objects, accounting for the upturn in intensity. 

Figure 5.3a also shows the presence of Bragg peaks in the high-q region of the curve upon 

cooling (bottom, purple), the q-position of these peaks are: q = 0.16 and 0.32 Å-1, relating to q0 

and 2q0, possibly a result of a lamellar phase.  

Figure 5.3b shows the scattering profiles on an absolute scale, similar to before, however, 

unlike previously, the intensity of the micellar peak increases with increasing temperature. This 

suggests that, unlike in 20 % glycerol, the larger clusters are favoured at 25 oC, from the upturn 

in low-q, and the self-assembled micellar phase is favoured at 70 oC. This could be a result of 

the increased thermal energy (kbT) in the system, increasing motion of the molecules in 

solution.  

Fitting analysis showed a cylindrical morphology and a Hayter-MSA structure factor, S(q), with 

fitting parameters shown in Table 5.3. As previously noted, the presence of an S(q) in the model 

is consistent with inter-aggregate interactions, following on from earlier work31. However, 

unlike in 20 % glycerol media, there is no transition of the cylinders from circular to elliptical in 

cross-section, suggesting that there is less disruption around the headgroups, possibly due to 

the higher viscosity of the 50 % glycerol solvent, reducing molecular motion. Generally, the 

cylinder radius, r, also decreases with increasing temperature, however, from T = 25 – 40 oC, 

there is an increase in r, possibly due to the growth of cylinders by larger clusters breaking up 

with increased thermal energy in the system. The cylinder length, l, also initially increased with 

temperature, due to the increased proportion of surfactant into the micellar phase as opposed 

to larger clusters. However, above the previously reported critical gelation temperature TGC ~ 

45 oC31, the cylinder length begins to decrease with increasing temperature, relating back to 

the increased thermal energy encouraging breakup of the longer aggregates46. 
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Figure 5.3 (a) Fitted scattering profiles of 4.4 wt % SDS in a glycerol-water mixture (XG:W = 0.5 : 
0.5) at various temperatures: 25 oC (red), 40 oC (orange), 45 oC (yellow), 50 oC (green), 70 oC 
(blue), 25 oC after six hours cooling (purple). Solid black lines represent fitting to a cylindrical 
P(q) with a Hayter-MSA S(q) and dashed black lines represent fitting to a mass fractal model. 
Profiles are offset for clarity. (b) Scaled raw scattering profiles of 4.4 wt % SDS in a glycerol-
water mixture (XG:W = 0.5 : 0.5) at various temperatures, using the same legend as in (a). 
Table 5.3 Table summarising the fit parameters for the cylindrical P(q) with Hayter-MSA S(q) 
used to simulate the data for 4.4 wt% h-SDS in 50 % d-glycerol at different temperatures (cf. 
Figure 5.3a): cylinder radius r, cylinder length l, scattering length density of SDS ρSDS, scattering 
length density of solvent ρsol, volume fraction φ, charge C, temperature T, salt concentration 
csalt, dielectric constant ε, polydispersity of the radius σr, polydispersity of the length σl, and chi 
squared c2. a denotes cooling to 25 oC for ~ 6 h. 

Cylindrical P(q) 25 oC 40 oC 45 oC 50 oC 70 oC 25 oC a 

r (Å) 16.8 ± 0.2 18.4 ± 0.1 17.8 ± 0.1 17.7 ± 0.1 17.8 ± 0.1 16.0 ± 0.2 

l (Å) 18.9 ± 0.5 19.5 ± 0.2 20.7 ± 0.2 20.6 ± 0.1 19.8 ± 0.1 20.5 ± 0.5 

ρSDS (10-6 Å-2) 0.395 0.395 0.395 0.395 0.395 0.395 

ρsol (10-6 Å-2) 6.79 6.79 6.79 6.79 6.79 6.79 

φ 0.01 0.1 0.1 0.1 0.1 0.01 

C (e) 7.8 6.8 9.4 10.5 10.7 9.1 

ε 57.3 57.3 57.3 57.3 57.3 57.3 

c2 2.1 3.2 4.4 1.8 2.1 1.2 
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5.3.3 SDS in 20 % water and 80 % glycerol 

Figure 5.4a shows the SANS scattering profiles of 4.4 wt % SDS in 80 % glycerol at different 

temperatures, T. Similarly, to that observed in the previous compositions, there is an upturn in 

intensity in the low-q region of the raw scattering profile, and a broad peak in the higher-q 

region. This is caused by the presence of globular aggregates in the bulk, where inter-aggregate 

interactions cause clustering of larger objects, accounting for the upturn in intensity. There is 

also a Bragg peak in the high-q region (where T = 25 and 40 oC; Figure 5.4a), where the q-

position is: q = 0.16 Å-1, the presence of a Bragg peak implies a highly ordered phase, though 

the presence of one does not indicate the type of phase.  

Figure 5.4b shows the scattering profiles on an absolute scale, similar to before, similarly to 

the behaviour observed in 50 % glycerol, the intensity of the micellar hump increases in 

intensity with temperature, until T = 45 oC where it remains constant. This suggests that, like 

in 50 % glycerol, due to the increased thermal energy (kbT) in the system, the larger clusters 

are favoured at 25 oC, and the self-assembled micellar phase is favoured at 70 oC.  

Fitting analysis showed a cylindrical morphology and a Hayter-MSA structure factor, S(q), at T 

≥ 40 oC, with fitting parameters shown in Table 5.4. As previously noted, the presence of an 

S(q) in the model is consistent with inter-aggregate interactions, following on from earlier 

work31. As noted in 50 % glycerol, there is no transition of the cylinders from circular to elliptical 

in cross-section, suggesting that there is less disruption around the headgroups, possibly due 

to the higher viscosity of the solvent. Generally, the cylinder radius, r, increases with 

temperature, possibly due to the growth of cylinders by larger clusters breaking up with 

increased thermal energy in the system. The cylinder length, l, also initially increased with 

temperature, due to the increased proportion of surfactant into the micellar phase as opposed 

to larger clusters. However, above the previously reported critical gelation temperature TGC ~ 

45 oC31, the cylinder length begins to decrease with increasing temperature, relating back to 

the increased thermal energy encouraging breakup of the longer aggregates46. 
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Figure 5.4 (a) Fitted scattering profiles of 4.4 wt % SDS in a glycerol-water mixture (XG:W = 0.8 : 
0.2) at various temperatures: 25 oC (red), 40 oC (orange), 45 oC (yellow), 50 oC (green), 70 oC 
(blue), 25 oC after six hours cooling (purple). Solid black lines represent fitting to a cylindrical 
P(q) with a Hayter-MSA S(q) and dashed black lines represent fitting to a mass fractal model. 
Profiles are offset for clarity. (b) Scaled raw scattering profiles of 4.4 wt % SDS in a glycerol-
water mixture (XG:W = 0.8 : 0.2) at various temperatures, using the same legend as in (a). 
Table 5.4 Table summarising the fit parameters for the cylindrical P(q) with Hayter-MSA S(q) 
used to simulate the data for 4.4 wt% h-SDS in 80 % d-glycerol at different temperatures (cf. 
Figure 5.4a): cylinder radius r, cylinder length l, scattering length density of SDS ρSDS, scattering 
length density of solvent ρsol, volume fraction φ, charge C, temperature T, salt concentration 
csalt, dielectric constant ε, polydispersity of the radius σr, polydispersity of the length σl, and chi 
squared c2. 

Cylindrical P(q) 40 oC 45 oC 50 oC 70 oC 

r (Å) 17.0 ± 0.2 17.0 ± 0.2 17.7 ± 0.1 17.8 ± 0.1 

l (Å) 11.6 ± 0.4 20.7 ± 0.4 20.6 ± 0.1 19.8 ± 0.1 

ρSDS (10-6 Å-2) 0.395 0.395 0.395 0.395 

ρsol (10-6 Å-2) 7.04 7.04 7.04 7.04 

φ 0.04 0.1 0.1 0.1 

C (e) 2.8 9.4 10.5 10.7 

ε 48.4 48.4 48.4 48.4 

c2 1.3 2.3 2.9 1.5 
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5.3.4 The effect of water on the SDS-in-glycerol gel 

Figure 5.5a shows the change in scattering profile as a function of increasing glycerol content 

in the bulk at 25 oC. The transition from a micellar phase in pure water, to a more complex 

phase in pure glycerol can be clearly seen from the raw scattering profiles. For solvent 

compositions up until 50 % glycerol, the broad peak accounting for the micellar phase can be 

seen, with the presence of a structure factor, S(q), indicating inter-micellar interactions. For 

solvent compositions above, and including, 50 % glycerol, larger aggregates can be seen from 

the presence of an upturn in the low-q region of the profile. In 50 and 80 % glycerol solvent 

composition, a single Bragg peak, at q = 0.16 Å-1 can be seen, arising from a highly ordered 

phase. However, in the pure SDS-in-glycerol gel, three Bragg peaks, at q = 0.11, 0.22, and 0.34 

Å-1 are seen, relating to a lamellar phase.  

The curvature of the aggregates formed in the bulk decreases with increasing glycerol content, 

which would suggest a desolvation of the surfactant headgroups in a traditional packing 

parameter argument. However, given the size of the SDS-in-glycerol gel and the scattering 

length density distribution in previous fitting analyses31, the presence of glycerol in the 

headgroups and in the self-assembled structure was observed. Another possibility would be 

the increase in tail volume with increasing glycerol content, for a packing parameter argument, 

however, given the location of the tails within the structure away from solvent molecules, it is 

unexpected for the tail volume to increase by so much.  



Chapter 5. Low molecular-weight gelation in binary systems 

137 
 

 

Figure 5.5 (a) Fitted scattering profiles of 4.4 wt % SDS in glycerol-water mixtures (T = 25 oC) at 
various solvent compositions, XG:W: 100 : 0 (red), 80 : 20 (orange), 50 : 50 (yellow), 20 : 80 
(green), and 0 : 100 (blue). Schematic representations of models used: lamellar stack 
paracrystal (b), cylinder (c), and sphere (d). 
 

5.3.5 The effect of water on self-assembled structures in glycerol 

Figure 5.6a shows the change in scattering profile as a function of increasing glycerol content 

in the bulk at 70 oC. All raw scattering profiles show the presence of a micellar phase, via the 

presence of a broad peak at q ~ 0.1 Å-1, thus showing the gel-to-fluid transition had occurred 

in all solvent compositions. The presence of a structure factor, S(q), can be seen in each of the 

raw scattering profiles, from an initial increase in intensity. The data for SDS in D2O was not 

taken experimentally by the authors, however, from literature, the expected phase would be 

a micellar phase with either a spherical or elliptical morphology29, 30.  

Unlike that observed at 25 oC, there is no clear trend regarding the curvature of the aggregates, 

as there is an initial decrease in curvature from water to the solvent containing 20 % glycerol, 

going from a spherical morphology to a cylindrical morphology with elliptical cross-section. 

However, at solvent compositions, XG:W ≥ 0.5 : 0.5, the curvature increases slightly from an 

elliptical cylindrical morphology, to a cylinder with a circular cross-section. Therefore, it can be 
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said that while the solvent glycerol content has no clear effect on the aggregate curvature at 

70 oC, the sphere-to-rod transition is observed even at a solvent glycerol content of 20 %.   

 

Figure 5.6 (a) Fitted scattering profiles of 4.4 wt % SDS in glycerol-water mixtures (T = 70 oC) at 
various solvent compositions, XG:W: 100 : 0 (red), 80 : 20 (orange), 50 : 50 (yellow), and 20 : 80 
(green). Schematic representations of models used, including a spherical model to represent 
the micellar morphology in water: cylinder (b, red, orange, yellow), elliptical cylinder (c, green), 
and sphere (d). 
 

5.4 Summary and Conclusions 

 

This chapter has reported a water-induced gel-to-fluid phase transition occurring in an SDS-in-

glycerol gel. From the previous chapter, the structure of the SDS-in-glycerol gel at T = 25 oC 

was shown to be a microfibrillar, lamellar gel from polarising light microscopy (PLM) and SANS 

measurements31. As water is added to this gel phase, the lamellar order of the gel is reduced, 

seen by the decrease in number of Bragg peaks in the raw scattering profile (npeaks = 3 vs 1, 

when XG:W = 0.8 : 0.2). Adding further water (XG:W = 0.5 : 0.5) causes a broad peak to arise in 

the raw scattering profile, a result of a micellar phase forming in the bulk, however, some larger 

aggregates are still present indicated by the upturn in the low-q region of the profile. This 

micellar phase remains as the water content is further increased to 80 and 100 %, but the 
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upturn seen in the low-q region gets lower in intensity with increasing water content, before 

disappearing in the SDS in water mixture, consistent with literature29, 30.  

The observed micellar phase in the water-glycerol mixtures, whilst similar to aqueous media 

as micelles interact electrostatically via a Coulombic potential48, has a rod-like morphology 

rather than the spherical/ellipsoidal reported in water49-55. The elongation, and reduced 

curvature, of the micellar aggregates in the mixtures is typically accounted for by a desolvation 

of the surfactant headgroups, leading to a decreased headgroup area, via a packing parameter 

argument. This could result from the formation of a strong glycerol-water hydrogen-bond 

network, leading to less interaction with the sulfate headgroups. Another possible explanation 

is an increased surfactant tail volume, however, given that the tails are nonpolar and both 

solvents are polar, this is unfavourable, and thus, unlikely.  

The formation of a strong hydrogen-bond network between glycerol and water molecules 

could also explain the formation of larger clusters or aggregates seen in the upturn of intensity 

in the low-q region of the profiles. As the formation of larger clusters would allow for less 

disruption to the hydrogen-bond network, overcoming the unfavourable entropic contribution 

to the free energy. However, the formation of a lamellar phase at high glycerol content cannot 

be resolved by the packing parameter argument, as previous fitting analyses showed glycerol 

interaction in the headgroups and surface tensiometry measurements gave a similar 

headgroup area to that observed in aqueous media31. Therefore, a packing parameter 

argument cannot fully resolve these structural differences and a solvent parameter, derived 

from the strength solvent interactions, should be included in the description to improve its 

applicability to nonaqueous media.  

As the temperature of the system was elevated above the critical gelation temperature, TGC, 

all gel-like phases underwent a gel-to-fluid phase transition. The phases at higher temperature 

showed the formation of a fluid micellar phase consistent with that observed in aqueous 

media29, 30. However, this phase was rod-like in all glycerol containing media, as opposed to 

ellipsoidal/spherical observed in aqueous media. For XG:W = 0.8 : 0.2, this is rod-like with an 

elliptical cross-section, and for other glycerol containing solvents rod-like with a circular cross-

section. This could be seen as an initial elongation of ellipsoidal micelles in water, to form 

elliptical cylinders in 20 % glycerol, to further solvation of the headgroups forming cylinders 

with a circular cross-section in 50 % glycerol and higher glycerol contents. For inter-micellar 
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interactions, the same structure factor applied as before, and thus, the micelles interact 

through a Coulombic interpair potential, unaffected by temperature.  

From these observations, it is apparent that water has an effect on the morphology of the 

supramolecular gel formed by SDS in glycerol, causing a gel-to-fluid transition as the water 

content is increased. The effect of water can be seen in as little at 20 % additional water at 25 
oC, where the reduction in Bragg peaks indicates a reduction in order of the phase. The general 

reduction in curvature with increasing glycerol content cannot be fully explained with a packing 

parameter argument alone, and solvent properties need to be accounted for at room 

temperature. However, the behaviour at elevated temperatures is largely expected from 

previous studies in aqueous media, where a fluid micellar phase is observed.  

Another possible explanation for the observed behaviour could be linked to the Krafft point of 

these solvent compositions, as the reported Krafft point of SDS in glycerol is ~ 32 oC56. If the 

larger structures observed are a result of insolubility of SDS at 25 oC, then the decreasing 

upturn in intensity with increasing water content would be consistent with literature, where 

the Krafft point of SDS in water is ~ 16 oC56. The insolubility of SDS at 25 oC in the glycerol-water 

mixtures is further seen in the gel-to-fluid transition, where above a TGC, micellar scattering 

appears. This suggests that SDS is not fully soluble at room temperature even in 20 % glycerol 

solutions, by the presence of an upturn. Though this is counteracted by the observation of 

surface adsorption at the air-glycerol interface in surface tensiometry measurements31
 in 

measurements described in this work. To fully resolve this concern, it would be pertinent to 

carry out surface tensiometry measurements to identify whether surface adsorption is 

observed, both at 25 oC and at elevated temperatures, to observe any adsorption differences.  

To conclude, a water-induced gel-to-fluid transition of SDS in glycerol-water mixtures at 25 oC 

was observed. Future work should include surface tensiometry measurements should be 

carried out to identify surface adsorption, but X-ray reflectivity measurements at the air-liquid 

interface could also be carried out to probe the surface structure. These results have 

demonstrated the complexity of self-assembly in the bulk of binary solvent mixtures, and that 

concepts derived for aqueous systems are not fully applicable to such media. Understanding 

the mechanism of self-assembly and mesophase formation in binary systems is important to 

many applications from the formulation industry to biological processes. For instance, the 

digestion of lipids, where emulsification in binary, and more complex, media is crucial.  
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Chapter 6 

Unexpected observation of intermediate 

phases upon fluid-to-gel transition: SDS 

self-assembly in glycerol and specific ion 

effects 

The formation of intermediate phases is of interest both biologically, in membrane fusion, and 

industrially, where intermediate phases can lead to undesirable physical properties. Here, a 

study is presented investigating the formation of intermediate phases in hydrogen-bonding rich 

nonaqueous media in the absence and presence of electrolyte. The structure of the 

thermodynamic equilibrium phase is probed microscopically with polarising light microscopy, 

and on the nanoscale with small-angle neutron scattering. Small-angle neutron scattering is 

also used to probe the structure of the metastable, kinetically arrested intermediate phase. By 

analysing the q-position of Bragg peaks in the raw scattering profiles, the crystal structure of 

the intermediate phases was determined. By resolving the structure of such intermediate 

phases, the gelation mechanism of the SDS-in-glycerol gel can be further elucidated, helping to 

understand self-assembly in nonaqueous polar media.  
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6.1 Chapter overview 

 

The observation of intermediate phases in the fluid-to-gel transition upon cooling of the SDS-

in-glycerol gel have been split into two sections, to discuss in the presence and the absence of 

electrolyte. Chapter 6a noted the formation of an unexpected intermediate phase in the 

absence of salt, observed in SANS measurements. Chapter 6b discusses the structural 

differences of this intermediate phase in the presence of salt, noting any structural differences 

in the thermodynamic equilibrium gel phase structure in the presence of salt, using PLM 

imaging and SANS measurements.  
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Chapter 6a 

Unexpected observation of an 

intermediate hexagonal phase upon 

fluid-to-gel transition 

Temperature-induced phase transitions are an important consideration in both industrial and 

biological processes. Understanding the kinetic and thermodynamic behaviour of such phase 

transitions allows for the mechanism to be well-understood. The nanoscopic structure of the 

lamellar gel as a function of temperature was probed with small-angle neutron scattering 

(SANS). In Chapter 4, the formation of a microfibrillar gel in SDS and glycerol mixtures at a 

critical gelation concentration (CGC) as low as ~ 2 wt % was discussed. The gel underwent a gel-

to-fluid transition at elevated temperatures, above a critical gelation temperature, TGC.  This gel 

was found to undergo a fluid-to-gel transition upon cooling, however, an unexpected hexagonal 

phase formed upon cooling. This was shown by the appearance of a Bragg peak at the relative 

q-position, q = √3^q0. The unexpected hexagonal phase demonstrates the complexity of the 

gelation mechanism of the SDS-in-glycerol gel. Fully understanding the gelation mechanism 

would help to elucidate the self-assembly in polar-nonaqueous media.  

 

6a.1 Introduction 

 

Understanding the mechanism of temperature-induced phase transitions is important in a 

variety of applications, from industrial, where formulations are exposed to different 

temperatures, to biological, where the physiological temperature can be affected by disease. 

For biological systems, this phase transition can be desirable in the case of endocytosis1, or can 

lead to destruction of biological membranes in cryobiology2. In formulations, higher 
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temperatures are often used in the manufacturing process, and changes in temperature can 

lead to changes in morphology, for instance, chocolate3-6, which has many polymorphs 

accessible via temperature, or soaps7-10, consisting of surface active fatty acids.  

The phase transition from lamellar to hexagonal, or hexagonal to lamellar is often discussed in 

aqueous lipid self-assembly, due to its biological relevance to membrane fusion, in which non-

bilayer intermediates form11. In particular, phosphatidylethanolamine (PE) lipids are reported 

to go into a hexagonal phase in physiological conditions, suggesting these particular lipids are 

important in the membrane fusion process12, 13. The kinetics of the reversible lamellar-to-

inverse hexagonal phase transition of dihexadecyl phosphatidylethanolamine (DHPE) was 

probed with X-ray diffraction (XRD), suggesting that the shift in free energy of the lipid 

molecule with temperature caused the molecular shape to shift from wedge to rod, causing 

the transition14-17. This transition has also been induced in self-assembled cardiolipin (CL) 

structures, where tetraoleoyl cardiolipin formed a hexagonal phase in the presence of 3.5 M 

sodium chloride (NaCl)18.  

The fusion of membranes was further discussed by Yang and Huang, who demonstrated the 

formation of an intermediate ‘stalk’ phase via XRD, where two lipid bilayer fuse via an hourglass 

shape19. The formation of this intermediate phase was predicted mathematically20, where the 

energy of the structure is determined by the chain splay and tilt of the lipid molecules, and is 

dependent on the membrane composition, relating back to experimental observations21-23. 

The formation of the stalk intermediate is also observed in self-assembled structures of lung 

surfactant in the presence of a hydrophobic protein (SP-B)24, this was suggested to be relevant 

to fatal neonatal respiratory diseases, where a deficiency of SP-B was found25. This 

intermediate stalk structure is also of interest in surfactant systems, where molecular dynamic 

simulations of sodium dodecyl sulfate (SDS) in aqueous salt solutions (700 mM calcium 

chloride, CaCl2) showed micelle fission via a stalk intermediate26.  

Temperature-induced phase transitions are common in surfactant systems, for instance, the 

isotropic to hexagonal phase transition occurring in Triton X100 aqueous media occurring at T 

= 33 oC27, 28. Phase transitions can lead to changes in fluidity, as in the case of anionic sodium 

lauryl sulfoacetate, where a transition is observed at elevated temperatures (T > 50 oC) from 

the lamellar gel phase to micellar and lamellar liquid crystalline phases29. This can also be 

relevant in terms of the Krafft temperature, for example lysine-based surfactants undergo a 
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phase transition from micellar aggregate to a gel phase upon cooling based on the low 

solubility of the surfactant in aqueous solution30.   

6a.1.1 Chapter overview 

Here, an unexpected intermediate phase was observed in the fluid-to-gel transition upon 

cooling of 4.4 wt % sodium dodecyl sulfate (SDS)-in-glycerol gel. The supramolecular gel has 

been previously reported as being thermally reversible31, and below a critical gelation 

temperature (TCG) ~ 45 oC, the gel phase comprised a fibrillar structure on the microscale and 

lamellar structure on the nanoscale. Intriguingly, upon cooling from the fluid phase, an 

intermediate hexagonal phase formed, which has not been previously reported. In aqueous 

SDS systems32, 33, in the absence of additional molecules, there is no reported temperature-

induced hexagonal-to-lamellar phase transition upon cooling. The structures of the fluid, 

intermediate, and gel phases was probed on the nanoscale using small-angle neutron 

scattering (SANS). The observation of this intermediate phase highlights the complexity of the 

gelation mechanism in the SDS-in-glycerol gel, and the formation of such intermediates will 

help in elucidating the mechanism, which is not currently fully understood. 

 

6a.2 Data analysis 

 

6a2.1 Introduction 

SANS data was obtained from samples contained in quartz cells with a 2 mm path length on 

the D1134, 35 small-angle diffractometer at the Institut Laue-Langevin, ILL, (Grenoble, France). 

A monochromatic neutron beam with wavelength (l = 5.5 Å) and three sample-to-detector 

distances (1.4, 8, and 39 m) were used to obtain a q-range of ~ 0.0016 – 0.5 Å-1, where q = 4p 

sin(2q/2)/l is the momentum transfer with 2q the scattering angle. The raw scattering data 

was corrected for the detector efficiency, sample transmission, and background scattering and 

converted to scattering cross-section data (∂Σ/∂Ω vs q) using LAMP. The data was then 

converted to an absolute scale (cm-1) using the scattering intensity from a standard sample (a 

mixture of boron carbide, B4C, and cadmium). 
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6a.2.2 Data analysis 

The Bragg peaks obtained in the raw scattering profiles were fitted with Gaussian functions 

using Igor Pro to determine the peak positions (q), the peak full width-half maximum (Dq), and 

the coherence length (Lc) of the mesophase. The ratio of the peak positions was used to 

ascertain the surfactant mesophases present in the samples, and the lamellar d-spacing was 

also taken from the peak position,  

𝑑 = 	
2𝜋
𝒒

(𝟏) 

The coherence length Lc, indicative of the structural order in the mesophase, was calculated 

using the Scherrer equation36-43 

𝐿* =	
2𝜋𝐾
Δ𝒒

(𝟐) 

where K is a shape factor of order unity.  

 

6a.3 Results and discussion 

 

In a previous paper31, the formation of a thermally reversible SDS-in-glycerol lamellar gel was 

reported above a critical SDS gelation concentration (cCGC ~ 2 wt %) and below a critical gelation 

temperature (TGC ~ 45 oC) (Figure 6a.1a, Curve 1 and Curve 4). The gel phase consisted of 

entangled fibres comprising SDS lamellar domains at room temperature, which transformed 

into cylindrical micelles above TGC. Here, the focus is on the self-assembled structure upon the 

fluid-to-gel transition. For 4.4 wt % SDS in glycerol, an additional Bragg peak appeared after 

cooling to 25 oC at q ~ 0.197 Å-1 (indicated by an arrow on Curve 3, Figure 6a.2; cf. Table 6a.1), 

which was not observed before heating (Curve 1, Figure 6a.2). With respect to the first Bragg 

peak position q0 ~ 0.1 Å-1, this peak was at ~ √3q0, indicative of a hexagonal phase for which 

the Bragg peak ratio would be 1, √3, √4 …44. This suggests that, upon cooling, the cylindrical 

micelles observed in the fluid phase above TGC condensed into an intermediate hexagonal 

phase before reaching the lamellar phase at thermodynamic equilibrium. It should be noted 

that the cooling process took place in situ at the SANS beamline over ~ 30 min at a rate of ~ 

1.5 oC min-1, with a waiting time of 4 h before the measurement, which appeared insufficient 

to reach the equilibrium structure, probably due to the high viscosity of the hexagonal phase. 
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In a previous measurement at ISIS Loq beamline, the equilibrium structure was observed after 

~ 8 h cooling using a similar cooling rate as used at ILL.  

 

Figure 6a.1 (a) Raw SANS profiles of 4.4 wt% SDS in glycerol at 25 oC before heating (red, 1), at 
70 oC (purple, 2), 25 oC after cooling for ~ 4 h (blue, 3), and 25 oC after cooling for ~ 8 h (light 
blue, 4). (b) The gel phase scattering profiles magnified focusing on the Bragg peaks. The raw 
data for 4 (light blue) was obtained at the Loq beamline, ISIS31, and all other profiles were 
obtained at the D11 beamline, ILL. Curves are offset for clarity.  

a b
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Figure 6a.2 Overlaid raw SANS profiles of 4.4 wt% SDS in glycerol at 25 oC before heating (red, 
1), and 25 oC after cooling for ~ 4 h (blue, 3). Peaks are magnified for clarity.  
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Table 6a.1 The positions of Bragg peaks in the SDS-in-glycerol gel (cSDS = 4.4 wt %) at different 
temperatures, T, with the peak ratios, lamellar d-spacing (dlamellar), and the phase ascertained 
from the peak ratios. a Sample was cooled at 25 oC for 2 h. b Sample was cooled at 25 oC for 4 
h. c Sample was cooled at 25 oC for 8 h.  

T 
(oC) 

q-Position 
(Å-1) 

Peak 
Ratio 

dlamellar 

(Å) 
Phase 

25 

0.114 ± 0.0001 1 - 

Lamellar 0.228 ± 0.0002 2 55.3 

0.340 ± 0.0002 3 55.6 

25 a 

0.114 ± 0.00003 1 - 

Lamellar 
+ 

Hexagonal 

0.197 ± 0.0004 √3 - 

0.227 ± 0.0003 2 55.3 

0.340 ± 0.0003 3 55.8 

25 b 

0.114 ± 0.00003 1 - 

Lamellar 
+ 

Hexagonal 

0.197 ± 0.0007 √3 - 

0.228 ± 0.0005 2 55.2 

0.341 ± 0.0003 3 55.6 

 0.111 ± 0.0001 1 - 

Lamellar 25 c 0.223 ± 0.001 2 56.1 

 0.342 ± 0.002 3 52.8 

 

6a.4 Summary and Conclusions 

This chapter has demonstrated the formation of an unexpected intermediate phase in the fluid 

to gel transition upon cooling of the SDS-in-glycerol gel. The raw SANS profile before heating 

and after overnight (~ 8 h) cooling showed no difference, suggesting the thermodynamic 

equilibrium structure is the lamellar gel phase noted previously31. This has not been previously 

reported in aqueous media as the phase diagram SDS in aqueous media, shows a lamellar-to-

hexagonal transition upon cooling32, 33 at higher cSDS. More intriguingly, at the cSDS reported 

here (cSDS = 4.4 wt %) a micellar phase of spherical or ellipsoidal shape45-47, with no 

temperature-induced phase transition (at the temperatures studied here) observed.  
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The formation of intermediate phases adds further details to the proposed gelation 

mechanism31, where the fluid phase consisting of cylindrical micelles cools via a hexagonal 

phase before forming the lamellar phase at thermodynamic equilibrium. The fluid-to-gel phase 

transition can be seen as two steps (Figure 6a.3), the formation of the hexagonal phase from 

condensation of the micellar phase, and fusion of the hexagonal phase to form the lamellar 

phase. The first step is driven by the reduction in kinetic energy of the self-assembled objects 

and the increase in solvent viscosity upon cooling. Entropically, this would allow for the 

formation of a more ordered phase to retain a favourable free energy. The increase in solvent 

viscosity would reduce the ability of micellar aggregates to diffuse through the solvent in bulk, 

allowing for the intermediate hexagonal phase to form.  

The second step in the fluid-to-gel transition, the hexagonal-to-lamellar transition, where the 

molecular shape goes from wedge to rod, noted by Caffrey14, based on the packing 

parameter48, 49. The metastable hexagonal phase is kinetically stabilised due to the preference 

of SDS molecules packing in a conical molecular shape, with a packing parameter ~ 0.25, as per 

aqueous solutions with a packing parameter ~ 0.3. The decreasing temperature can account 

for an increase in the tail volume, leading to an increase in the packing parameter, explaining 

why the structure at thermodynamic equilibrium returns to the lamellar morphology. Tail 

volume tends to decrease with increasing temperature, a result of the increased kinetic energy 

allowing for optimal tail conformation, and thus, the opposite holds upon cooling50.  

 

Figure 6a.3 A schematic representation of the gel-to-fluid transition at elevated temperatures, 
and the fluid-to-gel transition via the hexagonal intermediate with upon cooling.  
The results here, in combination with the previous observation of the SDS-in-glycerol gel31, 

have shown that the gelation mechanism of surfactants in polar-nonaqueous media is more 

complex than previously thought. Previous results of SDS in glycerol show a microfibrillar gel 

phase with lamellar nanostructure31 at room temperature, transitioning to a fluid phase 

Heating

CoolingCooling
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consisting of cylindrical aggregates interacting via a Coulombic pair potential. However, here it 

is noted that the presence of a metastable intermediate phase (Figure 6a.3), which is kinetically 

stable and a result of decreasing entropy and increasing bulk viscosity. It is an important 

consideration in the gelation mechanism, helping to further elucidate the self-assembly of 

surfactant in nonaqueous media. Fully understanding this mechanism has important 

implications in a variety of applications, for instance in formulations where viscous polar-

nonaqueous media are prevalent.  
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Chapter 6b 

Specific ion effect on self-assembly of 

SDS in glycerol: Cubic intermediate 

phases  

The effect of salts on the self-assembly of amphiphiles is an important concept both industrially, 

as salt is a common additive commercially, and also biologically, where salts are often used to 

disrupt bacterial cell membranes. Despite the importance of nonaqueous hydrogen-bonding 

rich solvents in these applications, specific ion effects in nonaqueous solvents are not currently 

well-understood. The microscopic structure of the gel phase before heating was probed using 

polarising light microscopy (PLM). Nano-structural characterisation was carried out using 

small-angle neutron scattering (SANS) measurements, probing the structural morphology of the 

gel phase before heating and during the cooling process. The formation of intermediate phases 

of the gel phase was observed during the fluid to gel transitions, before the phase reaches the 

thermodynamic equilibrium structure, a lamellar phase. Prior to heating the gel phase, the 

addition of salt was probed with PLM, which generally showed a decrease in the number density 

of microfibrillar aggregates with increasing salt concentration. Here, it was showed the 

solubility of sodium fluoride in glycerol to be lower than both magnesium fluoride and calcium 

fluoride in glycerol. In the absence of salt, SANS measurements showed the intermediate phase 

to be a hexagonal phase from Bragg peaks at q0, √3q0, and √4q0. Upon addition of sodium 

fluoride, the SANS profile became less structured with only a deswollen lamellar phase present, 

compared to the initial lamellar phase before heating. Whereas, the scattering profiles of the 

gel phase, with the addition of both magnesium fluoride and calcium fluoride, showed the 

presence of a cubic intermediate phase, with differing morphologies (Pn3m and Im3m 

respectively). These observations have helped to discuss the factors important in the fluid to gel 

transition of this supramolecular gel in nonaqueous media, noting the differences in 
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intermediate phases, not previously reported. Deciphering such behaviour is key not only to our 

understanding of self-assembly in nonaqueous media, but also to specific ion effects in such 

media.  

 

6b.1 Introduction 

 

Understanding specific ion effects in nonaqueous polar media is important for industrial 

applications, ranging from cosmetic to medicinal formulations, where salts and nonaqueous 

polar solvents are commonplace. Specific ion effects are also important biologically, where in 

aqueous media, the role of ions in osmotic and nerve transmission processes has led to a rich 

literature archive probing the effects of various electrolytes on model lipid membranes or 

mesophases1-6. Additionally, disrupting bacterial cell membranes with the addition of ions in 

aqueous systems has been well-studied and bacterial membranes can become compromised 

in the presence of salts7-11. For instance, bile salts, those found in the gastrointestinal tract, 

have been shown to compromise the integrity of cell membranes12-14, allowing for toxicity to 

reach the bacterial DNA and causing death through the production of reactive oxygen species 

(ROS)15. 

6b.1.1 The Hofmeister series 

The Hofmeister series of ions (Figure 6.1) classifies ions and describes the order of ions based 

on their effect on protein solubility, and was originally developed by Hofmeister (1888) in 

relation to the salting-out, or precipitation, of egg lysozyme16-20. While originally linked to 

protein solubility, the Hofmeister series has been found to also apply to a range of specific ion 

effects, such as: increasing/decreasing surface tension21-24, and polymer stability25-31. There 

also exists a reverse Hofmeister series and anti-Hofmeister series32, which can be a result of 

various factors such as: surface charge, surface hydrophobicity or pH33. For instance, hydrogels 

formed from a poly(vinyl alcohol) derivatives showed significant swelling in the presence of 

sulfate anions, SO4
-, (cion = 0.1 – 1.0 M), despite the sulfate anion traditionally being a ‘salting-

out’ agent34. 
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Figure 6.1 Schematic representation of the Hofmeister series of cations and anions, with 
commonly associated specific ion effects. Recreated from [19] and [20]. 
Despite the importance of the Hofmeister series, the mechanism driving these effects is not 

clear; traditionally it has been linked to whether an ion is a ‘structure-maker’ or ‘structure-

breaker’ of the bulk water hydrogen-bonding network35. However, this is a source of 

contention with more recent literature arguing both in favour and against this principle20, 36. 

Bakker et al.37-39 showed, using femtosecond pump-probe spectroscopy (FPPS), the relaxation 

times of water molecules near and far from ions did not change, outside of the first hydration 

shell, and argued that the ions, therefore, have a negligible effect on water bulk structure, 

outside the first hydration shell. Marcus (2009) highlighted a few issues with the correlation 

between FPPS and bulk water structure, in particular that this is not a structure probing 

technique and that ion effects on water viscosity cannot be ignored36. Soper and Weckström40 

also noted that whilst FPPS is not a structure probing technique, the results regarding 

relaxation time are important. Thus, they carried out neutron diffraction experiments 

combined with empirical potential structure refinement (EPSR) procedures, finding that water 

is not strongly disordered outside the first hydration shell.   

6b.1.2 Hofmeister series and gelation 

The Hofmeister series is often used to describe the effect of salts on the solubility of 

macromolecules41, 42, which is also of relevance to the formation of supramolecular gels and 

the effect of salt interactions on the gelation mechanism. The effect of ions on the critical 

coagulation concentration (CCC) of charged latex particles was probed by following the 

aggregation rates; anions were found to follow the Hofmeister series, whereas cations 

followed a reverse Hofmeister order43. In a variety of hydrophilic polymer gels, from poly(vinyl 

alcohol) to poly(N,N-diethylacrylamide), which showed deswelling in the presence of salts, the 

level of deswelling followed the Hofmeister series44-47.  
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The effect of electrolyte on the thermoresponsive properties of polymers has been of interest, 

for instance, on the lower critical solution temperature (LCST) of poly(N-isopropylacrylamide) 

(PNIPAM), above which the polymer becomes insoluble, which can lead to the formation of 

micro- and hydrogels in certain conditions48, 49. The effect of a series of sodium salts on the 

LCST of PNIPAM was probed, showing that the decrease in LCST followed the Hofmeister series, 

at sufficient salt concentration, for anions that were strongly hydrated20, 50, 51. Further, the 

effect of salt on the gelation of hydroxypropylmethylcellulose (HPMC) hydrogels, a polymer 

that undergoes a sol-gel transition upon heating52, has been probed showing a promotion of 

thermogelation in the presence of salt53, 54. 

6b.1.3 The Hofmeister series in nonaqueous solvents 

The Hofmeister series has been probed in a few nonaqueous solvents, by measuring the 

following: the NMR relaxational time, the relative limiting static dielectric decrement, molar 

surface tension increment, the constant pressure standard partial molar heat capacity, and 

ionic molar conductivity55-58. The solvents probed were all polar solvents, however, a mixture 

of protic and aprotic were studied, including methanol, formamide, and acetone; a 

comprehensive survey is given in [56], corrigendum in [57]. Noteworthy is the presence of both 

reverse and standard Hofmeister series for different solvents, suggesting that the Hofmeister 

series is not related directly to the solvent polarity. 

6b.1.4 Chapter overview 

Here, it was reported that the effect of cations on the fluid-to-gel transition upon cooling of 

sodium dodecyl sulfate (SDS, 4.4 wt %) in glycerol59. The supramolecular gel has been 

previously shown as being thermally reversible (Chapter 4), and below a critical gelation 

temperature (TCG) ~ 45 oC, the gel phase comprised a fibrillar structure on the microscale and 

lamellar structure on the nanoscale. In Chapter 6a, it was noted that upon cooling from the 

fluid phase, an intermediate hexagonal phase formed in the absence of any salt. In contrast, 

the addition of different salts at ~0.1 – 10 wt % (NaF, MgF2, and CaF2) is shown to change in 

structure of this intermediate phase, pointing to the important role by the cations in self-

assembly process in the hydrogen-bonding (H-bonding) rich glycerol. Here, the comparison 

between the effects of monovalent vs divalent cations is discussed, in particular, calcium and 

magnesium that are more strongly hydrated cations in aqueous systems. The structures of the 

fluid, intermediate, and gel phases was studied microscopically using polarising light 
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microscopy (PLM) and on the nanoscale using small-angle neutron scattering (SANS). The 

observation of these intermediate phases and their morphological transformations upon salt 

addition highlights the complexity of the self-assembly of the SDS-in-glycerol gel, but also the 

specific ions effects in nonaqueous hydrogen-bonding rich solvents, which is currently not fully 

understood.  

 

6b.2 Data analysis 

 

Data analysis was carried out in the same was as in Chapter 6a, using the same approach for 

analysing the raw SANS profiles. 

 

6b.3 Results and discussion 

 

6b.3.1 The gelation mechanism in the presence of sodium fluoride (NaF) 

Figure 6b.2 shows the PLM images of the SDS-in-glycerol gel (cSDS = 4.4 wt%) with added NaF 

(cNaF = 0.1 - 10 wt%), and those of the gel without salt are shown in the appendix (Appendix 

A7, Figure A7.1). The observed microfibrillar aggregates were similar to those reported in the 

pure SDS-in-glycerol gel59. As cNaF was increased, isotropic clusters appeared as the dark spots 

in the images. These dark spots arose from undissolved NaF particles with an isotropic cubic 

crystal structure. The increase in their number density with increasing cNaF implies a lack of 

solubility of NaF in glycerol, as even at small concentrations, csalt = 0.1 wt%, these artefacts 

were already present in the PLM images.  
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Figure 6b.2 PLM images of the SDS-in-glycerol gels (cSDS = 4.4 wt%) with NaF at concentration 
cNaF = 0.1 wt % (a), 0.5 wt % (b), 1.0 wt % (c), and 10.0 wt % (d). All the images were taken in 
ambient conditions using a 10 x magnification and a 530 nm first order waveplate inserted in 
the optical path.  
The effect of NaF on the morphology of the SDS-in-glycerol gel was probed further using SANS 

(Figure 6b.3). Before heating, the morphology of the gel-phase remained the same for cNaF up 

to 10 wt% (full q-position analysis in Appendix A7; Table A7.1 – A7.4), where the three Bragg 

peaks were at q ~ 0.11, 0.23, and 0.34 Å-1, indicative of a lamellar phase with a d-spacing, dlamellar 

~ 55.4 Å, the same as observed in the pure SDS-in-glycerol gel without any salt. This suggests 

that the nanostructure at thermodynamic equilibrium (after the samples were kept at room 

temperature overnight) was unaltered as lamellar in the presence of NaF. 

However, for the samples with a cooling time ~ 4 h, the SANS profiles indicated mesophase 

morphologies. At cNaF = 0.1 wt% (Curve 2, Figure 6b.3), a mixed phase existed, which 

transformed to a pure lamellar phase with additional NaF (cf. Curves 3-5, Figure 6b.3) cNaF ≥ 

0.1 wt%. The lamellar phase observed after cooling was different from that before heating with 

a smaller lamellar thickness, i.e. dlamellar = 31.6 Å (vs 55.4 Å before cooling). This value is smaller 

than that of an SDS bilayer in aqueous systems (d ~ 38 Å60, 61), suggesting that the SDS bilayer 

in glycerol was less solvated and the tails were possibly more interpenetrated. 

200 μm 200 μm

a bcNaF = 0.1 wt % cNaF = 0.5 wt %

200 μm

c cNaF = 1.0 wt %

200 μm

d cNaF = 10.0 wt %
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Figure 6b.3 (a) The overlaid raw SANS profiles of 4.4 wt% SDS in glycerol at 25 oC before heating 
(circles) and after cooling  for ~ 4 hrs (solid lines), with different concentrations of sodium 
fluoride for curves 1-5: cNaF = 0.0 wt% (1), 0.1 wt% (2), 1.0 wt% (3), 5.0 wt% (4), and 10.0 wt% 
(5). (b) The same scattering profiles magnified to show more clearly the peak. 
Table 6b.1 The positions of Bragg peaks in the SDS-in-glycerol gel (cSDS = 4.4 wt%) after four 
hours cooling, with different concentrations of sodium fluoride, T, with the peak ratios, 
lamellar d-spacing (dlamellar), and the phase taken from the peak ratios. 

cNaF 

(wt%) 
q-Position 

(Å-1) 
Peak 
Ratio 

dlamellar 

(Å) 
Phase 

0.1 
0.198 ± 0.0001 1 - 

Lamellar 
0.398 ±  0.002 2 31.5 

1.0 
0.198 ± 0.0001 1 - 

Lamellar 
0.398 ±  0.002 2 31.5 

5.0 
0.198 ± 0.0001 1 - 

Lamellar 
0.397 ±  0.0007 2 31.6 

10.0 
0.198 ± 0.0001 1 - 

Lamellar 
0.396 ±  0.001 2 31.6 
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6b.3.2 The gelation mechanism in the presence of magnesium fluoride (MgF2) 

PLM images revealed the effect of MgF2 on the microstructure of the SDS-in-glycerol gel (cSDS 

= 4.4 wt %, Figure 6b.4), where fibrillar aggregates can be seen in all but the highest magnesium 

fluoride concentration (cMgF2 = 10.0 wt %, Figure 4d) at 10 x magnification. Smaller fibrillar 

aggregates were revealed however at 40 x magnification for the sample with cMgF2 = 10.0 wt % 

(Figure 6b.5). The fibrillar aggregates in Figure 6b.4a were less prominent due to the thickness 

of the sample (Figure A7.2 in Appendix A7). Whilst NaF has a cubic structure, the crystal 

structure of MgF2 is a tetragonal uniaxial crystal of the rutile type62. This crystal structure 

exhibits a small amount of birefringence, leading to a faint anisotropic signal in PLM imaging, 

with a small amount of anisotropic flat crystals seen at the two higher cMgF2. Qualitatively from 

PLM imaging, the solubility of MgF2 appeared higher than that of NaF.  

 

Figure 6b.4 PLM images of the SDS-in-glycerol gel (cSDS = 4.4 wt %) with different magnesium 
fluoride concentrations: cMgF2 = 0.1 wt % (a), 0.5 wt % (b), 1.0 wt % (c), and 10.0 wt % (d). All 
images were taken in ambient conditions using a 10 x magnification and a 530 nm first order 
waveplate inserted in the optical path. 

200 μm 200 μm

a bcMgF2 = 0.1 wt % cMgF2 = 0.5 wt %

200 μm

c cMgF2 = 1.0 wt %

200 μm

d cMgF2 = 10.0 wt %



Chapter 6. Unexpected observation of intermediate phases upon fluid-to-gel transition 

167 
 

 

Figure 6b.5 PLM image of 10 wt % MgF2 in the SDS-in-glycerol gel (cSDS = 4.4 wt %). Image was 
taken in ambient conditions at 40 x magnification with a 530 nm first order waveplate inserted 
in the optical patch.  
Figure 6b.6 shows the corresponding SANS profiles from these SDS-in-glycerol gels with MgF2. 

Before heating, the SANS profiles and thus the morphology of the gel-phase remained 

unchanged for cMgF2 up to 10 wt % (full q-position analysis in Appendix A7; Table A7.5 – A7.8), 

where the three Bragg peaks at q ~ 0.11, 0.23, and 0.34 Å-1 confirm a lamellar phase with the 

d-spacing ~ 55.4 Å, identical to that in the pure SDS-in-glycerol gel without any added salt. This 

behaviour is the same as that for the NaF-containing gels, indicating that the equilibrium 

nanostructure of the gel was unchanged by MgF2. 

However, compared to NaF-gels, more complex mesophases were observed upon cooling 

(Figure 6b.6b; Table 6b.2). Upon addition of MgF2 , the appearance of two additional Bragg 

peaks gave the peak ratios to: 1, √2, √3, 2, and 3, characteristic for a lamellar phase mixed with 

a cubic phase of Pn2m geometry (for which the peak ratios are: √2, √3, √4 … 63). Interestingly, 

the ‘cubic Bragg peaks’ appeared after 2 h cooling before the lamellar peaks, suggesting that 

the cubic phase appeared to be an intermediate phase that the gel phase reached upon cooling 

of the SDS-in-glycerol with added 0.1 wt % MgF2. This cubic phase was not observed at all the 

MgF2 concentrations. At  in the middle two concentrations (cMgF2 = 1 and 5 wt %), a mixed 

hexagonal/lamellar system was observed. This could be a result of low solubility of MgF2, 

leading to inhomogeneous cMgF2 through the samples, with SANS probing some local 

structures.   

50 μm
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Figure 6b.6 (a) The raw scattering profiles of 4.4 wt % SDS in glycerol at 25 oC before heating 
(circles) and after cooling  for ~ 4 hrs (solid lines) overlaid, with different concentrations of 
magnesium fluoride (MgF2), 0.0 wt% (1), 0.1 wt% (2), 1.0 wt% (3), 5.0 wt% (4), and 10.0 wt% 
(5). (b) The same scattering profiles magnified, to focus on the peaks. 
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Table 6b.2 The positions of Bragg peaks in the SDS-in-glycerol gel (cSDS = 4.4 wt %) after four 
hours cooling, with different concentrations of magnesium fluoride, T, with the peak ratios, 
lamellar d-spacing (dlamellar), and the phase taken from the peak ratios. 

cMgF2 

(wt %) 
q-Position 

(Å-1) 
Peak 
Ratio 

dlamellar 

(Å) 
Phase 

0.1 

0.113 ± 0.0002 1 - 

Cubic (Pn3m) 
+ 

Lamellar 

0.162 ±  0.0001 √2 - 

0.198 ±  0.0002 √3 - 

0.226 ±  0.001 2 - 

0.332±  0.0009 3 - 

1.0 

0.114 ± 0.0001 1 - 

Hexagonal 
+ 

Lamellar 

0.198 ±  0.0003 √3 - 

0.227 ±  0.0001 2 - 

0.341 ±  0.0002 3 - 

5.0 

0.114 ± 0.0001 1 - 

Hexagonal 
+ 

Lamellar 

0.198 ±  0.0002 √3 - 

0.227 ±  0.0001 2 - 

0.341 ±  0.0002 3 - 

10.0 

0.114 ± 0.0001 1 - 

Cubic (Pn3m) 
+ 

Lamellar 

0.162 ±  0.0002 √2 - 

0.197 ±  0.0003 √3 - 

0.227 ±  0.0001 2 - 

0.340 ±  0.0002 3 - 

 

6b.3.3 The gelation mechanism in the presence of calcium fluoride (CaF2) 

PLM images in Figure 6b.4 revealed the effect of CaF2 on the microstructure of the SDS-in-

glycerol gel (cSDS = 4.4 wt %), with fibrillar aggregates visible at all calcium fluoride 

concentrations, cCaF2, at the 10 x magnification. At this resolution, the high number density of 

the fibrillar aggregates remained constant for all cCaF2, different from NaF and MgF2. CaF2 has 

an isotropic face-centred cubic crystal structure64, different from the anisotropic birefringent 
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MgF2 crystals. However, unlike NaF-gels (cf. Figure 6b.2), CaF2 crystals were not visible until 

higher cCaF2 due to its higher solubility or the crystal size smaller than the resolution of the 

microscope.  

 

Figure 6b.7 PLM images showing the effect of cCaF2 on the SDS-in-glycerol gel (cSDS = 4.4 wt %), 
for 0.1 (a), 0.5 (b), 1.0 (c), and 10.0 (d) wt % CaF2. All images were taken in ambient conditions 
using a 10 x magnification and a 536 nm first order waveplate inserted in the optical path. 
SANS profiles of cCaF2-gels in Figure 6b.8 show that, before heating, the positions of the lamellar 

Bragg peaks remained the same up to cCaF2 = 10 wt% (full q-position analysis in Appendix A7; 

Table A7.9 – A7.12), where the three Bragg peaks are at q ~ 0.11, 0.23, and 0.34 Å-1. The peak 

ratio remained at 1, 2, and 3, characteristic for a lamellar phase with a d-spacing, dlamellar ~ 55.5 

Å, the same as that observed in the pure SDS-in-glycerol gel without any added salt. This 

behaviour was similar to the gels containing NaF and CaF2, again suggesting that the 

morphology of the equilibrium structure of the gel phase was unaltered by any of the fluorides 

studied here.  

However, similar to MgF2-gels, more complex mesophases were observed upon cooling for 2h 

(Figure 6b.8b; Table 6b.3). Thus, with the gel phases containing lower cCaF2, the fluid to gel 

transition had not yet occurred. For the cCaF2 = 5.0 wt% gel phase, the Bragg peaks had started 

to appear, however, the large hump, a result of globular micelles present, distorts these peaks. 

However, the Bragg peaks do appear to be a result of the familiar lamellar phase noted 

200 μm 200 μm

a bcCaF2 = 0.1 wt % cCaF2 = 0.5 wt %

200 μm

c cCaF2 = 1.0 wt %

200 μm

d cCaF2 = 10.0 wt %
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previously. More interestingly is the morphology observed with 10 wt% calcium fluoride added 

to the SDS-in-glycerol gel, where a √2q0 Bragg peak is observed amongst the familiar lamellar 

peaks. This could be a result of a mixed system including the lamellar phase and a cubic phase 

of Im3m geometry (peak ratios of: √2, √4, √6 …63).  

 

Figure 6b.8 (a) The raw scattering profiles of 4.4 wt % SDS in glycerol at 25 oC before heating 
(circles) and after cooling  for ~ 2 hrs (solid lines) overlaid, with different concentrations of 
calcium fluoride (CaF2), 0.0 wt% (1), 0.1 wt% (2), 1.0 wt% (3), 5.0 wt% (4), and 10.0 wt% (5). (b) 
The same scattering profiles magnified, to focus on the peaks. 
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Table 6b.3 The positions of Bragg peaks in the SDS-in-glycerol gel (cSDS = 4.4 wt %) after two 
hours cooling, with different concentrations of calcium fluoride, T, with the peak ratios, 
lamellar d-spacing (dlamellar), and the phase taken from the peak ratios. 

cCaF2 

(wt %) 
q-Position 

(Å-1) 
Peak 
Ratio 

dlamellar 

(Å) 
Phase 

0.1 - - - - 

1.0 - - - - 

5.0 

0.113 ± 
0.000141 1 - 

Lamellar 0.227 ± 
0.000321 2 55.1 

0.340 ± 
0.000263 3 55.6 

10.0 

0.113 ± 
0.0000351 

1 - 

Cubic (Im3m) 
+ 

Lamellar 

0.162 ± 
0.000437 

√2 - 

0.227 ± 
0.000122 

2 - 

0.339 ± 
0.000376 

3 - 

 

6b.3.4 The gelation mechanism in the presence of salt 

The effects of the different fluorides investigated here are discussed as a function of 

concentration, however, it is pertinent to discuss them together as a comparison (Figure 6b.9; 

Table 6b.4). As mentioned previously, each of the salts have no effect on the structure at 

thermodynamic equilibrium, as the starting scattering profile before heating shows no 

difference in morphology, even with a salt concentration, csalt = 10.0 wt % for the three salts 

studied here. However, the effect on the cooling mechanism is apparent, given the range of 

intermediate structures seen across the different salts. Therefore, the cations not only have a 

role in the fluid to gel transition but achieve it through different mechanisms resulting in the 

difference in morphologies. 
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Figure 6b.9 (a) Comparison of the SANS profiles of the SDS-in-glycerol gel (cSDS = 4.4 wt %) after 
cooling for ~ 2 h without salt (top curve) and  with 10 wt % added salt (bottom three curves for 
NaF, MgF2, and CaF2, respectively). (b) Zoomed in view of the Bragg peaks of the curves in (a).  
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Table 6b.4 The positions of Bragg peaks in the SDS-in-glycerol gel (cSDS = 4.4 wt %) after two 
hours cooling, with different salts (no salt, sodium fluoride, magnesium fluoride, and calcium 
fluoride) with the peak ratios, lamellar d-spacing (dlamellar), and the phase taken from the peak 
ratios. 

Salt 
(csalt = 10 wt %) 

q-Position 
(Å-1) 

Peak 
Ratio 

dlamellar 

(Å) 
Phase 

None 

0.114 ± 
0.0000306 

1 - 

Lamellar 
+ 

Hexagonal 

0.197 ± 
0.000444 

√3 - 

0.227 ± 
0.000303 2 55.3 

0.340 ± 
0.000315 3 55.8 

NaF 

0.198 ± 
0.0000688 1 - 

Lamellar 0.396 ±  
0.00103 2 31.6 

MgF2 

0.114 ± 
0.0000571 

1 - 

Cubic (Pn3m) 
+ 

Lamellar 

0.162 ±  
0.000188 

√2 - 

0.197 ±  
0.000333 

√3 - 

0.227 ±  
0.000112 

2 - 

0.340 ±  
0.000201 3 - 

CaF2 

0.113 ± 
0.0000351 1 - 

Cubic (Im3m) 
+ 

Lamellar 

0.162 ± 
0.000437 √2 - 

0.227 ± 
0.000122 2 - 

0.339 ± 
0.000376 

3 - 
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6b.4 Summary and Conclusions 

 

The structural differences in the fluid to gel transition of the SDS-in-glycerol gel have been 

probed, both in the absence and presence of salt. Figure 6b.9 shows the striking difference in 

morphology of the intermediate phases in the presence of NaF, MgF2, and CaF2.  Where Table 

6b.4 demonstrates that the SDS in glycerol gel in the presence of: NaF forms an intermediate 

lamellar phase; MgF2 forms an intermediate cubic phase of Pn3m crystal structure; and CaF2 

forms an intermediate cubic phase of Im3m crystal structure. Each of the salts had little effect 

on the equilibrium gel nanostructure, as the SANS profiles before heating (after overnight 

equilibration) showed no difference, even for salt concentration at 10 wt%. However, upon 

cooling, different intermediate phases were observed, which also depended on the salt 

concentration.  

The formation of intermediate phases adds further details to the proposed gelation 

mechanism59, where the fluid phase consisting of cylindrical micelles cools via a hexagonal 

phase before forming the lamellar phase at thermodynamic equilibrium. In the presence of 

salt, these intermediate phases differ from cation to cation, which has not been previously 

reported in aqueous systems or gel systems.   

The differences could be related to the cation interactions with the anionic surfactant 

headgroups, causing a change in the headgroup area, and thus affecting the packing of the 

surfactants to form more complex mesophases. In general, surfactants have a packing 

parameter of p ~ 1 in lamellar phases, ~ 0.5 in hexagonal phases, and 0.5 – 1 for cubic phases65-

68. For the NaF case, the phase remained lamellar, suggesting that the sodium cations did not 

change the headgroup area. This could be a result of limited interactions between the sodium 

ions and the sulfate headgroups. In addition, due to the low solubility of NaF in glycerol, causing 

large aggregates of sodium fluoride to remain, rather than dissociated ions.  

For the MgF2 and CaF2 cases, the packing parameter did change from ~ 1 to between 0.5 – 1, 

indicating swelling of the headgroups or reduction in the effective hydrophobic tail volume. It 

is conceivable that the specific binding between the sulfate groups and the divalent cations 

increased the headgroup area69. This difference between mono- and divalent cations is seen 

in mixtures of sodium and calcium octyl sulfate, where the divalent cations were found to more 

strongly bind to the sulfate headgroups as opposed to monovalent cations70.  
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Table 6b.5 A summary of key relevant physical parameters for sodium, magnesium, calcium, 
and fluoride ions: molecular weight (Mw), ionic radius (rion), hydrated radius (rhydrate), 
electronegativity (χ), hydration energy (ΔGhyd), polarizability (ɑ), and hydration number 
(nhydration).  

Ion 
Mw 

(g mol-1) 
rion 

(nm) 
rhydrate 

(nm) 
χ 

ΔGhyd 

(kJ mol-1) 
ɑ 

(Å3) 
nhydration 

Na+ 22.99 0.10271 0.11671 0.972 - 36571 0.08673 3.571 

Mg2+ 24.31 0.07271 0.22771 1.272 - 183071 - 0.68673 10.071 

Ca2+ 40.08 0.10071 0.17171 1.072 - 150571 0.26473 7.271 

F- 19.00 0.13371 0.07971 3.972 - 46571 1.38073 2.771 

 

It is also tempting to interpret the findings in terms of the specific ion effect in self-assembly 

upon the addition of both cations and anions in the framework of the Hofmeister series. The 

Hofmeister series can also be discussed in terms of the ionic strength of the electrolyte causing 

salting-out, which should be applied at higher salt concentrations, as at lower salt 

concentrations salting-in can be preferred74. In the cationic Hofmeister series, the cations 

probed here are ordered in the order of decreasing hydration: Na+ > Ca2+ ~ Mg2+ 75. This can be 

related to the highest packing parameter upon addition of sodium fluoride and the lowest in 

the absence of salt. This manifests in the phase as the increased size of the surfactant 

headgroup area, which decreases with the cationic Hofmeister series. The headgroup area is 

largest in the absence of salt, relating to polymeric hydrogels, where the addition of salt causes 

a larger degree of deswelling44-47.  

A selection of key physical parameters (Table 6b.5) of the salts show a correlation with the 

Hofmeister series, such as the hydration number, ionic radius, and hydration energy71-73. The 

increased hydration number of magnesium would suggest that the headgroup area would be 

smaller than that observed with the addition of sodium, as more glycerol molecules would be 

coordinated to the magnesium ion. This is in the assumption that the hydration number trend 

is similar in glycerol vs water, reasonable due to the similar electron density distribution around 

the hydroxyl groups in water and glycerol. Therefore, the cations must be specifically 

interacting with the sulfate headgroups, to account for the swelling behaviour, e.g. in the case 

of the swelling of polymeric hydrogels76.  
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The thermodynamic equilibrium structure is also of interest here. Despite the differences in 

the intermediate structure, both in the presence and absence of salt, the lamellar phase before 

heating was retained. This would suggest that whilst the salt is involved in the gelation 

mechanism – mediating interactions between cylindrical micelles, it did not affect the final 

thermodynamic structure, likely remaining in the bulk glycerol as opposed to interacting 

directly with the fibrillar aggregates. This remains a puzzling observation of these 

unprecedented SDS-in-glycerol gels which warrants further investigation.    

Further experimental work is required to fully elucidate how the Hofmeister series might affect 

self-assembly in glycerol, in particular, on the fluid to gel transition in the SDS-in-glycerol gel. 

This would involve investigation of other cations, including complex cations, and different 

anions, to track both the cationic and the anionic series. The morphology of the fluid phase in 

each of the cases will be probed in Chapter 7, to identify the effect of salt on the micellar phase 

of an ionic surfactant in a nonaqueous solvent. These results have demonstrated the specific 

ion effects in nonaqueous H-bonding solvents, and the importance of ions on the gelation 

mechanism of thermally reversible gels. Understanding the effect of ions on the gelation 

mechanism will both help to elucidate the gelation mechanism in the absence and the 

presence of electrolytes, important for biological processes, in which salts are vital (for 

instance anti-bacterial formulations using salts to disrupt the bacterial cell-membrane). 
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Chapter 7 

Specific ion effects on SDS self-assembly 

in glycerol: Morphological 

transformation of micelles  

The effect of salts on the self-assembly of amphiphiles is an important concept both industrially, 

as salt is a common additive commercially, and also biologically, where salts are present for a 

number of processes, for instance osmosis. Despite the importance of nonaqueous hydrogen-

bonding rich solvents and electrolytes in various industrial applications, specific ion effects in 

nonaqueous solvents are not currently well-understood. Nano-structural characterisation was 

carried out using small-angle neutron scattering (SANS) measurements, where measurements 

were carried out below and above the critical gelation temperature, TGC. The effect of different 

cations on self-assembled structures in a nonaqueous hydrogen-bonding rich solvent was 

observed at elevated temperatures. For anionic SDS in glycerol, the difference in morphology of 

the fluid phase is subtle in the presence of salt, with a transition from cylindrical micelles to 

elliptical cylindrical micelles observed at cNaF ≥ 5.0 wt %, and cMgF2, cCaF2 ≥ 1.0 wt %. An 

unexpected observation was the increased persistence of the gel phase in the presence of salt, 

effected by both salt type and concentration, following the Hofmeister series of cations. These 

observations have helped to discuss the effect of different cations on self-assembled structures 

in nonaqueous media at elevated temperatures. Deciphering such behaviour is key to our 

understanding of self-assembly in nonaqueous polar media in the presence of electrolyte. 
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7.1 Introduction 

 

Understanding specific ion effects in nonaqueous polar media is important for industrial 

applications, ranging from cosmetic to medicinal formulations, where salts and nonaqueous 

polar solvents are commonplace. Specific ion effects are also important biologically. For 

instance, the role of ions in osmotic and nerve transmission processes has led to a large 

number of studies probing the effects of various electrolytes on model lipid membranes and 

mesophases1-6.  

Originally developed by Hofmeister to explain the salting-out of egg lysozyme by different 

ions7-9, the Hofmeister series describes the order of ions in various specific ion effects. The 

series has been well studied in aqueous media to explain a wide range of experimental 

observations, including salting-in/out of proteins10-12, increasing/decreasing surface tensions13-

16, and polymer stability17-23. There also exist a reverse Hofmeister series and an anti-

Hofmeister series24, which can be a result of various environmental factors such as surface 

charge, surface hydrophobicity or pH25. For instance, hydrogels formed from poly(vinyl alcohol) 

derivatives showed significant swelling in the presence of sulfate anions, SO4
-, (cion = 0.1 – 1.0 

M), despite the sulfate anion traditionally being a ‘salting-out’ agent26.  
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The Hofmeister series has also been applied to explain the effects of ions on the physical 

properties of surfactant systems, both in solution and at interfaces. Vibrational sum frequency 

generation (VSFG) spectroscopy studies found that anions formed ion contact pairs with 

surfactant headgroups, whereas cations did not27, 28. Surface tensiometry measurements 

showed that the critical micelle concentration (CMC) of cationic alkyltrimethylammonium 

bromide surfactants decreased with the Hofmeister series of anions16. In aqueous solution, 

cationic cetylpyridinium chloride (CPyCl) formed spherical micelles in the absence of salt and 

elongated micelles in the presence of salt, with the micellar length following the Hofmeister 

series of anions13, 15. The decrease in both the surfactant cloud point29 and CMC30 of nonionic 

polyoxyethylated surfactants in the presence of anions followed the Hofmeister series.  

 

7.1.1 Chapter overview 

This chapter reports the effect of different cations (NaF, CaF2, and MgF2) on self-assembled 

structures of sodium dodecyl sulfate (SDS) in glycerol, a nonaqueous hydrogen-bonding rich 

solvent, at 70 oC (above the reported Krafft temperature of SDS in glycerol of Tc ~ 32 oC)31. The 

SDS-in-glycerol gel has been previously reported at room temperature31 and the effect of salt 

on the gelation mechanism32, 33.  Here, the structure of the fluid phase at 70 oC was probed on 

the nanoscale using small-angle neutron scattering (SANS). Upon salt addition in the fluid 

phase, SDS aggregates underwent a transition from cylindrical micelles to elliptical cylindrical 

micelles at salt concentrations cNaF ≥ 5.0 wt % and cMgF2, cCaF2 ≥ 1.0 wt %. Unexpectedly, the gel 

phase persisted over a larger temperature range, depending on the salt type and 

concentration, and the level of persistence (i.e. the gelation temperature range) followed the 

Hofmeister series of cations. These unprecedented results reveal the specific ions effects on 

surfactant self-assembly in nonaqueous hydrogen-bonding rich solvents.  
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7.2 Data Analysis 

 

7.2.1 Introduction 

SANS data was obtained from samples contained in quartz cells with a 2 mm path length on 

the D1134, 35 small-angle diffractometer at the Institut Laue-Langevin, ILL, (Grenoble, France). 

A monochromatic neutron beam with wavelength, λ = 5.5 Å and three sample-to-detector 

distances, 1.4, 8, and 39 m, were used to obtain a q-range of ~ 0.0016 – 0.5 Å-1. The raw 

scattering data was corrected for the detector efficiency, sample transmission, and 

background scattering and converted to scattering cross-section data (∂Σ/∂Ω vs q) using LAMP. 

The data was then converted to an absolute scale (cm-1) using the scattering intensity from a 

standard sample (a mixture of boron carbide, B4C, and cadmium). All model analyses were 

carried out in SasView36 and full model refinements are shown in Appendix A8. Model 

refinement of self-assembled SDS in glycerol structures in the presence of salt. 

 

7.2.2 Model analysis 

The SANS data was fitted using two different form factors, P(q): a cylinder and an elliptical 

cylinder, represented schematically in Figure 7.1, and all SANS modelling was carried out using 

a Hayter-MSA structure factor, S(q), to model inter-aggregate interactions. The general 

scattering intensity for a cylinder is:  

𝑃(𝒒, 𝛼) = 	
𝑃#(𝒒, 𝛼) sin(𝛼)

𝑉
(𝟕. 𝟏) 

where 

𝑃(𝒒, 𝛼) = 2(∆𝜌)𝑉
sin @12𝒒𝐿 cos 𝛼B
1
2𝒒𝐿 cos 𝛼

𝐽"(𝒒𝑅 sin 𝛼)
𝒒𝑅 sin 𝛼

(𝟕. 𝟐) 

and α is the angle between the cylinder axis and q; ∆ρ is the contrast in the scattering length 

density between the aggregate and the solvent (D2O); V is the cylinder volume; L is the cylinder 

length; R is the cylinder radius; and J1 is the first order Bessel function.  
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Figure 7.1 Schematic representations of the SANS models used to fit the SANS profiles: (a) a 
cylinder P(q) and (b) an elliptical cylinder P(q).  
 

7.3 Results and Discussion 

 

7.3.1 The effect of sodium fluoride (NaF) 

In a previous paper32, it was reported gelation of glycerol above an SDS critical gelation 

concentration, cCGC ~ 2 wt%, and a gel-to-fluid transition above a critical gelation temperature, 

TGC ~ 45 oC. Small-angle neutron scattering (SANS) measurements revealed cylindrical 

aggregates in the fluid phase , with inter-micelle interactions described by a Hayter-MSA 

structure factor. Similar temperature-dependent gelation behaviour upon addition of 0.1 wt% 

NaF to 4.4 wt% SDS in glycerol was observed (Figure S1), where Bragg peaks appeared in the 

raw SANS profiles (q ~ 0.1 Å-1) at RT and  above the TGC the formation of globular aggregates 

was evident.  Figure 7.2 further shows SANS profile at T = 70 oC with cSDS = 4.4 wt% and cNaF = 

0 – 10.0 wt%. The corresponding molar concentrations of NaF are 0.03 – 3 mM, with the ionic 

strengths of 0.03 – 3 mM. The upturn in the low-q region of the scattering profile was observed 

for all the cNaF, and the intensity of the upturn also increased with cNaF, indicating the 

persistence of the gel phase in the presence of NaF.  
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Figure 7.2 Unfitted SANS profiles of 4.4 wt % SDS in glycerol with various amounts of NaF, cNaF.  
The initial increase in intensity of the peak, at q ~ 0.1 Å-1, indicates that the interactions 

between the aggregates were not screened by NaF addition. Of the micellar models trialled,  a 

cylinder form factor, F(q), was found to best fit the data at low salt concentrations, cNaF ≤ 1.0 

wt % (Figure 7.3b; fitting parameters listed in Table 1). However, as cNaF was increased (≥ 5.0 

wt %), a transition to an elliptical cylinder F(q) was observed, demonstrating the effect of NaF 

addition on the self-assembled structure at 70 oC.  

For the cNaF with a cylinder F(q) (with a circular cross-section; cNaF = 0.1, and 1.0 wt %), the 

radius, r, and length, l, of the cylindrical aggregates increased with cNaF, suggesting that the salt 

was promoting the growth of these elongated aggregates. After the transition to elliptical 

cylinders, l continued to increase, with the cylinder length the longest at cNaF = 10.0 wt %, i.e. l 

= 12.6 nm (cf. Table 7.1 and Table 7.2). Generally, the charge of the cylindrical aggregates 

decreased with cNaF, likely due to the increased ionic strength of the bulk causing screening in 

solution.   
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Figure 7.3 (a) Fitted scattering profile of 4.4 wt % SDS in glycerol at 70 oC with additional sodium 
fluoride added at different salt concentrations, cNaF: 0.0 wt % (red), 0.1 wt % (orange), 1.0 wt 
% (yellow), 5.0 wt % (green), 10.0 wt % (blue). Graphs are offset for clarity. (b) The same data 
as (a) but using a different scale to emphasize the micellar peak. (c) Schematic representation 
of the models used to fit the data in (a) and (b). 
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Table 7.1 Fitting parameters for the cylindrical F(q) with a Hayter-MSA S(q) used to simulate 
the data for 4.4 wt% (~14. 7 CMC) h-SDS in d-glycerol at T = 70 oC in the presence of sodium 
fluoride (cf. Figure 7.3a): cylinder radius r, cylinder length l, scattering length density of SDS 
ρSDS, scattering length density of glycerol ρGly, volume fraction φ, charge C, temperature T, salt 
concentration csalt, dielectric constant ε, polydispersity of the radius σr, and polydispersity of 
the length σl. 

Fitting 
Parameters for 

Cylinder P(q) 

cNaF 

0.0 wt % 0.1 wt % 1.0 wt % 

r (Å) 17.5 18.0 18.0 

l (Å) 9.8 10.0 11.6 

ρSDS (10-6 Å-2) 0.395 0.395 0.395 

ρGly (10-6 Å-2) 7.20 7.20 7.20 

φ 0.15 0.15 0.15 

C (e) 2.75 2.14 1.36 

T (oC) 70.0 70.0 70.0 

csalt (M) 0.0 ~ 0.0 0.0003 

ε 42.5 42.5 42.5 

σr 0.10 0.13 0.099 

σl 0.10 0.095 0.019 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 7. Specific ion effects on SDS self-assembly in glycerol 

189 
 

Table 7.2 Fitting parameters for the elliptical cylinder F(q) with a Hayter-MSA S(q) used to 
simulate the data for 4.4 wt% (~14. 7 CMC) h-SDS in d-glycerol at T = 70 oC in the presence of 
sodium fluoride (cf. Figure 7.3a): cylinder radius r, axis ratio AR, cylinder length l, scattering 
length density of SDS ρSDS, scattering length density of glycerol ρGly, volume fraction φ, charge 
C, temperature T, salt concentration csalt, dielectric constant ε, polydispersity of the radius σr, 
polydispersity of the axis ratio σAR, and polydispersity of the length σl. 

Fitting 
Parameters for 

Elliptical Cylinder 
P(q) 

cNaF 

5.0 wt % 10.0 wt % 

r (Å) 17.0 12.1 

AR 1.2 2.9 

l (Å) 11.8 12.6 

ρSDS (10-6 Å-2) 0.395 0.395 

ρGly (10-6 Å-2) 7.20 7.20 

φ 0.15 0.15 

C (e) 1.29 2.33 

T (oC) 70.0 70.0 

csalt (M) 0.0015 0.003 

ε 42.5 42.5 

σr 0.10 0.10 

σAR 0.10 0.10 

σl 0.10 0.10 

 

7.3.2 The effect of magnesium fluoride (MgF2) 

The effect of magnesium fluoride on self-assembled structures at 70 oC was also probed using 

small-angle neutron scattering (SANS) (Figure 7.4). As before, the transition from the gel phase 

to a fluid phase can be seen (Figure A7.2; Appendix A7), even in the presence of magnesium 

fluoride, cMgF2 ≤ 10.0 wt %. Figure 7.4 further shows SANS profile at T = 70 oC with cSDS = 4.4 

wt% and cMgF2 = 0 – 10.0 wt%. The corresponding molar concentrations of MgF2 are 0.02 – 2 

mM, with the ionic strengths of 0.08 – 8 mM.  Figure 7.4 show a peak at q ~ 0.1 Å-1, which 

appears again due to the formation of globular micelles, a result of the transition at TGC ~ 45 
oC, and is consistent for all the salt concentrations, cMgF2. Similarly, as in the case of sodium 
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fluoride, magnesium fluoride aids in the persistence of the gel phase, seen in the upturn in the 

low-q region of the scattering profile. The persistence of the gel phase here refers to the high 

intensity in the low-q region of the scattering data, alluding to the presence of larger objects.  

 

Figure 7.4 Raw scattering profiles of 4.4 wt % SDS in glycerol with various amounts of 
magnesium fluoride. 
The fluid phase was determined to consist of either cylindrical or elliptical cylindrical micelles 

interacting with each other via a Hayter-MSA S(q), through fitting analyses (Figure 7.5b), as per 

the case of sodium fluoride. However, the transition to an elliptical cylindrical F(q) occurs at a 

lower salt concentration (cMgF2 ≥ 1.0 wt %), suggesting the effect of magnesium cations on the 

structure of the micellar phase to be stronger than sodium cations. For the properties of the 

cylinder, the length and radius follow no trend with increasing salt concentration. Neither does 

the charge of the micelle, though a similar amount of charge is observed in each concentration, 

suggesting that the magnesium cations do not cause screening in solution.  
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Figure 7.5 (a) Fitted scattering profile of 4.4 wt % SDS in glycerol at 70 oC with additional 
magnesium fluoride added at different salt concentrations, cMgF2: 0.0 wt % (red), 0.1 wt % 
(orange), 1.0 wt % (yellow), 5.0 wt % (green), 10.0 wt % (blue). Graphs are offset for clarity. (b) 
The same data as (a) but using a different scale to emphasize the micellar peak. (c) Schematic 
representation of the models used to fit the data in (a) and (b). 
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Table 7.3 Fitting parameters for the cylindrical F(q) with Hayter-MSA S(q) used to simulate the 
data for 4.4 wt% (~14. 7 CMC) h-SDS in d-glycerol at 70 oC in the presence of magnesium 
fluoride (cf. Figure 7.5a): cylinder radius r, cylinder length l, scattering length density of SDS 
ρSDS, scattering length density of glycerol ρGly, volume fraction φ, charge C, temperature T, salt 
concentration csalt, dielectric constant ε, polydispersity of the radius σr, and polydispersity of 
the length σl. 

Cylindrical F(q) 
cMgF2 

0.0 wt % 0.1 wt % 

r (Å) 17.5 18.0 

l (Å) 9.8 8.8 

ρSDS (10-6 Å-2) 0.395 0.395 

ρGly (10-6 Å-2) 7.20 7.20 

φ 0.15 0.15 

C (e) 2.75 2.57 

T (oC) 70.0 70.0 

csalt (M) 0.0 ~ 0.0 

ε 42.5 42.5 

σr 0.10 0.10 

σl 0.10 0.10 
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Table 7.4 Fitting parameters for the elliptical cylindrical F(q) with Hayter-MSA S(q) used to 
simulate the data for 4.4 wt% (~14. 7 CMC) h-SDS in d-glycerol at 70 oC in the presence of 
magnesium fluoride (cf. Figure 7.5a): cylinder radius r, axis ratio AR, cylinder length l, scattering 
length density of SDS ρSDS, scattering length density of glycerol ρGly, volume fraction φ, charge 
C, temperature T, salt concentration csalt, dielectric constant ε, polydispersity of the radius σr, 
polydispersity of the axis ratio σAR, and polydispersity of the length σl. 

Elliptical 
Cylindrical F(q) 

cMgF2 

1.0 wt % 5.0 wt % 10.0 wt % 

r (Å) 13.2 12.6 13.1 

AR 1.8 2.0 1.9 

l (Å) 11.4 12.5 11.9 

ρSDS (10-6 Å-2) 0.395 0.395 0.395 

ρGly (10-6 Å-2) 7.20 7.20 7.20 

φ 0.15 0.15 0.15 

C (e) 2.02 3.06 2.17 

T (oC) 70.0 70.0 70.0 

csalt (M) 0.0003 0.0015 0.003 

ε 42.5 42.5 42.5 

σr 0.1 0.1 0.1 

σAR 0.1 0.1 0.1 

σl 0.1 0.1 0.1 

 

7.3.3 The effect of calcium fluoride (CaF2) 

The effect of calcium fluoride on self-assembled structures at 70 oC was also probed using 

small-angle neutron scattering (SANS) (Figure 7.6). The transition from the gel phase to a fluid 

phase can be seen in Figure A8.3 in Appendix 8, where the transition is present even at high 

calcium fluoride concentrations, cCaF2 ≤ 10.0 wt %. Figure 7.6 further shows SANS profile at T = 

70 oC with cSDS = 4.4 wt% and cCaF2 = 0 – 10.0 wt%. The corresponding molar concentrations of 

CaF2 are 0.02 – 2 mM, with the ionic strengths of 0.08 – 8 mM. As per the previous two salts, 

the raw scattering profile shows a peak at q ~ 0.1 Å-1 (Figure 7.6), arising from the formation of 

globular micelles, a result of the transition at TGC ~ 45 oC, and is consistent for all salt 
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concentrations, cCaF2. As before, calcium fluoride aids in the persistence of the gel phase, seen 

in the upturn in the low-q region of the scattering profile, where the highest concentration of 

calcium fluoride demonstrates a scattering intensity with a similar magnitude to the gel phase 

at 25 oC before heating.  

 

Figure 7.6 Raw scattering profiles of 4.4 wt % SDS in glycerol with various amounts of calcium 
fluoride. 
Of the micellar models trialled, only the fluid phase containing 0.1 wt % calcium fluoride was 

found to best fit a cylindrical F(q), all other concentrations fit best to an elliptical cylindrical 

F(q), with all interacting through a Hayter-MSA S(q). Similar behaviour to that observed in the 

case of magnesium fluoride, a possible effect of divalent vs monovalent cations, where divalent 

cations show stronger effects at lower csalt. The radius of the cylindrical aggregates shows no 

real trend with salt concentration, but the length generally decreases with increase cCaF2, 

though the length is longer in the presence of calcium fluoride than in its absence (l = 9.8 vs 

11.4 nm, in the presence of 10.0 wt % CaF2). The charge of the cylindrical aggregates rapidly 

decreases at the highest cCaF2 (C = 0.17 e) suggesting that the presence of calcium fluoride at 

high concentrations screens the charge on the cylindrical micelles.  
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Figure 7.7 (a) Fitted scattering profile of 4.4 wt % SDS in glycerol at 70 oC with additional calcium 
fluoride added at different salt concentrations, cCaF2: 0.0 wt % (red), 0.1 wt % (orange), 1.0 wt 
% (yellow), 5.0 wt % (green), 10.0 wt % (blue). Graphs are offset for clarity. (b) The same data 
as (a) but using a different scale to emphasize the micellar peak. (c) Schematic representation 
of the models used to fit the data in (a) and (b). 
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Table 7.5 Fitting parameters for the cylindrical F(q) with Hayter-MSA S(q) used to simulate the 
data for 4.4 wt% (~14. 7 CMC) h-SDS in d-glycerol at 70 oC in the presence of calcium fluoride 
(cf. Figure 7.7a): cylinder radius r, cylinder length l, scattering length density of SDS ρSDS, 
scattering length density of glycerol ρGly, volume fraction φ, charge C, temperature T, salt 
concentration csalt, dielectric constant ε, polydispersity of the radius σr, and polydispersity of 
the length σl. 

Cylindrical F(q) 
cCaF2 

0.0 wt % 0.1 wt % 

r (Å) 17.5 17.0 

l (Å) 9.8 10.4 

ρSDS (10-6 Å-2) 0.395 0.395 

ρGly (10-6 Å-2) 7.20 7.20 

φ 0.15 0.15 

C (e) 2.75 2.15 

T (oC) 70.0 70.0 

csalt (M) 0.0 ~ 0.0 

ε 42.5 42.5 

σr 0.10 0.10 

σl 0.10 0.10 
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Table 7.6 Fitting parameters for the elliptical cylindrical F(q) with Hayter-MSA S(q) used to 
simulate the data for 4.4 wt % (~14.7 CMC) h-SDS in d-glycerol at 70 oC in the presence of 
calcium fluoride (cf. Figure 7.5a): cylinder radius r, axis ratio AR, cylinder length l, scattering 
length density of SDS ρSDS, scattering length density of glycerol ρGly, volume fraction φ, charge 
C, temperature T, salt concentration csalt, dielectric constant ε, polydispersity of the radius σr, 
polydispersity of the axis ratio σAR, and polydispersity of the length σl. 

Elliptical 
Cylindrical F(q) 

cCaF2 

1.0 wt % 5.0 wt % 10.0 wt % 

r (Å) 10.2 10.7 13.8 

AR 3.9 3.7 1.8 

l (Å) 12.1 11.8 11.4 

ρSDS (10-6 Å-2) 0.395 0.395 0.395 

ρGly (10-6 Å-2) 7.20 7.20 7.20 

φ 0.15 0.15 0.15 

C (e) 3.50 2.88 0.17 

T (oC) 70.0 70.0 70.0 

csalt (M) 0.0003 0.0015 0.003 

ε 42.5 42.5 42.5 

σr 0.1 0.1 0.1 

σAR 0.1 0.1 0.1 

σl 0.1 0.1 0.1 

 

7.3.4 The effect of salt 

The individual salts and the effect of salt concentration have been discussed; however, it is 

pertinent to compare the salts directly to relate to the Hofmeister series of cations. Figure 7.8 

shows the effect of the three salts (at csalt = 10.0 wt %) studied here on the fluid phase observed 

at T > TGC. The main difference in the four curves is in the low-q region of the scattering profile, 

where the upturn increases in intensity and decreases in slope in the order: sodium fluoride < 

magnesium fluoride < calcium fluoride. From this, it can be deduced that calcium cations aid 

the most in the persistence of the gel phase at higher temperatures and that the ability to aid 

the persistence follows the Hofmeister series of cations.  
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Figure 7.8 Raw scattering profiles of 4.4 wt % SDS in glycerol with 10.0 wt % of different fluoride 
salts: no salt (red), sodium fluoride (orange), magnesium fluoride (yellow), and calcium fluoride 
(green). 
For all cations studied here, at csalt = 10.0 wt %, the elliptical cylindrical F(q) was found to best 

fit the data, with a Hayter-MSA S(q) (Figure 7.9b), suggesting that each of the cations have a 

similar effect on the micellar morphology, differing in strength. The cylinder radius increases, 

and the cylinder length decreases with the cations in the following order: calcium > magnesium 

> sodium (r = 13.8, 13.1, and 12.1 Å, and l = 11.4, 11.9, and 12.6 Å respectively), again following 

the order of the Hofmeister series of cations. Figure 7.10 shows the effect of salt concentration 

and salt type on the properties of the cylindrical micelles, for most csalt, the radius of the 

aggregates increases in the order: sodium < magnesium < calcium, however, the cylinder 

lengths are similar in magnitude, irrespective of salt or concentration, and are polydisperse 

from the error bar size.  
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Figure 7.9 (a) Fitted scattering profile of 4.4 wt % SDS in glycerol at 70 oC with additional salt 
added, at csalt = 10.0 wt %: no salt (red), sodium fluoride (orange), magnesium fluoride (yellow), 
and calcium fluoride (green). Graphs are offset for clarity. (b) The same data as (a) but using a 
different scale to emphasize the micellar peak. (c) Schematic representation of the models 
used to fit the data in (a) and (b). 

 

Figure 7.10 (a) The radius of cylindrical micelles as a function of salt concentration for each of 
the types of salt measured here: no salt (red), sodium fluoride (orange), magnesium fluoride 
(yellow), and calcium fluoride (green). The larger radius was used in the case of elliptical 
cylinders. (b) The length of cylindrical micelles as a function of salt concentration with the same 
salts as (a).  
 

a
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7.4 Summary and Conclusions 

 

The effect of different cations on self-assembled structures was observed in a nonaqueous 

hydrogen-bonding rich solvent at elevated temperatures. For anionic SDS in glycerol, the 

difference in morphology of the fluid phase is subtle in the presence of salt, with a transition 

from cylindrical micelles to elliptical micelles observed at cNaF ≥ 5.0 wt %, and cMgF2, cCaF2 ≥ 1.0 

wt %. Another unexpected observation was the increased persistence of the gel phase in the 

presence of salt, effected by both salt type and concentration, following the Hofmeister series 

of cations.  

Ion-induced morphological transformations of surfactant micelles is well-recorded in 

literature37, 38, a sphere-to-rod transition is often noted in the presence of electrolyte, and is 

one common method of preparing wormlike micelles (elongated cylindrical aggregates)39-44. A 

similar transition to that observed in this work, is one from wormlike micelles to elongated 

ribbon-like micelles was observed in a poly(propylene)-hexaethylene glycol monohexadecyl 

ether (C16E6) mixture in aqueous media45. This type of transition results in a structure with 

lower curvature, from a circular to an ellipsoidal cross-section, suggesting that either the 

volume of the tails increases or the headgroup area decreasing. In this case, it is likely that the 

cause of the transition is due to the headgroup area decreasing, where the cations interact 

strongly with the headgroups, causing the headgroups to lose interactions with bulky glycerol 

molecules.   

The effect of salt on gelation in polymeric samples, both naturally occurring and synthetic, has 

been probed in aqueous media, where for gelatin gels, cations were found to lower the 

equilibrium swelling ratio with increasing valency of the cation (Cr3+ < Ca2+ < Na+)46. This is 

similar to the behaviour observed here, where the persistence of the gel phase at 70 oC was 

found to increase in the order: Ca2+ > Mg2+ > Na+. While this follows the Hofmeister series of 

cations, it could also be linked to the valency directly, where the divalent ions are better at 

bridging between anionic aggregates due to their higher positive charge density. The gel would 

then persist due to counterion condensation47-50, where cations condense onto anionic SDS 

micelles and bridge multiple cylinders, forming an extended network.  

Further experimental work is required to fully characterise the Hofmeister series in glycerol, in 

particular, on the fluid phase of SDS in glycerol. This should initially involve the investigation of 



Chapter 7. Specific ion effects on SDS self-assembly in glycerol 

201 
 

other cations, including more complex cations, and different anions, to probe both the cationic 

and the anionic series. The persistence of the gel phase should also be further studied by 

increasing the temperature to beyond 70 oC, to investigate at which temperature the phase 

transition fully occurs. These results have shown the presence of specific ion effects in 

nonaqueous solvents, and the importance of ions on both the morphology of surfactant 

micelles, but also on the persistence of a gel phase at elevated temperatures. Fully exploring 

the role of ions on the gelation mechanism, including this persistence, will allow for this 

mechanism to be fully understood in both the presence and absence of electrolytes. 
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Chapter 8 

Fracto-eutectogels: Low-molecular 

weight gelation in a deep eutectic 

solvent 

Glyceline, a deep eutectic solvent comprising of glycerol and choline chloride, is a green non-

aqueous solvent, a possible candidate for industrial applications due to its desirable properties. 

Gel formation in such a solvent is not widely reported or understood, and fractal aggregates 

even less so. The microscopic structure of the gel phase was studied using polarised light 

microscopy (PLM). The rheological properties of the gel were studied using viscometry and 

oscillation rheology measurements. Further nano-structural characterisation was carried out 

using small-angle neutron scattering (SANS). The formation of dendritic fractal aggregates in 

SDS and glyceline mixtures at concentrations as low as cSDS = 0.1 wt % was observed, such 

aggregates have not been observed in aqueous system, nor in glycerol (a component of 

glyceline) systems. These dendritic fractal aggregates were found to form a gel phase that held 

its weight upon inversion and were imaged in PLM, displaying dimensions up to mm in size. The 

globular nature of the gel, such as a colloidal gel, was confirmed by rheology measurements, 

where the first normal stress difference was negative in value and in oscillation measurements 

that showed the elastic modulus to dominate. Fitting to SANS profiles confirmed the presence 

of fractal aggregates. The unexpected formation of dendritic fractal aggregates highlights the 

change in morphology with the presence of choline chloride. The formation of which is proposed 

to be through a counterion condensation mechanism, driven by the diffusion of choline ions. 

Deciphering this self-assembly behaviour is key to furthering our understanding of these green 

solvents for use in industrial or biological processes.   
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8.1 Introduction 

 

The term deep eutectic solvent was first coined by Abbott et al. (2001)1, who were trying to 

prepare room temperature ionic liquids, for greener applications. In these studies, a mixture 

of a metal halide (MCl2, where M = Zn and/or Sn) and a quaternary ammonium salt (choline 

chloride for example) in a 2:1 molar ratio respectively was found to form a liquid. These ionic 

liquids were formed at room temperature and pressure, which is a common disadvantage of 

preparing ionic liquids, often needing high temperatures or pressures, and thus were deemed 

to be a green solvent by comparison.  

Ionic liquids are a class of solvent that have been reported as early as 1914, they were originally 

known as molten salts, due to their preparation, which involved the melting of salts at high 

temperatures. However, they were renamed after more ionic liquids were produced at room 

temperature2. Ionic liquids are good solvents in industrial processes, as they are typically non-

volatile and are miscible with a range of organic and inorganic species, making them ideal 

solvents for a wide range of applications3, 4, from high energy supercapacitors5 or in energy 

storage6 to biological processes7-9, as a biocatalysts.  
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8.1.1 Deep eutectic solvents 

The use of deep eutectic solvents (DES) has become increasingly widespread in the past  twenty 

years1, 10. DES are green, non-volatile, and are good co-solvents and many inorganic and 

organic species have good solubility in DES3, 4. Their green credentials are of interest in many 

industrial applications ranging from their historic application in electroplating11-15 to personal 

care products. DES are also relevant to biological processes, particularly in biotransformations 

where DES have been shown to improve rates and enantioselectivities of lipase-catalysed 

processes16-20.  

 

Figure 8.1 The eutectic point on a temperature vs mole fraction, demonstrating the freezing 
point suppression at a certain composition. Image taken from [10]. 
The term deep eutectic solvent derives from the freezing point suppression of a mixture of two 

components10, 21 (Figure 8.1), the eutectic point. There are four types of DES22 (Table 8.1), three 

of which have the general formula: Cat+X-zY, where Cat+X- is typically a quaternary ammonium 

cation with halide anion, the archetypal molecule used is choline chloride. The work here will 

focus on type III DES, in particular using glycerol as the hydrogen-bond donor, forming a deep 

eutectic solvent in a mixture of 1:2 choline chloride:glycerol. However, reline (a 1:2 molar 

mixture of choline chloride and urea) is well-studied and the structure of which has been 

probed using neutron diffraction. Hammond et al. showed the structure of reline to have a 

complex hydrogen-bonding network23, 24, with correlation between the chloride ion and urea 

molecule and strong hydrogen-bonding between the choline and chloride ions. Comparing the 

hydrogen-bond density of urea vs glycerol (ρHB ~ 10625 and 76 nm-3 respectively), the high 

values of both suggest that there would also be a strong hydrogen-bond network in glyceline 

c.f. reline.  
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Table 8.1 Classes of DES with the general formulae and components summarised, information 
summarised from [10, 22]. 

Type 
General 
Formula 

Component 1 Component 2 Component 2 Examples 

I 
Cat+X- 
zMClx 

Quaternary 
ammonium, 

phosphonium, 
or sulfonium 
cation and a 
Lewis base, 
typically a 

halide 

Metal 
chloride 

M = zinc, tin, iron 

II 
Cat+X- 

zMClx · yH2O 

Hydrated 
metal 

chloride 

M = chromium, cobalt, 
copper 

III 
Cat+X- 

zRZ 
Hydrogen-

bond donor 
Z = amide, alcohol, 

carboxylic acid 

IV 
MClx-1

+ · RZ + 
MClx+1 

Metal 
chloride 

Hydrogen-
bond donor 

M = zinc, aluminium 
Z = amide, alcohol 

 

8.1.2 Crystallisation 

Crystallisation is a solidification process where atoms and molecules form highly ordered 

phases, known as crystals. Surfactants also form crystal phases, known as hydrated crystals, 

that form below the Krafft point, the temperature below which the surfactant monomer 

solubility is too low, causing micelles to be insoluble26. Another common surfactant phase 

related to solid crystals is the liquid crystal phase, another highly ordered phase which has both 

liquid and crystalline properties27, 28. Ionic liquids and deep eutectic solvents (DES) also have 

applications as media for crystallisation of inorganic materials29, 30, for example paracetamol 

was crystallised in the ionic liquid: 1-Butyl-3-methylimidazolium hexafluorophosphate 

([bmim][PF6])31. Further, it was shown that the crystal structure could be manipulated through 

solvent choice, concentration, and crystal growth methodology. 

Understanding the crystallisation mechanism is important in applications from polymorphism 

in pharmaceuticals32-35 to optofluidic devices36-38. There are two steps in the crystallisation 

process, firstly nucleation and then growth, where nucleation is the generation of the new 

phase and growth is the expansion of the new phase to larger domains39. Both processes are 

thermodynamically driven and are thermally activated, nucleation in particular is relying on the 

formation of a critical nucleus, a thermodynamically stable form of the new phase40, 41. For the 

growth process, the growth is driven by the continuing formation of this thermodynamically 

stable form42, 43. 
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The impact of ions on the crystallisation has been well-studied regarding the salting out of 

proteins, including enzymes, to form protein crystals. Lysozyme, an antimicrobial enzyme44, is 

a well-studied example and the impact of ions on lysozyme salting out was found to follow that 

of the Hofmeister series for cations, but reversely for anions45-47. The solubility of lysozyme 

consistently decreased with the addition of salt and for a range of salts, the lysozyme solubility 

decreased with increasing salt concentration, and therefore effective ionic strength, to a point 

where it would typically plateau48.  

The Hofmeister series, discussed in Chapter 6 and Chapter 7 in further detail, is relevant here 

as it describes the specific ion effect on not only proteins but on other macromolecular 

systems, in particular ionic surfactant systems49, 50. Other than implications on protein 

solubility, the series also describes the effect of salts on the lower critical solution temperature 

(LCST), below which a polymer is soluble in solution. Zhang et al. showed that a range of salts 

all decreased the LCST with increasing salt concentration, implying a lower solubility of the 

polymer than before51. 

8.1.3 Dendrites and fractals 

The term fractal was first used by Mandelbrot, who took from the Latin adjective ‘fractus’ and 

verb ‘frangere’, the latter means to break and the former irregular52. It relates to structures 

with self-similarity, and is more formally defined where the Hausdorff dimension is larger than 

its topological dimension52. The Hausdorff dimension, D, is a mathematical description of scale 

invariances that appear identical when viewed over a range of scales53, 54, also known as 

dilation symmetry55.  

Both mass and surface fractals exist, mass fractals typically arise from aggregate packing or 

network structure56, and surface fractals are invariances arising from a surface, such as an 

island57. Mass fractals typically have mass fractal dimensions, Dm ~ 2 – 3,  for instance broccoli 

has Dm ~ 1.8 and cauliflower has Dm ~ 1.958; Dm ~ 2 is from smoother aggregates and 3 is from 

rougher aggregates, with Dm > 2 implying fractal geometry in a three dimensional space59, 60. 

For surface fractals, the surface fractal dimension, Ds, is also typically ~ 2 – 3, where Ds = 2 is a 

smooth surface, and Ds = 3 is a rough surface with a high surface area, useful for catalyst 

applications61.  

Dendrites, in particular, are a type of fractal that grow in a fern-like or tree-like pattern, and 

are prevalent both in crystallisation, but also in nature. For instance, hoarfrost62 (Figure 8.2a63) 
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is a type of ice that is a result of direct solidification of water vapour to a loosely packed, low-

density ice. Another phenomenon with a dendritic pattern is lightning64 (Figure 8.2b65), and 

the injuries or damaged caused by lightning also forms these branching dendritic patterns.  This 

type of damage is known as a Lichtenberg figure, named after the scientist who first noted the 

patterns66, 67.  

 

Figure 8.2 (a) Hoarfrost, an example of a natural dendritic pattern, a type of low-density ice. 
Image taken from [63]. (b) Dendritic patterns in man-made lightning. Image taken from [65]. 
Dendrites are also common in crystallisation of metal salts, one such example is zinc oxide, 

where ‘nano-leaves’ can be produced by ultrasonicating zinc microcrystals (Figure 8.3a) in 

water for photocatalytic applications68. The growth mechanism of these crystals was found to 

be via a parent branch and dendrites growing from the parent branch, this mechanism is also 

seen in silver nanocrystal dispersions. Silver nanodendrites (Figure 8.3b) were shown to grow 

alternately in the [100] and [111] planes, where the dendrites appear to grow at an angle ~ 

120 o, the dendrite shape was proposed to be a result of diffusion and attachment of silver 

nanocrystal precursors69.  

 

Figure 8.3 (a) The dendritic structure of zinc oxide nanoleaves prepared by ultrasonication. 
Image taken from [68]. (b) Silver nanodendrites produces via reduction of silver nanocrystals 
by zinc. Image taken from [69]. 
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The growth mechanism of cadmium sulfide, CdS, in water, with poly(ethylene glycol) (PEG) and 

thiourea, was discussed by Qingqing et al. 70. They showed the preferential growth of CdS in 

the [001] plane forming a hexagonal wurtzite crystal structure, then dendrites grow at an angle 

of ~ 120 o to the parent fibre and grow in the [110] plane. To form the nanodendrite shape 

over a more stabilised snowflake morphology, the authors suggested the adherence of PEG to 

hinder growth in certain planes, and thiourea is present to coordinate the growth of hexagonal 

CdS. The complexation of organic molecules to direct crystal morphologies is well-known, 

another example is the production of copper sulfide nanoflowers through complexation with 

ethylenediamine71. 

The prevalence of dendritic fractals in both nature and crystallisation has been discussed, but 

what drives the formation of such aggregate morphologies. Dendrite formation is accounted 

for by Mullins-Sekerka instability72-75, which describes the progression of a solid front, or 

dendrite tip, in a liquid medium, where the cooled solid advances into a warm, or undercooled, 

medium76, 77. For growth to occur, the interface, where the dendrite starts to grow, must be 

warmed to the temperature of the liquid, typically a result of latent heat released by kinks 

along an otherwise smooth surface78, 79.  The growth of fractal, and dendritic, patterns in 

particular is driven by anisotropy, accounted for in the surface tension by Gruber and Mullins 

(1966)80, where the surface tension deviates for perturbed surfaces, as opposed to 

unperturbed planar surfaces, leading to anisotropy81, 82. Another effect of Mullins-Sekerka 

instability is the ability of an advancing tip to catch diffusing particles to continue growth, as it 

is a diffusion-limited process83.  

Dendrites in eutectic mixtures are also well-studied, however, the eutectic mixture is the melt 

forming the crystals as opposed to the medium solidification occurs in. These materials 

typically have a lamellar structure, where the component with the higher melting point 

solidifies first and the second grows upon the cooler surface84. An example of such a structure 

was observed in eutectic liquids of barium titanium oxide (BaTiO3), and cobalt iron oxide 

(CoFe2O4), as the mixture cooled an alternating structure of spinel (from the CoFe2O4) and 

perovskite (BaTiO3)85. Further, if the composition is taken away from the eutectic point, then 

other morphologies can occur, for example broken rod structures in aluminium cobalt, or 

aluminium nickel hypereutectic mixtures that exhibit a range of morphologies86, 87.  
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The formation of fractal aggregates in surfactant systems is not well-studied, and rather than 

forming dendritic patterns themselves, surfactants are often used as directing agents in 

forming metallic dendrites. Platinum dendritic nanoparticles in aqueous systems can be 

formed by addition of a nonionic surfactant (Brij58), the morphology is a spherical dendrite, 

but with addition of a carbon support (Ketjen Black) the nanoparticles became anchored onto 

the surface of the support for use in electrocatalytic applications88. Silver snowflakes can be 

prepared in a cationic mixture of cetyltrimethylammonium bromide (C16TAB) and sodium 

dodecyl benzyl sulfonate (SDBS)89, favourably in a 3:7 molar ratio for snowflake formation 

(Figure 8.4a). Lead sulfide (PbS) dendrites were formed upon the addition of C16TAB90 (Figure 

8.4c,d), to PbS in aqueous media with a small amount of thiourea, without C16TAB cubic crystals 

formed (Figure 8.4b).  

 

 

Figure 8.4 Dendritic morphologies prepared via surfactant-assisted crystallisation. (a) Silver 
snowflakes formed in a cationic aqueous solution of C16TAB and SDBS, (inset) magnified image 
of a silver snowflake. Image taken from [89]. (b) PbS cubic crystals formed in the absence of a 
surfactant, (c) magnified image of PbS dendrites formed with addition of C16TAB, and (d) cluster 
of PbS dendrites formed in C16TAB solutions. Images taken from [90].  
8.1.4 Crystallisation and gelation 

Gelation and crystallisation are often seen as two competing processes91, with the crystalline 

phase typically more ordered than the gel phase92. However, the crystal engineering approach 

to forming supramolecular gels has been reported93, 94. For instance, cholesteryl 4-(2-

anthryloxy)butanoate (CAB) forms a thermally reversible gel94, 95, where overlapping 

anthracenyl groups forming a stacked helical arrangement, leading to a gel network. Inulin, an 
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oligosaccharide, can form gels, comprising networks of small crystallites, another example of 

the synergy of crystallisation and gelation96.  

Gelation in DES has also been reported in a limited number of studies, and a ‘eutectogel’ 

consisting of 1,3:2,4-dibenzylidene-d-sorbitol (DBS) in reline is one of few examples97. Ruiz-

Olles et al. observed gels in a range of DES comprising a binary mixture of choline chloride with 

either glycerol, xylitol, sorbitol, or urea. For instance, for DBS in reline, SEM and TEM revealed 

nanofibrillar structures forming an entangled network. This network was characterised as a gel 

due to the elastic modulus being dominant from rheology measurements.  

8.1.5 Chapter overview 

Here, the gelation of sodium dodecyl sulfate (SDS) in glyceline (a DES consisting of choline 

chloride and glycerol in a 1:2 molar ratio) at room temperature (RT ~ 25 oC) is discussed.  

Surprisingly, the complex gel phase comprised interpenetrating networks of dendritic fractal 

aggregates of size ~ some hundreds of μm –  thus termed a “fracto-eutectogel”. Remarkably, 

this fracto-eutectogel was formed at low surfactant concentrations, i.e. cSDS ~ 1.9 wt %, in 

contrast to water, where globular micelles are expected at RT. This gelation is similar to the 

observation in glycerol systems98, where a low critical gelation concentration, cCGC = 2.3 wt %, 

was also observed. The structure of this complex gel phase was probed microscopically with 

polarising light microscopy (PLM) and on the nanoscale with small-angle neutron scattering 

(SANS). Further structural information, alluding to the viscoelasticity of the complex phase, was 

determined through viscometry and oscillation rheology. Complementarily, the interfacial 

behaviour of SDS in glyceline was studied using equilibrium surface tensiometry. The 

unprecedented observation of the microscopic fractal structures as a result of SDS self-

organisation in glyceline highlights the importance of the molecular interactions within deep 

eutectic solvents. The molecular interactions are shown to be different from other non-

aqueous solvents, where counterion condensation via the choline ions, allows for the 

formation of fractal dendrites. It should be noted that the fracto-eutectogel undergoes a 

transition to a fluid micellar phase above a critical gelation temperature, TGC ~ 45 oC. In Chapter 

999, the self-assembly of SDS in glyceline at elevated temperature above TGC is discussed. 
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8.2 Data analysis 

 

8.2.1 Introduction 

SANS data was obtained from samples contained in quartz cells with a 2 mm path length over 

0.5 h integration time on the LOQ100, 101 small-angle diffractometer at the ISIS Pulsed Neutron 

Source (STFC Rutherford Appleton Laboratory, Didcot, UK). LOQ utilizes neutrons with 

wavelengths λ = 2 – 10 Å and the data was collected in the q range of 0.008−1.6 Å -1. The raw 

scattering data was corrected for the detector efficiency, sample transmission, and 

background scattering and converted to scattering cross-section data (∂Σ/∂Ω vs q) using 

MantidPlot102-104. The data was then converted to an absolute scale (cm-1) using the scattering 

intensity from a standard sample (a solid blend of hydrogenous and perdeuterated 

polystyrene) in accordance with established procedures105. All model analyses were carried out 

in SasView106 and full model refinements are shown in Appendix A4. Model refinement of the 

fracto-eutectogel. 

 

8.2.2 Scattering from the fracto-eutectogel 

The SANS data at 25 oC was fitted using two different models shown schematically in Figure 

8.5. The first was a lamellar paracrystal stack model (Fig. 1a), in which individual SDS lamellae 

stacks in solution were treated as being independent of each other, with the lamellae 

considered as a whole rather than separate headgroup and tail layers. The general scattering 

intensity for lamellar systems is described as107-110 

𝐼(𝒒) = 	
2𝜋𝑉𝑃(𝒒)𝑆(𝒒)

𝑑𝒒#
(𝟖. 𝟏) 

where V is the scattering volume, P(q) the form factor that describes the shape of the particles 

or the phase present, S(q) the structure factor that describes the interparticle interaction, and 

d the lamellar spacing.  

The second model used to fit data at 25 oC was a mass fractal model (Fig. 1b) describing the 

scattering from fractal-like aggregates in solution111 

𝐼(𝒒) = 𝑃(𝒒)𝑆(𝒒) (𝟖. 𝟐) 

where the form factor is 

𝑃(𝒒) = 𝐹(𝒒𝑟)# (𝟖. 𝟑) 

and the structure factor is 
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𝑆(𝒒) = 	
Γ(𝐷% − 1)𝜁F"2"

[1 + (𝒒𝜁)#]
(F"2")

#

	
sin[(𝐷% − 1) tan2"(𝒒𝜁)]

𝒒
(𝟖. 𝟒) 

where r is the radius of the building block, Γ the correlation length, Dm the mass fractal 

dimension, and ζ the cut-off length.  

 

Figure 8.5 Schematic representations of the SANS models used to fit the SANS profiles: (a) 
lamellar stack paracrystal model, and (b) mass fractal model.  
 

8.3 Results and discussion 

 

8.3.1 Surface tensiometry measurements of SDS in glyceline 

The surface tension, γ, vs ln(cSDS) plots in water, glycerol, and glyceline at room temperature 

(RT ~ 25 oC) are shown in Figure 8.6, with the data for glycerol from [98] included for 

comparison. The critical micelle concentration, CMC, pure solvent surface tension, γ0, 

minimum surface tension, γmin, and the headgroup area, AHG, at ~ CMC determined from the 

surface excess are summarised in Table 8.2. All three curves show SDS adsorption at the air-

liquid interface and an apparent CMC at RT, indicative of SDS surface activity and self-assembly 

in these solvents.  

The cohesive energy of a solvent has sometimes been used to gauge the solvophobic effect in 

driving self-assembly112, 113. For pure solvents, glyceline has the lowest surface tension value 

(γ0 = 63.5 mN m-1; vs γ0 = 72.8 and 64.0 mN m-1 in water and glycerol, respectively). This would 

point to the lowest cohesive energy density of glyceline among the three solvents, as measured 

by the Gordon parameter112, 114, G = γ0/Vm
1/3 where Vm is the molecular volume. The calculated 

G values for the three solvents are listed in Table 8.3. It has been proposed that solvents with 

a high Gordon parameter value would generally exhibit a more pronounced solvophobic effect, 
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and hence tend to promote amphiphile self-assembly more strongly112, 114. However, the CMC 

of SDS in glyceline is the lowest of the three at 5.4 mM (vs 8.1 and 11.7 mM in water and 

glycerol, respectively), suggesting the strongest solvophobic effect in glyceline, also consistent 

with its lowest γmin (at 34.2 mN m-1; vs 38.3 and 46.0 mN m-1 in water and glycerol, 

respectively). This suggests that self-assembly in DES cannot be readily predicted by the solvent 

cohesive energy. This is further illustrated by considering the Hildebrand solubility parameter, 

δH, another measure of cohesion where δH ~ (CED)1/2, which shows a different trend to G. 

The equilibrium headgroup areas, AHG, for SDS in the three solvents were calculated via the 

surface excess, Γ = - (dγ/dln(cSDS))/2RT, from the linear region preceding the CMC in Figure 8.6. 

Table 8.2 shows that the AHG value at the air-glyceline interface is the lowest of the three 

solvents (i.e. AHG = 38.7 Å2 in glyceline; vs AHG = 43.5 and 46.0 Å2 in water and glycerol, 

respectively), indicative of denser SDS molecular packing at the air-DES interface. The effective 

ionic strength (ionic concentration) in glyceline is 6.84 M, estimated from assuming full 

dissociation of choline chloride. This very high ionic strength could screen the SDS headgroup 

repulsion, leading to the smaller AHG observed, compared that in glycerol and water. 

 

Figure 8.6 Surface tension, γ, vs ln(cSDS) for SDS at the air-water (red circles), air-glycerol (blue 
circles), and air-glyceline (green circles) interface as room temperature. The surface tensions 
of the pure solvents, γ0, are indicated by the horizontal dashed lines.  
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Table 8.2 A summary of the parameters determined from surface tensiometry measurements 
of SDS in water, glycerol, and glyceline: the surface tension of the pure solvent (γ0), the 
minimum surface tension after addition of SDS (γmin), the critical micelle concentration (CMC), 
the surface excess (Γ), and the surfactant headgroup area (AHG). 

Solvent γ0 (mN m-1) γmin (mN m-1) CMC (mM) Γ (10-6 mol m-2) AHG (Å2) 

Water 72.8 38.3 8.1 3.82 43.5 

Glycerol 64.0 46.0 11.7 1.66 46.0 

Glyceline 63.5 34.2 5.4 4.29 38.7 

 

Table 8.3 Cohesion dependent parameters taken from the literature of water, glycerol, and 
glyceline: Hildebrand solubility parameter (δH) and the Gordon parameter (G). a denotes that 
the value was determined from simulation.  

Solvent δH (MPa1/2) G (J m-3) 

Water 34.2113 2.75112 

Glycerol 29.2113 1.51112 

Glyceline 31.0114,a 1.20114,a 

 

8.3.2 The formation of a low molecular-weight gel (LMWG) in glyceline 

Figure 8.7 shows a series of glyceline samples in inverted glass vials containing SDS at different 

concentrations, cSDS = 0.1 – 5.3 wt % (or 5 – 220 mM; 0.9 – 37.0 CMC). At 60 oC, all samples 

were transparent and fluid (Figure 8.7a); however, when cooled to RT ~ 25 oC, an opaque phase 

formed. At cSDS ≥ 1.9 wt%, the sample could hold its weight upon inversion (Figure 8.7b). In 

contrast, SDS in aqueous solutions formed transparent fluid phases consistent with globular 

micellar solutions115-117; for comparison, opaque SDS gel phases have been observed in glycerol 

media98, with a critical gelation SDS concentration of cCGC ~ 2 wt% (or 110 mM) and a critical 

gelation temperature of TGC ~ 45 oC98. The observation of SDS gelation in glyceline suggests 

entangled networks of aggregates at RT, which would break up at elevated temperatures. Such 

a low molecular weight SDS-in-glyceline gel (or in other DES) has not been previously reported 

in the literature.  
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Figure 8.7 (a) Inverted vials containing ~ 2 mL of transparent SDS solution in glyceline with cSDS 
= 0.1 – 5.3 wt % (labels in b, described in Table 8.4) immediately after they were heated at 60 
oC and shaken at 550 RPM for 2 h. (b) After being left overnight at room temperature (RT ~ 25 
oC), the samples with cSDS ≥ 1.9 wt % (~ 12.6 CMC) SDS formed an opaque gel-like phase; 
(samples 5-12). 
Table 8.4 SDS concentrations (in wt%) for the samples in Figure 8.7, labels are for a and b. 

Number 1 2 3 4 5 6 7 8 9 10 11 12 

Conc. / wt % 0.1 0.3 0.6 1.2 1.9 2.5 2.9 3.4 3.9 4.4 4.8 5.3 
 

8.3.3 Rheological properties of the LWMG 

An example plot of shear stress, σ, as a function of shear rate, γ̇, of the SDS-in-glyceline gel (5.3 

wt%, ~ 53 CMC; Sample 13 in Table 3) is shown in Figure 8.8a, displaying shear thinning 

behaviour with a non-linear stress-rate (σ-γ̇) relationship. The magnitude of σ (< 100 Pa) is 

consistent with the formation of a weak physical gel that can be disturbed by the applied shear, 

indicated by the presence of an inflection point at γ̇ ~ 5 s-1 in the σ-γ̇ plot. This behaviour is 

similar to previously reported gel phases consisting of  fibrillar aggregates118-123, also consistent 

with the behaviour of 3D networks of wormlike micelles. Figure 8.8b shows the variation of the 

shear viscosity, η, with cSDS at two different shear rates (taken from linear fits before and after 

the inflection point). For the lower shear rate (LSR) data, ηLSR increased linearly with cSDS, in 

contrast to the constant ηHSR at the higher shear rate (HSR). This suggests that any 3D structure 

in the gel phase was broken up at the HSR into smaller aggregates, manifesting in a constant 

viscosity value over the cSDS range. 
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Figure 8.8 (a) Shear stress, σ, vs shear rate γ̇, for the SDS-in-glyceline gel (5.3 wt %, ~ 53 CMC); 
Inset: corresponding first normal stress difference, N1, vs shear rate, γ̇. (b) Shear viscosity, η, 
vs SDS concentration, cSDS, for the SDS-in-glyceline gel, where η was obtained by taking the 
gradient in the appropriate regime of the σ-γ̇ plot (red circles – low shear rate, blue circles – 
high shear rate). 
The first normal stress difference, N1, behaviour (Figure 8.8a inset) is different to that expected 

of fibrillar dispersions, for which N1 would typically increase with γ̇ due to fibrous aggregates 

becoming elongated in the direction of the applied shear124-126. Here, the plot shows N1 

decreasing with γ̇ (for γ̇  > ~ 0.05 s-1), indicating that the aggregates became shorter in the 

direction of the applied shear. Such a decreasing N1 with γ̇ can be attributed to hydrodynamic 

friction between individual aggregates127, 128, implying the presence of globular aggregates. 

Though it should be noted structural detail cannot be deduced from rheology alone. Unlike the 

shear thickening behaviour often observed in colloidal dispersions due to shear-induced 

aggregation100, 129, 130, the shear thinning and N1 behaviour observed in this study suggest that, 

while the aggregates showed hydrodynamic friction, there was no flocculation induced shear 

thickening, a behaviour observed in some colloidal gels131, 132.  

. 
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Figure 8.9 (a) G’ (elastic, red) and G” (viscous, blue) as a function of shear strain, γ, for the gel 
(5.3 wt% SDS), showing the initial linear viscoelastic region (LVER) (ω = 1 Hz). (b) The variation 
of G’ and G” with cSDS, with the modulus values taken from the LVER regions in (a). (c) G’ and 
G” as a function of shear frequency, ω, for the gel (5.3 wt% SDS) (γ = 0.012 %). (d) The variation 
of G’ (elastic, red) and G” (viscous, blue) with cSDS, taken from ω = 10 Hz, with the subscript HF 
denoting it as the higher frequency measured. 
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Table 8.5 Values for the slopes in the liquid and gel regimes of the plots of the elastic (G’) and 
viscous (G”) moduli vs cSDS for the amplitude (γ from the LVER) and frequency (ω = 10 Hz) sweep 
measurements in Figure 8 (b) and (d), respectively. 

Modulus Regime Modulus vs cSDS slope (Pa) 

G’(γ) 
Liquid 54.7 

Gel 701.3 

G”(γ) 
Liquid 29.8 

Gel 214.8 

G’(ω) 
Liquid 389.5 

Gel 3122.5 

G”(ω) 
Liquid 230.6 

Gel 937.0 

 

The elastic and viscous moduli (G’ and G”, respectively) are shown as a function of the 

deformation (or strain, γ, Figure 8.9a), to demonstrate the viscoelastic behaviour of the 5.3 

wt% SDS-in-glyceline gel in response to an applied deformation. The presence of a linear 

viscoelastic region (LVER) at small deformations (γ ~ 0.001 – 0.1 %) shows that the structure of 

the gel was unaffected by small strains. A previously reported SDS-in-glycerol gel showed that 

the magnitude of G’(γ) and G”(γ) of the gel was an order of magnitude higher than the gel 

studied here98. The MacKintosh model, assuming the system consisting of a semiflexible 

network133, relates the bending modulus, κ, of the constituent fibres to the gel elastic modulus, 

G’LVER(γ) ~ κ2. The estimated κ values using this model are plotted against cSDS in Figure 8.10, 

showing a linear relationship, with a maximum κ value of ~ 50 Pa, which is lower than that 

observed for SDS-in-glycerol gels (κ ~ 140 Pa).  
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Figure 8.10 The bending modulus, κ, as a function of cSDS with a linear guideline. κ was 
determined from the MacKintosh model133 using the plateau G’ values from the amplitude 
sweep measurements.  
The behaviour of G’(γ) and G”(γ) beyond the LVER shows the sensitivity of the gel network to 

the applied deformation, as the moduli both decreased by two orders of magnitude, possibly 

due to the breakup of the larger aggregates into smaller ones. The gel appeared elastic at low 

deformations (γ < 0.2 %), with G’(γ) > G”(γ); however, a crossover point is observed at γ ~ 0.3, 

above which G”(γ) > G’(γ), indicating a transition to a more liquid-like phase.  

The values of the LVER elastic and viscous moduli as a function of cSDS are shown in Figure 8.9b. 

As cSDS increased, a transition from a liquid-like to a solid-like material can be observed at cSDS 

~ 0.9 wt %. This concentration can be deemed (as similarly defined in Ref. 33) a critical gelation 

concentration, cCGC, consistent with the macroscopic observations in the inverted vial test 

shown in Figure 8.7.  

Figure 8.9c shows the variation of G’ and G” as a function of frequency, ω, for the 5.3 wt% SDS-

in-glyceline gel. Over the ω range measured, the elastic modulus remained dominant (i.e. G’ > 

G”) with no crossover, indicating a solid-like behaviour. Whilst the gel showed sensitivity to 

strains, γ, the moduli were less sensitive to the frequency ω, suggesting that the gel structure 

was more sensitive to the magnitude of deformation than the speed at which it was applied. 

As there was no cross-over between G’(ω) and G”(ω), it would suggest that the system was not 

comprised of fibrillar aggregates134 – and more likely of globular aggregates. The magnitudes 

of the two moduli (G’ ~ 12.5 kPa and G” ~ 4 kPa) are quite high compared to surfactant-based 

gels of elongated wormlike micelles135-138 (in the range of 10 – 100 Pa). However, these values 

are comparable to those of the SDS-in-glycerol gel (G’ ~ 27 kPa and G” ~ 11 kPa)98.  
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The dependence of G’ and G” (at a high frequency ω = 10 Hz) on cSDS is shown in Figure 8.9d, 

with a similar trend observed compared to the amplitude sweep data (Figure 8.9b). Whilst the 

G’(ω) and G”(ω) magnitude increased with cSDS, there was no crossover observed and the 

elastic modulus dominated (G’(ω) > G”(ω)) even in the liquid regime. This again suggests that 

the structure of the gel consisted of particulates, similar to a colloidal gel139. The lack of a 

crossover arises from the lower sensitivity of globular aggregates to the speed at which the 

deformation is applied, without structural changes observed in the globular aggregates.  

8.3.4 Microscopic structure of the ordered surfactant mesophase at room temperature 

Polarised light microscopy (PLM) revealed an anisotropic mesophase at room temperature at 

SDS concentrations (cSDS > 1.9 wt%) (Figure 8.11), consisting of dendritic feather-like 

aggregates of some μm in length scale with no particular alignment. The dendritic fractal140, 141 

morphology (seen in detail in Figure 8.11c, d) shows a central fibre that supports secondary 

fibres, which then in turn support tertiary fibres, and so on. A fibre order parameter, nf, can be 

defined as the fibre position away from the parent or central fibre, where the parent fibre nf = 

1. As nf increases, both the fibre length and diameter generally decrease (Figure 8.12b). It is 

conceivable that the fibres grew sequentially: the growth of the parent fibres first, then the 

secondary fibres and the tertiary fibres. The detailed mechanism - whether the parent and 

child fibres grow simultaneously, or the parent grows first and then stops to allow the children 

to grow – is unclear.  
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Figure 8.11 PLM images of the dendritic feather-like aggregates present in SDS in glyceline at 
10 x (a), 20 x (b, c), and 40 x (d) magnifications, with the cSDS indicated. 

 

Figure 8.12 (a) PLM image of the feather-like aggregates present in 1.2 wt % SDS in glyceline, 
with the rectangular region showing where tertiary fibres were measured. (b) Average lengths, 
lavg (blue circles), and diameters, davg (red circles), of fibres vs the fibre order, nf. (inset) The 
highlighted region in (a) magnified for clarity. 
 

 

a b

200 μm 50 μm
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8.3.5 Gel nanostructure from SANS 

Figure 8.13a shows the SANS scattering profiles at different cSDS, with the data fitted to a mass 

fractal model and, for cSDS = 1.2, 2.7, and 5.3 wt%, also a lamellar paracrystal model. The 

appearance of a Bragg peak at q ~ 0.30 Å-1 at the higher SDS concentrations (cSDS = 1.2, 2.7. and 

5.3 wt%), corresponding to d ~ 2π / q ~ 20.9 Å, suggests the formation of an ordered 

mesophase. There was no plateau observed in the low-q region of the SANS scattering profiles 

at any cSDS (Figure 8.13a), indicating a large structure or mesophase in the gel whose size was 

not accessible in the q-range of the SANS measurement.  

Figure 8.14a shows the shift of the q position of the Bragg peak as a function of cSDS and 

temperature, T. At T = 40 oC, the q value for the three different cSDS converged to q ~ 0.302 Å-

1, pointing to a common structure. The coherence length, Lc, which is indicative of the disorder 

of the meso-structure, can be obtained from analysing the broadening of the Bragg peaks using 

the Scherrer equation142, 143 

𝐿* =	
2𝜋𝐾
∆𝒒

(𝟖. 𝟓) 

where K is a shape factor (here K ~ 1), and Δq is the full-width half maximum of the Bragg peak. 

The Lc vs T behaviour (Fig. 10b) appears different at low cSDS  (cSDS = 1.2 wt %) compared to the 

two higher cSDS samples (2.7 and 5.3 wt %), implying different structural orders. The Lc value at 

the two higher cSDS converged to Lc ~ 140 Å at T = 40 oC, consistent with the q-T behaviour in 

Fig. 10a.  

As only one Bragg peak is present in the scattering profile, it cannot ascertain the exact 

mesophase type. Complementary X-ray reflectivity (XRR) measurements at the air-glyceline 

interface (Figure A6.1) showed the presence of a second Bragg peak at q ~ 0.6 Å-1, consistent 

with the nα = 1, 2 peaks of a lamellar phase. A recent study has similarly shown the presence 

of aggregates with a lamellar structure in SDS-in-glycerol gel98, and thus the obtained SANS 

profile was fitted to a lamellar paracrystal stack model. The reduced intensity and number of 

Bragg peaks observed in this study could be attributed to the presence of choline chloride in 

glyceline, which could disrupt the SDS lamellar phase. 



Chapter 8. Fracto-eutectogels 

226 
 

 

Figure 8.13 (a) SANS profiles for h-SDS in d-glyceline at varying surfactant concentrations, cSDS, 
at T = 298 K. At cSDS = 0.1, 0.3. and 0.6 wt%, the SANS curves were fitted with a mass fractal 
model (short dashed lines); whilst at cSDS = 1.2, 2.7. and 5.3 wt%, the data was also fitted with 
the lamellar paracrystal model (dot-dashed lines), capturing well the single Bragg peak. The 
SANS profiles are offset on the vertical scale for clarity. (b) Schematic representation of the 
paracrystalline lamellar model used to fit the data. (c) PLM images to show the presence of 
fractal-like aggregates in the bulk, with the inset highlight a magnified image of one of the 
fractal aggregates.  
The lamellar paracrystal stack model chosen to fit the SANS data at higher cSDS has also been 

used for an SDS-in-glycerol gel system98. This model describes multiple randomly oriented 

lamellar stacks in solution, represented schematically in Figure 8.13b. The fits to 5.3, 2.7, and 

1.2 wt % h-SDS in d-glyceline are shown in Figure 8.13a with the fitting parameter values in  

Table 8.6.  

The thickness, tL, and the d-spacing of the lamellar phase show a close agreement, tL ~ d ~ 20 

Å (cf. Fig. 1a), indicating that the lamellar sheets consisted solely of SDS bilayers. A full SDS 

bilayer of thickness of two SDS lengths would give tL ~ 35-45 Å; however, smaller SDS lamellar 

spacing has been reported, tL ~ 25-28 Å144, 145 in the presence of additives, such as a co-solvent. 

The smaller value, tL ~ 20 Å, reported here could arise from a tilted SDS bilayer or 

interpenetration of the tails. The high polydispersity of the lamellar thickness implies 
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polymorphisms with different SDS packing and conformations, leading to different d-spacing. 

We note that, along with the large thickness polydispersity, the presence of a single Bragg peak 

and the relatively small fitted tL value could mean the paracrystal lamellar model might not 

best describe data.  

Table 8.6 Fitting parameters for the paracrystalline lamellar stack model used to simulate the 

data for cSDS = 1.2, 2.7 and 5.3 wt% h-SDS in d-glyceline at 25 oC (cf. Figure 8.13a): SDS bilayer 

thickness tL, number of layers in the stack nLayers, d-spacing, polydispersity of the d-spacing σd, 

scattering length density of SDS ρSDS, scattering length density of glyceline ρGly, polydispersity 

of the SDS bilayer thickness σt, and chi squared value χ2 (a measure of the goodness of the fit). 

Lamellar paracrystal 
stack model parameters 

cSDS 

1.2 wt % 2.7 wt % 5.3 wt % 

tL (Å) 20.0 20.0 20.0 

nLayers 57.7 57.7 57.7 

d-Spacing (Å) 20.4 20.4 20.4 

σd (Å) 0.012 0.012 0.013 

ρSDS (10-6 Å-2) 0.43 0.43 0.40 

ρGly (10-6 Å-2) 5.85 5.84 5.50 

σt 1.0 1.0 1.0 

χ2 4.4 3.8 3.8 

 

Table 7 Fitting parameters for the mass fractal model used to simulate the data for h-SDS in d-
glyceline at different SDS concentrations (cSDS) at 25 oC (cf. Figure 8.13a and Figure 1b): radius 
of the fractal aggregate r, fractal dimension Dm, and chi squared value χ2. 

Mass fractal model 
parameters 

cSDS 

0.1 wt % 0.3 wt % 0.6 wt % 1.2 wt % 2.7 wt % 5.3 wt % 

r (Å) 20.0 145.6 128.5 88.5 77.5 56.5 

Dm 3.37 2.30 2.65 2.97 2.91 2.95 

χ2 4.9 6.9 4.5 4.4 3.0 3.4 

 



Chapter 8. Fracto-eutectogels 

228 
 

PLM imaging showed the presence of dendritic fractal-like aggregates, and accordingly, fractal 

models were trialled to fit the SANS data. Of these, the mass fractal model111 was found to best 

fit the SANS profiles at 25 oC (Figure 8.13a and Table 7; for the model schematic see Figure 1b). 

The fitted radii r of the aggregates decreased with increasing cSDS, a feature also evident from 

PLM (Figure S2), where larger aggregates were more noticeable at lower cSDS. This could be 

due to the growth of the aggregates being stunted by the number of aggregates forming, 

suggesting that the growth mechanism is that all fibre orders (nf = 1, 2, and 3) grow 

simultaneously146.  

The fractal dimension, Dm, is related to the Hausdorff dimension53, 54, which is a mathematical 

description of scale invariances that appear identical when viewed over a range of scales.  Mass 

fractals typically have Dm ~ 2 – 3,  for instance broccoli has Dm ~ 1.8 and cauliflower has Dm ~ 

1.958; Dm ~ 2 is from smoother aggregates and 3 is from rougher aggregates, with Dm > 2 

implying fractal geometry in a three dimensional space59, 60. Table 7 shows that across the cSDS 

studied, Dm ~ 2.8 – 3, indicating very rough mass fractal aggregates of similar Dm to that 

reported of human lungs147.  

The fractal dimension can also be estimated directly from a power law fit to the low-q data of 

the scattering profile111, i.e.  ~ qD-6 (Table 8.8). This yielded lower Dm values (1.5 – 2.8) 

compared to those obtained through the fitting to the SANS profiles of the higher cSDS. This 

difference could be due to the sensitivity of the mass fractal model regarding the 

dimensionality of the interfacial region between the cluster and solvent bulk, as opposed to 

the cluster itself, as noted by Mildner and Hall (1986)111. 

Table 8.8 Fractal dimensions, Dm, of SDS in glyceline, estimated through a power-law fit to the 
low-q region of the SANS profiles at different SDS concentrations.  

cSDS 0.1 wt % 0.3 wt % 0.6 wt % 1.2 wt % 2.7 wt % 5.3 wt % 

Dm 2.6 2.8 2.6 1.9 1.5 1.5 
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Figure 8.14 (a) The q position of the Bragg peak observed in 5.3, 2.7, and 1.2 wt % SDS in 
glyceline, determined through a Gaussian peak analysis. (b) The coherence length, Lc, 
calculated using the Scherrer equation, with the full-width half maximum determined through 
a Gaussian peak analysis.  
 

8.4 Summary and Conclusions 

 

The formation of a low molecular-weight gel (LMWG) in glyceline was observed, a deep 

eutectic solvent (DES) – at an SDS concentration as low as cSDS ~ 1.9 wt % (12.7 CMC), defined 

as the critical gelation concentration, cCGC. This gel phase was found to contain dendritic fractal-

like aggregates from polarised light microscopy (PLM) and confirmed with small-angle neutron 

scattering (SANS); dendritic fractal aggregates in DES has not been reported before.  At 

comparable cSDS, SDS forms spherical micellar aggregates are, expected from the well-

established packing parameter of SDS of ~ 0.25 148, 149. At higher T, SDS in water solutions form 

lamellar or hexagonal phases (cSDS ~ 75 and 45 wt % respectively)115, 116, but dendritic fractal 

aggregates have not been reported. 

The microscopy images show individual dendritic fractal aggregates oriented anisotropically 

with respect to each other, with aggregates being in the order of mm in size. The length and 

diameters of fibres from the parent fibre decreased with increasing fibre order, nf, implying 

that the parent fibre would start to grow first, and then the child fibres. Rheology 
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measurements confirmed relatively week interactions underpinning the network 

entanglement, akin to a physical colloidal gel. The negative first normal stress difference, N1, 

and elastic properties of the gel phase described a gel consisting of globular aggregates in 

solution, again consistent with a colloidal gel.  

SANS measurements showed the formation of a bulk mesophase at all cSDS probed in this study, 

well fitted to a mass fractal model, chosen from PLM images. The fit to a mass fractal model 

showed fractal dimensions of Dm = 2.8-3.0, for the higher cSDS. The power law fit to the low Q 

region yielded a different Dm value, still pointing the fractal nature of the aggregates, 

confirming the microscopy results. This contrasts with SDS self-assembly in aqueous 

systems115, 116, 145, forming globular aggregates at comparable cSDS.  

The formation of these fractal aggregates in glyceline is also unusual compared to other non-

aqueous media; for example, an SDS-in-glycerol gel98 has been recently reported at 25 oC and 

comparable cSDS, comprising fibrous networks of lamellar building blocks . A lamellar model 

was trialled here to see if the Bragg peak could be captured in the data fitting, and reasonable 

fits were shown (Figure 8.13a). The fit parameters used in this model were found to be 

physically reasonable, suggesting that the packing of SDS molecules in the dendritic fractal 

aggregates to be lamellar, as observed in hydrated crystalline systems150.  

The contrast between the observation in glyceline (choline chloride:glycerol in 1:2 ratio) here 

and in glycerol98 points to the pivotal role of choline chloride in facilitating  the formation of 

fractal aggregates. We note that a critical gelation temperature, TGC, exists, above which SDS 

forms cylindrical aggregates (Matthews et al. in preparation99, 151).  

The role of choline chloride in the self-assembly of such aggregates may be explained by 

counterion condensation theory152. Commonly used to describe polyelectrolyte systems, 

recent literature has extended its applicability to other systems, in particular thin cylindrical 

systems153-155. In our system, the parent fibre grows in a one direction in a rod-like shape and 

simultaneously choline ions are diffusing to the fibre surface through counterion condensation 

(Figure 8.15). The condensed choline ions cause kinks along the otherwise flat rod surface, 

leading to points along the fibre that radiate heat more effectively, a result of Mullins-Sekerka 

instability72-75. These points of heat cause an increase in growth speed at the kink site, resulting 

in the formation of dendrites78, 79, with counterion condensation participating, due to the 

bridging effect caused by choline ions (Figure 8.16). Counterion condensation is favoured by 
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the lower dielectric constant of glyceline (εGlyceline ~ 10156 vs 78.3157 and 42.5158 for water and 

glycerol respectively), which results in a stronger attraction between opposite ions and thus, a 

stronger bridging effect. Bridging has been observed in other surfactant systems159-161, for 

instance SDS or caesium dodecyl sulfate form hemicylinders bridged with Na+/Cs+ counterions 

on the water-graphite interface161. 

 

Figure 8.15 Schematic representation of the growth mechanism for the dendritic fractal 
aggregates, (a) the structure of the parent fibre, a tightly packed SDS crystal. (b) Diffusion-
limited counterion condensation along the parent fibre, leading to dendritic growth (c). (d) 
Diffusion limited counterion condensation along the dendrites, leading to further dendritic 
growth (e).  

 

Figure 8.16 Schematic representation of the dendrites driven by counterion condensation of 
choline ions. 
The growth of individual dendritic fractal aggregates leads to the formation of a gel, at cSDS > 

1.9 wt %, through the interpenetration of multiple individual aggregates. Counterion 

condensation of choline ions drives the interpenetration, forming a three-dimensional 

network, through choline ions bridging between multiple individual fractal aggregates. This 
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type of structure aligns well with our rheological observations, which indicate a structure closer 

to a colloidal gel rather than a fibrillar network, the colloidal particles here being the individual 

fractal aggregates.  

There is also the case of fractal aggregates forming at low cSDS, PLM showed the presence of 

fractal aggregates even at cSDS = 0.1 wt %, and thus, two cases must be considered: the first 

above the critical micelle concentration at higher temperatures, CMCHT, and the second below 

the CMCHT. The first case has been discussed, and the second case would follow a similar 

growth mechanism, however, given the concentration of SDS is much lower, the formation of 

such aggregates must be slower. Another comment to make, is the difference in structure of 

the two cases, which can be seen in PLM images, where the lower cSDS fractal aggregates 

appear flatter than the higher cSDS (Figure A4.3 in Appendix A4. Model refinement of the fracto-

eutectogel).  

Whilst the dendritic fractal structure has been discussed as the crystallisation of SDS molecules 

in glyceline, this does not account for the surface activity seen at the air-glyceline interface via 

tensiometry measurements. This observation informs us of an equilibrium between surfactant 

molecules participating in self-assembly and surfactant molecules crystallising to form fractal 

structures. Due to the low concentration of SDS molecules even at the highest cSDS studied 

here, it is unlikely for both fractals and self-assembled micelles to form. A more plausible 

explanation is the Krafft point, below which crystallisation of surfactants is favoured over self-

assembly162. The Krafft point of glycerol, a component of glyceline, Tk > 30 oC, if this is similar 

to that in glyceline then the formation of crystalline aggregates is expected. The Krafft point 

has been shown to change with addition of salt in the case of ionic surfactants163-165, and the 

presence of choline chloride could thus suppress the Krafft point slightly to around room 

temperature. The Krafft point around room temperature would explain the equilibrium of both 

the fractal phase and self-assembly at the air-glyceline interface.   

Further experimental work would be required to fully test the hypothesis of the choline ions 

stabilising the headgroups, trialling with a cationic, zwitterionic, and a nonionic surfactant (e.g. 

DTAB, cocobetaine, and C5E12 respectively) would inform whether the positive choline ion 

would stabilise the different types of headgroup. These results have shown that different polar 

non-aqueous media show different self-assembly behaviour. The difference in morphology 

between glycerol and glyceline systems is important, as it means that before using these green 
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solvents they must be studied separately. This is crucial for many applications from drug 

delivery to biological processes, where DES have improved rates of biotransformations. 
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Chapter 9 

The fracto-eutectogel to fluid transition: 

Temperature-induced morphological 

transformations 

Glyceline, a deep eutectic solvent comprising of glycerol and choline chloride, is a green non-

aqueous solvent, a possible candidate for industrial applications due to its desirable properties. 

Elevated temperatures in both aqueous and nonaqueous gel systems have been shown to 

disrupt gel systems. The microscopic structure of the micellar phase was studied using polarised 

light microscopy (PLM). Further nano-structural characterisation was carried out using small-

angle neutron scattering (SANS). In a previous chapter, it was observed the formation of fractal 

aggregates in SDS and glyceline mixtures at concentrations as low as cSDS = 0.1 wt %. This fractal 

phase was found to transition into a micellar phase above a critical gelation temperature, TCG 

~ 45 oC, seen in SANS, and PLM where at T > TGC the anisotropic aggregates disappear from 

view. SANS measurements showed a plateau in the low-q region indicating smaller globular 

aggregates at T > TGC. Fitting to SANS profiles confirmed the presence of globular aggregates, 

cylindrical at cSDS > 0.6 wt % and spherical at cSDS = 0.6 wt %. At cSDS < 0.6 wt %, only isotropic 

scattering was seen in the SANS profiles at elevated temperatures. The disruption in the gel 

phase with increasing temperature is not unexpected, in fact, the self-assembly at higher T 

shows a similarity to the equivalent molecular solvent, glycerol. However, unlike in glycerol 

systems, the aggregates do not interact with each other, again confirming the presence of ions 

effecting the self-assembly behaviour. Deciphering this self-assembly behaviour is key to 

furthering our understanding of these green solvents for use in industrial or biological 

processes.   
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9.1 Introduction 

 

The use of deep eutectic solvents (DES) has become increasingly widespread in the past  twenty 

years1, 2 (discussed further in Chapter 8). DES are green, non-volatile, and are good co-solvents 

and many inorganic and organic species have good solubility in DES3, 4. Their green credentials 

are of interest in many industrial applications ranging from their historic application in 

electroplating5-9 to personal care products. DES are also relevant to biological processes, 

particularly in bio-transformations where DES have been shown to improve rates and 

enantioselectivities of lipase-catalysed processes10-14.  

In this context, self-assembly of surfactants and particles in DES is of particular interest due to 

their ubiquity in industrial formations and applications. Raghuwanshi et al. explored self-

assembly of gold nanoparticles in reline (a DES comprising choline chloride and urea in a 1:2 

molar ratio) for use in green energy applications15-17. Hammons et al. investigated the 

aggregation of silica particles in reline and ethaline (1:2 choline chloride:ethylene glycol)18-20. 

The self-assembly behaviour of lipids and surfactants in DES has also been studied. Bryant et 

al. demonstrated that phospholipids (1,2-dipalmitoyl-sn-glycero-3-phosphocholine, DPPC; 1,2-

distearoyl-sn-glycero-3-phosphocholine, DSPC; 1,2-dimyristoyl-sn-glycero-3-phosphocholine, 
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DMPC; and egg-PC – 16-22 carbon tails with phosphocholine headgroups) could form lamellar 

(Lα) phases and vesicles21 in reline, similar to those observed in aqueous systems, as probed 

with microscopy and scattering techniques. 

Surfactant self-assembly has been investigated in both reline and glyceline (a DES comprising 

choline chloride and glycerol in a 1:2 molar ratio)22-24. It has been found that the interfacial 

self-assembly behaviour of surfactants in DES is similar to that in aqueous systems. Using 

surface tensiometry, Sanchez-Fernandez et al. showed that cationic quaternary ammonium 

surfactants with different tail lengths (CnTAB, n = 12, 14, and 16) displayed a critical micelle 

concentration (CMC) in glyceline of 22.0, 3.9, and 0.9 mM, respectively25. Anionic sodium 

dodecyl sulfate (SDS) was shown to have a CMC of 2.0 mM in reline26 and 3.9 mM in glyceline27. 

X-ray reflectivity (XRR) studies at the air-reline interface demonstrated surfactant monolayer 

formation similar to that observed in aqueous systems25, 26. 

However, the surfactant self-assembly in bulk DES (with strong hydrogen (H)-bonding 

capabilities) shows morphological features distinct from those in aqueous systems, which also 

depends on the DES composition - thus the molecular interactions mediated by different DES 

constituents. SDS, for example, was reported to form long cylindrical aggregates in reline26, 28, 

29 rather than the spherical or ellipsoidal aggregates in aqueous systems30, 31. Cationic CnTAB 

and zwitterionic sulfobetaine surfactants formed ellipsoidal micelles24, 25 in glyceline. In a 

choline chloride:malonic acid (1:1 molar ratio) DES, C12TAB was found to form globular micelles 

similar to that in aqueous systems, whereas C16TAB formed high aspect ratio aggregates, 

indicative of the influence of the surfactant chain length on the aggregation shape32.  

As recently reported33, 34, the tendency for surfactants to form elongated aggregates in glycerol 

and DES could lead to surprising gelation – particularly at room temperature (RT) – due to 3D 

entanglement of the aggregates. This opens up new possibilities for their application, e.g. as 

delivery vectors, to explore the enhanced viscosity. As reported elsewhere (Matthews et al., 

submitted manuscript34), the formation of feather-like fractal globular aggregates at RT in 

glyceline has been observed at SDS concentrations as low as cSDS = 0.1 wt % (~ 1 CMC). At 

sufficient number densities (i.e. above a critical gelation concentration cCGC > 1.9 wt %), the 

fractals became entangled to form a gel, which has been termed the fracto-eutectogel.   
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9.1.1 Chapter overview 

Previously mentioned in Chapter 834, at elevated temperatures (i.e. T > ~ 45 oC), self-assembly 

and self-organisation of SDS in glyceline could be significantly affected, leading to the transition 

from a gel phase to a fluid phase. Here, a detailed structural study is presented, of 

morphological transformations in the SDS aggregates that accompany the gel-to-fluid 

transition in glyceline in the temperature range 25 – 70 oC. The phase was probed 

microscopically using polarised light microscopy (PLM) and the nanoscopic structure was 

studied using small-angle neutron scattering (SANS). At temperatures below the critical 

gelation temperature (TGC ~ 45 oC), the SANS profiles of SDS aggregates in the fracto-eutectogel 

could be well described by the paracrystal lamellar or mass fractal model. Above TGC, a micellar 

phase was formed, similar to that observed in SDS aqueous systems at room temperature30, 35. 

At 70 oC, the transformation from spherical SDS micelles to cylindrical micelles was also 

observed as the SDS concentration, cSDS, increased from 0.6 to 1.2 wt %. Such richness in the 

aggregate morphologies highlights the differences in self-assembled structures within 

glyceline, as compared with other nonaqueous solvents. Demonstrating the importance of 

molecular interactions within deep eutectic solvents as the driving force for molecular self-

assembly, which are not currently fully understood.   

 

9.2 Data analysis 

 

9.2.1 Introduction 

SANS data was obtained from samples contained in quartz cells with a 2 mm path length over 

0.5 h integration time on the LOQ36, 37 small-angle diffractometer at the ISIS Pulsed Neutron 

Source (STFC Rutherford Appleton Laboratory, Didcot, UK). LOQ utilizes neutrons with 

wavelengths λ = 2 – 10 Å and the data was collected in the q range of 0.008−1.6 Å -1. The raw 

scattering data was corrected for the detector efficiency, sample transmission, and 

background scattering and converted to scattering cross-section data (∂Σ/∂Ω vs q) using 

MantidPlot38-40. The data was then converted to an absolute scale (cm-1) using the scattering 

intensity from a standard sample (a solid blend of hydrogenous and perdeuterated 

polystyrene) in accordance with established procedures41. All model analyses were carried out 
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in SasView42 and full model refinements are shown in Appendix A5. Model refinement of SDS 

in glyceline at elevated temperatures.  

 

9.2.2 Scattering from the fracto-eutectogel 

The SANS data at 25 oC was fitted using two different models. The first was a lamellar 

paracrystal stack model (cf. Figure 9.1a), in which individual lamellae stacks in solution were 

treated as being independent of each other, with the SDS layer considered as a whole rather 

than separate headgroup layers and a tail layer43-46. The general scattering intensity for 

lamellar systems is described as43-46 

𝐼(𝒒) = 	
2𝜋𝑉𝑃(𝒒)𝑆(𝒒)

𝑑𝒒#
(𝟗. 𝟏) 

where V is the scattering volume, P(q) the form factor that describes the shape of the particles 

or the phase present, S(q) the structure factor that describes the interparticle interaction, and 

d the lamellar spacing.  

The second model used to fit data at 25 oC was a mass fractal model (cf. Figure 9.1b) describing 

the scattering from fractal-like aggregates in solution47 

𝐼(𝒒) = 𝑃(𝒒)𝑆(𝒒) (𝟗. 𝟐) 

where the form factor is 

𝑃(𝒒) = 𝐹(𝒒𝑟)# (𝟗. 𝟑) 

and the structure factor is 

𝑆(𝒒) = 	
Γ(𝐷% − 1)𝜁F"2"

[1 + (𝒒𝜁)#]
(F"2")

#

	
sin[(𝐷% − 1) tan2"(𝒒𝜁)]

𝒒
(𝟗. 𝟒) 

where r is the radius of the building block, Γ the correlation length, Dm the mass fractal 

dimension, and ζ the cut-off length.  
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Figure 9.1 Schematic representations of the SANS models and form factors, P(q), used to fit 
the SANS profiles: (a) lamellar paracrystal stack, (b) mass fractal model, (c) core-shell-cylinder 
P(q), and (d) core-shell-sphere P(q). 
 

9.2.3 Scattering from micellar aggregates 

The SANS data at 70 oC was fitted using two different form factors, P(q), in SasView, in a core-

shell-cylinder model (cf. Figure 9.1c) and a core-shell sphere mode (cf. Figure 9.1d), 

respectively. The form factor, P(q), for a core-shell-cylinder is48-50 

𝑃(𝒒) = 	
1
𝑉0
𝐹#(𝒒, 𝛼) ∙ sin 𝛼 (𝟗. 𝟓) 

where 

𝐹(𝒒, 𝛼) = (𝜌* − 𝜌0)𝑉*
sin @𝒒 12 𝑙 cos 𝛼B

𝒒 12 𝑙 cos 𝛼

2𝐽"(𝒒𝑟 sin 𝛼)
𝒒𝑟 sin 𝛼 +

																																																					(𝜌0 − 𝜌0;95)𝑉0
sin @𝒒 @12 𝑙 + 𝑡B cos 𝛼B

𝒒 @12 𝑙 + 𝑡B cos 𝛼

2𝐽"(𝒒(𝑟 + 𝑡) sin 𝛼)
𝒒(𝑟 + 𝑡) sin 𝛼

(𝟗. 𝟔) 

and 

𝑉0 = 	𝜋(𝑅 + 𝑡)#(𝐿 + 2𝑡) (𝟗. 𝟕) 

rt

(a)
d
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Here, α is the angle between q and the cylinder axis, Vs is the total volume, Vc is the core 

volume, l is the core length, r is the core radius, t is the shell thickness, ρc is the core SLD, ρs is 

the shell SLD, ρsolv is the solvent SLD, and J1 is the first order Bessel function.  

The form factor, P(q), for a core-shell-sphere model is48  

𝑃(𝒒) = 	
𝐹#(𝒒)
𝑉

(𝟗. 𝟖) 

where 

𝐹(𝒒) = 	
3
𝑉0
b𝑉*(𝜌* − 𝜌0)

sin(𝒒𝑟*) − 	𝒒𝑟* cos(𝒒𝑟*)
(𝒒𝑟*)@

	+ 	𝑉0(𝜌0 − 𝜌KLMN)
sin(𝒒𝑟0) − 	𝒒𝑟0 cos(𝒒𝑟0)

(𝒒𝑟0)@
d (𝟗. 𝟗) 

where Vs is the total scattering volume of the object, Vc the scattering volume of the core, ρc 

the scattering length density (SLD) of the core, ρs the SLD of the shell, ρsolv the SLD of the 

solvent, rc the radius of the core, and rs the sum of the radius of the core and the thickness of 

the shell.  

 

9.3 Results and discussion 

 

9.3.1 The effect of temperature on the microscopic structure of the surfactant mesophase 

Polarised light microscopy (PLM) revealed an anisotropic mesophase at room temperature (RT) 

for samples with SDS concentrations cSDS > 1.9 wt % in glyceline, consisting of anisotropic 

fractal-like aggregates34, diminishing as the temperature was increased (at a rate 0.1 oC s-1) and 

disappearing completely at T = 50 – 55 oC (Figure 9.2). This suggests transformation the 

aggregates to an isotropic structure . Figure S1 shows the PLM images that captured the phase 

transition at T = 50 – 55 oC at a finer temperature increment. 
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Figure 9.2 PLM images of 2.5 wt% SDS in glyceline at different temperatures as indicated, 
showing the disappearance of the fractal aggregates temperature was increased to > ~50 oC. 
Images were taken at 4 x magnification with a 530 nm first order waveplate,  and the scale bars 
represent 100 μm. 
 

9.3.2 Micellar nanostructure from SANS 

Figure 9.3a shows the SANS profiles for h-SDS (cSDS = 5.3 wt%; 40.7 CMC) in d-glyceline in the 

temperature range T = 25 – 70 oC.  Visual and microscopic observations confirmed that a gel 

(termed a fracto-eutectol gel) transitioned into a fluid phase at temperature above TCG ~ 40 – 

50 oC34. Of the micellar models trialled, a core-shell-cylinder form factor, P(q), was found to 

best fit the data above the TCG, without any structure factor, S(q), suggesting non-interacting 

cylinders in solution despite the anionic nature of SDS. This may be rationalised by the presence 

of choline and chloride ions (~ 33 wt %; 6.84 M choline chloride) which may effectively screen 

the interactions between the aggregates.  
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Figure 9.3 (a) SANS profiles for 5.3 wt % h-SDS in d-glyceline at different temperatures (25 – 70 
oC), showing the transition from the gel phase to the micellar phase at a critical gelation 
temperature, TCG ~ 40 – 50 oC. Fits to the profiles are indicated by black lines, and different 
lines are used to relate to the type of model used in the fit, shown in the legend: the mass 
fractal model (b), the lamellar stack paracrystal model (c), and the core-shell cylinder model 
(d). The profiles are offset on the vertical scale for clarity. 
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Table 9.1 Fitting parameters for the lamellar stack paracrystal model (cf. Figure 9.3c) used to 
simulate the data for cSDS = 5.3 wt% h-SDS in d-glyceline in the gel phase at 25, 35, and 40 oC 
(cf. Figure 9.3a): SDS bilayer thickness tL, number of layers in the stack nLayers, d-spacing, 
polydispersity of the d-spacing σd, scattering length density of SDS ρSDS, scattering length 
density of glyceline ρGly, polydispersity of the SDS bilayer thickness σt, and chi squared value χ2. 

Lamellar stack 
paracrystal model  

25 oC 35 oC 40 oC 

tL (Å) 20.0 20.6 20.0 

nLayers 57.7 57.8 57.8 

d-Spacing (Å) 20.4 20.4 20.8 

σd (Å) 0.013 ~ 0 0.067 

ρSDS (10-6 Å-2) 0.40 0.44 0.35 

ρGly (10-6 Å-2) 5.50 5.83 5.75 

σt 1.0 1.0 1.0 

χ2 3.8 2.6 3.5 

 

Table 9.2 Fitting parameters for the mass fractal model (cf. Figure 9.1b) used to simulate the 
data for 5.3 wt % h-SDS in d-glyceline at 25, 35, and 40 oC (cf. Figure 9.3): radius of the fractal 
aggregate r, fractal dimension Dm, and chi squared value χ2. 

Mass Fractal 
Model 

25 oC 35 oC 40 oC 

r (Å) 56.5 30.8 30.0 

Dm 2.95 3.00 2.98 

χ2 3.4 3.1 3.7 

 

 

 

 

 

 

 

 



Chapter 9. The fracto-eutectogel to fluid transition 

251 
 

Table 9.3 Fitting parameters for the core-shell cylinder model (cf. Figure 9.3d) used to simulate 
the data for 5.3 wt% h-SDS in d-glyceline in the fluid phase at 50, 55, 60, 65, and 70 oC (cf. 
Figure 9.3a): core radius r, shell thickness t, cylinder length l, scattering length density of the 
core ρcore, scattering length density of the shell ρshell, scattering length density of glyceline ρGly, 
polydispersity of the core radius σr, polydispersity of the shell thickness σt, polydispersity of the 
cylinder length σl, and chi squared value χ2. 

Core-Shell-
Cylinder Model 

50 oC 55 oC 60 oC 65 oC 70 oC 

r (Å) 17.5 17.1 16.8 16.3 16.3 

t (Å) 5.0 5.0 5.0 4.8 4.8 

l (Å) 26.4 25.7 25.1 23.9 23.9 

ρcore (10-6 Å-2) -0.31 -0.42 -0.40 -0.38 -0.38 

ρshell (10-6 Å-2) 4.98 5.03 4.95 4.80 4.80 

ρGly (10-6 Å-2) 5.79 5.82 5.83 5.87 5.87 

σr 0.05 0.05 0.05 0.05 0.05 

σt 0.05 0.05 0.05 0.05 0.05 

σl 0.05 0.05 0.05 0.05 0.05 

χ2 1.87 1.88 1.82 2.28 2.45 

 

Figure 9.4a shows the SANS profiles at different SDS concentrations, cSDS, at a higher 

temperature (T = 70 oC). Fitting the data to various models shows that there was a transition 

in the form factor, F(q), from isotropic scattering (cSDS = 0.1 and 0.3 wt %, ~ 1 and 3 CMC 

respectively), to a core-shell sphere (cSDS = 0.6 wt %, 6 CMC), and then to a core-shell cylinder 

(cSDS > 1.2 wt %, 12 CMC) as cSDS was increased. This contrasts with the observation of fractal 

aggregates for all cSDS at T = 25 oC; a critical concentration can be defined, below which no 

fractal aggregates are observed, the critical fractal aggregate concentration, cCFC. The 

observation of fractal aggregates at all cSDS, but the presence of isotropic scattering at 70 oC in 

some cSDS, suggests that cCFC at 25 oC (cCFC < 0.1 wt %) is lower than the CMC at 70 oC (CMC ~ 

0.6 wt %). This relates to the Krafft temperature, TK, where the fractal aggregates are a result 

of measurements being taken below the TK of glyceline, and in the fluid phase (above TK), self-

assembly dominates.  
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The dimension of the cylindrical micelles varied as a function of both T and cSDS (Figure 9.5) 

where for all cSDS both the radius, r, and length, l, of the cylinders decrease with increasing 

temperature. The length of cylindrical aggregates decreasing with increasing T has been 

observed in other systems, as the greater thermal energy (kbT) would encourage breakup of 

longer aggregates51. The decreasing cylinder radius, r, with increasing T has also been observed 

previously and is explained by the increased motions of the hydrophobic chains at higher T, 

allowing for a better configuration of the tails, reducing steric effects52. The radius of the 

cylindrical micelles increases with decreasing concentration in agreement with theoretical 

observations, where micellar radii initially increase with concentration, but then decreases due 

to the increasing number of micelles53. The cylinder length increases here with cSDS, due to the 

increased number of SDS molecules incorporated in individual micelles.   

 

Figure 9.4 (a) SANS profiles for h-SDS in d-glyceline at varying surfactant concentrations, cSDS, 
at T = 70 oC. Also shown are fits to different models used (cf. Figure 9.4b). The profiles are 
offset on the vertical scale for clarity. (b) Schematic representation of the models used as the 
SDS concentration cSDS increased: the core-shell cylinder model (top) the core-shell sphere 
model (middle), and isotropic scattering (bottom). 
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Table 9.4 Fitting parameters for the core-shell cylinder model used to simulate the data for 1.2, 
2.7, and 5.3 wt% h-SDS in d-glyceline at 70 oC (cf. Figure 9.4a): core radius r, shell thickness t, 
cylinder length l, scattering length density of the core ρcore, scattering length density of the 
shell ρshell, scattering length density of glyceline ρGly, polydispersity of the core radius σr, 
polydispersity of the shell thickness σt, polydispersity of the cylinder length σl, and chi squared 
value χ2. 

Core-Shell 
Cylinder Model 

1.2 wt % 2.7 wt % 5.3 wt % 

r (Å) 16.8 16.9 16.3 

t (Å) 5.0 5.0 4.8 

l (Å) 23.9 23.6 21.1 

ρcore (10-6 Å-2) -0.38 -0.34 -0.39 

ρshell (10-6 Å-2) 4.80 4.80 4.80 

ρGly (10-6 Å-2) 5.87 5.86 5.88 

σr 0.05 0.05 0.05 

σt 0.05 0.05 0.05 

σl 0.05 0.05 0.05 

χ2 2.45 2.07 4.31 
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Table 9.5 Fitting parameters for the core-shell sphere model used to simulate the data for 0.6 
wt% h-SDS in d-glyceline at 70 oC (cf. Figure 9.4a): core radius r, shell thickness t, scattering 
length density of the core ρcore, scattering length density of the shell ρshell, scattering length 
density of glyceline ρGly, polydispersity of the core radius σr, polydispersity of the shell thickness 
σt, and chi squared value χ2. 

Core-Shell Sphere Model 0.6 wt % 

r (Å) 16.4 

t (Å) 5.0 

ρcore (10-6 Å-2) -0.30 

ρshell (10-6 Å-2) 5.12 

ρGly (10-6 Å-2) 5.74 

σr 0.05 

σt 0.05 

χ2 1.35 

 

 

 



Chapter 9. The fracto-eutectogel to fluid transition 

255 
 

 

Figure 9.5 The effect of temperature, T, and cSDS on the radius, r, (top) and length, l, (bottom) 
of cylindrical aggregates formed in the glyceline bulk taken from fitting to SANS profiles, for 5.3 
wt % (red), 2.7 wt % (orange), and 1.2 wt % (yellow) wt % SDS in glyceline. Schematic 
representation of the core-shell cylinder model shown (right).  
 

9.4 Summary and Conclusions 

 

The morphological changes that occurred upon the SDS-in-glyceline, a deep eutectic solvent, 

fracto-eutectogel to fluid transition have been probed with PLM and SANS. This transition 

manifested in the disappearance of fractal dendrites as observed with PLM, and the change in 

the SANS profiles. The SANS profiles at room temperature, noted in Chapter 834, were fit to a 

mass fractal model aligning with the dendritic aggregates seen microscopically in PLM. The 

negative first normal force difference, N1, and elastic properties further described a gel 

consisting of globular aggregates in solution, akin to a physical colloidal gel. These observations 

noted the fracto-eutectogel to consist of interpenetrating dendritic fractal aggregates, through 

a crystallisation process. However, at the critical gelation temperature, TGC ~ 45 oC, a gel-to-

fluid transition is observed, which was characterised structurally with SANS. The fluid phase 

was shown to comprise of a globular micellar fluid phase, where the observed morphology was 

concentration dependent, evident from the SANS fitting analyses.  
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SANS analyses also revealed morphological transformations of SDS micelles in the fluid phase 

(T ~ 70 oC). Whilst isotropic scattering was observed at lower SDS concentrations, cSDS < 0.6 wt 

%, spherical micelles were observed at cSDS = 0.6 wt %, and cylindrical micelles at cSDS > 0.6 wt 

%. Morphological transformations of micelles have also been reported in aqueous SDS systems 

due to the addition of salt, rather than change in the SDS concentration. For instance, spherical 

or ellipsoidal micelles30, 31, 35 have been observed at RT at similar cSDS (cSDS ~ 6.0 wt %, though 

micelles are observed up to 40 wt % and at 70 oC SDS in water), however, upon addition of 

sodium chloride (csalt = 1 – 2 M) flexible wormlike micelles are observed54-56. The effect of salt 

addition on the SDS micelle shape in water could be well explained by the packing parameter: 

screening of the electrostatic headgroup repulsion would reduce the effective headgroup area, 

leading to a larger packing parameter (CPP = V0 / ael) and aggregates of a smaller curvature, 

accounting for the sphere to cylinder transition. 

This highlights the differences of self-assembly in DES, where the formation of cylindrical 

aggregates without additional salt was observed in SDS self-assembly.  This transition from gel 

to a fluid phase has been reported in an SDS-in-glycerol gel57. However, the lack of structure 

factor, S(q), in the glyceline system (cf. Figure 9.4a), differs from that observed in glycerol33 

and in DES as previously reported26, 28. Previous modelling of SANS profiles of ionic surfactants 

in reline and glyceline have included a hard sphere structure factor, S(q)25, 28, pointing to 

interacting globular aggregates. The absence of an S(q) here suggests that the globular 

aggregates are non-interacting, which is atypical for micelles consisting of ionic surfactants. 

The effective concentration of choline chloride in glyceline is 6.84 M, with a corresponding 

Debye length κ-1 ~ 0.086 nm. This suggests that the presence of choline and chloride ions in 

the glyceline bulk screen the micellar aggregates from each other. It has been suggested that 

the choline ions could actively participate in the surfactant crystallisation in forming the fractal 

aggregates at RT33, 34, encouraging dissociation of choline chloride. 

The differences between glycerol and glyceline indicate that the self-assembly behaviour is 

influenced by choline chloride in the solvent which dissociate and screens interactions 

between SDS and between aggregates. The elongation of the SDS micelles observed with 

increasing cSDS in glyceline suggests that either the headgroup area decreases or the tail volume 

increases, to account for the reduction in curvature observed. Another explanation is related 

to the increasing number density of SDS micelles with increasing cSDS. For anionic SDS, this 
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would result in pockets of negative charge within the bulk medium, screened from other SDS 

micelles. The positive choline ions would associate with the negative micelles with the ability 

to bridge between separate micelles, noted in our related work on the SDS-in-glyceline fracto-

eutectogel34. The length of the cylinders, relatively short compared to SDS in water cylindrical 

aggregates (wormlike micelles, l > 1000 Å58, 59), would account for this, as the choline ions 

would bridge 2 – 3 spherical micelles.  

The results here, in combination with previous observations in glycerol, have shown that the 

self-assembly of surfactants in polar-nonaqueous polar media is complex. Previous results, 

Chapter 4, of SDS in glycerol show a microfibrillar gel phase with lamellar nanostructure33 at 

room temperature, transitioning to a fluid phase consisting of cylindrical aggregates interacting 

via a Coulombic pair potential. It is also an important consideration to make for many 

applications, as salts are a typical formulation additive. It is also relevant to biological 

processes, where human cells, for instance, contain salt for many processes, transmitting nerve 

signals as an example.  
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Chapter 10 

Self-assembly of lipids in non-aqueous 

polar solvents: Miscellaneous results 

Lipids are biologically relevant amphiphiles, for example cell membranes are composed of 

phospholipids, and diseases can cause changes in lipid composition of membranes, which can 

cause changes in membrane fluidity. However, the formation of self-assembled lipid structures 

is not well-studied in nonaqueous polar solvents. Here, the self-assembly of lipids in nonaqueous 

polar solvents is probed in the bulk and at the solid-liquid interface, which is then compared 

with aqueous media. The structure of the bulk phase was probed with dynamic light scattering 

(DLS), and small-angle neutron scattering (SANS). The interfacial structure was probed with X-

ray reflectivity (XRR) at the mica-liquid interface as a function of solvent composition, lipid tail 

length, and temperature. The bulk structure showed globular aggregates with multilamellar 

structure, where some of the lamellar character was lost with increasing temperature to above 

the tail transition temperature. Study of the interfacial structure showed the importance of 

diffusion in liposome adsorption and rupture at the mica-liquid interface. Glycerol was shown 

to improve layer formation for the phospholipids studied here, where faster incubation times 

and thicker layers in glycerol-water mixtures was observed. These observations highlight the 

importance of glycerol in lipid self-assembly, despite the similarity in structure, the 

improvement of layer formation is not currently well understood. Understanding this behaviour 

could be key in fundamental biological processes, such as the formation of life. 
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10.1 Introduction 

 

Lipids are a biologically relevant amphiphile that have been introduced in Section 1.4.3, 

understanding the lipid self-assembly mechanism in nonaqueous solvents is important, for 

instance in the formation of life, where the media cannot be solely water due to environmental 

difficulties1. Glycerol has been of interest in biological applications given its biocompatibility 

and its ability to withstand low temperatures2, however, toxicity effects have been noted in 

using glycerol as a cryoprotectant, if cells were incubated in glycerol above 22 oC3, relevant in 

thawing. Glycerol is also the backbone of the headgroup in phospholipids, an important class 

of lipids that compose many cell membranes, typically with acyl tails and a phosphate 

headgroup. 

10.1.1 Lipids in cell membranes 

The lipid composition of red blood cell membranes in subjects was studied to observe the 

progression of pantothenate kinase-associated neurodegeneration (PKAN), a 

neurodegeneration characterised by iron accumulation in the brain, hence the study of red 

blood cells4. The lipid composition of red blood cells in healthy patients was compared to those 

with PKAN (Table 10.1), where the ratio of sphingomyelin (SM) to phosphatidylcholine (PC) or 

phosphatidylethanolamine (PE) increased in the PKAN subjects5. However, the ratio of PE:PC 

was unchanged compared to healthy subjects, resulting in a change to the physicochemical 

properties of the red blood cell membrane. This highlights the importance of studying the 

changes in cell membrane lipid composition with diseases, as the composition has implications 

on cell viability6, 7. 
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Table 10.1 Red cell membrane lipid and cholesterol composition in healthy vs PKAN subjects. 
Abbreviations: PE phosphatidylethanolamine, PI phosphatidylinositol, PS phosphatidylserine, 
PC phosphatidylcholine, and SM sphingomyelin. Table taken from [5]. 

Lipid or lipid ratio 
Healthy subjects 

(mol %) 
PKAN subjects 

(mol %) 
Change 

(%) 

PE 36.0 ± 4.40 34.7 ± 7.06 - 3.61 

PI 4.47 ± 1.56 2.63 ± 1.87 - 41.2 

PS 9.38 ± 1.75 6.73 ± 3.30 - 28.2 

PC 31.8 ± 3.78 33.1 ± 5.34 + 4.10 

SM 18.4 ± 2.37 22.8 ± 3.17 + 24.0 

    

SM/PC 0.585 ± 0.09 0.696 ± 0.10 + 19.0 

SM/PE 0.521 ± 0.11 0.700 ± 0.27 + 34.4 

PC/PE 0.902 ± 0.19 0.814 ± 0.35 - 9.8 

The composition of lipids is also important in studying bacteria and viruses, for example the 

human immunodeficiency virus (HIV) is enclosed by a lipid membrane8, the composition of 

which was investigated to elucidate the growth mechanism of HIV in a host cell. The 

comparison of infected plasma cells, white blood cells, to uninfected plasma cells showed a 6 

% increase in PC and a decrease in PS and SM (38 and 14 % respectively)9. The composition of 

the viral membrane and the plasma cell membrane was also compared, showing a reduction 

of PI and PC in the viral membrane (80 and 50 % respectively), but an elevation of PS by 40 %. 

Another study was carried out on Bacillus subtilis to probe the effect of lipid composition on 

the sporulation process, a process by which the bacteria produces dormant species to survive 

inhabitable conditions10. Griffiths and Setlow (2009)11 showed that the changes in lipid 

composition did not affect the sporulation process, though phosphatidylglycerol was shown to 

be vital for the bacteria. 

10.1.2 Lipids in nonaqueous media 

The use of self-assembled lipid structures as membrane models has already been discussed in 

Section 1.4.3, but here more focus will be on liposomes and supported lipid bilayers to 

supplement results shown. Lipid bulk mesophases in glycerol have been probed with X-ray 

diffraction (XRD), electron spin resonance spectroscopy (ESR) and differential scanning 
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calorimetry (DSC) in the bulk. Swamy and Marsh (1995)12 showed an interdigitation of PC lipids 

in glycerol, using highly concentrated lipid solutions (10:6 lipid:glycerol), supported by XRD 

measurements by Takahashi et al. 13. However, the thermodynamic behaviour was similar to 

that observed in water, where any discrepancies were accredited to differences in interfacial 

energetics, likely relating to the differences in hydrogen-bonding. Dioleoyl phosphocholine 

(DOPC) was shown to form vesicles and lamellar mesophases in glycerol-water mixtures and 

were studied using ESR and time resolving fluorescence microscopy, showing the effect of 

glycerol on packing in the phases. In particular, the polar headgroup increases, swelling with 

glycerol molecules, but the bilayer length decreases14, 15.  

The bulk lipid structure has also been probed in other nonaqueous solvents, in particular in 

nonaqueous-aqueous binary systems under the term solvent-assisted lipid self-assembly 

(Figure 10.1)16. In studies using isopropanol, dimyristoyl trimethylammoniumpropan (DMTAP) 

went through a phase transition from lipid bilayers at 10:90 isopropanol to water, to micelles 

and inverse micelles at 40:60, to lipid multilayers at 85:1516. Tabaei et al. (2014)17 showed an 

enrichment of cholesterol in lipid membranes by preparing the bilayers in isopropanol, and 

exploiting the volatility of the alcohol, allowing for planar bilayer fragments to form in the 

increasing water fractions adsorbing to a range of substrates18. Bryant et al. (2015)19 showed 

the formation of PC vesicles in reline, a deep eutectic solvent comprising of choline chloride 

and urea, where polarising light microscopy and SAXS indicated the presence of a lamellar 

phase that transformed into vesicles.  

 

Figure 10.1 Self-assembly of lipids in isopropanol-water mixtures, showing a range of 
morphologies available in isopropanol and liposomes/lipid bilayers in water. Image taken from 
[16]. 
 

 



Chapter 10. Self-assembly of lipids in non-aqueous polar solvents 

265 
 

10.1.2 Gel to fluid tail transition 

Lipids undergo a thermal transition20-23, where, at a specific temperature (Tm), the tails go from 

packing in a crystalline state to packing in a fluid state (Figure 10.2), this is known as the gel to 

liquid crystal, or fluid, phase and varies for each lipid. This is important biologically, as cell 

membranes are in the fluid phase24 and so as the body cools down, the membranes can 

transition to the gel phase. The reduction in fluidity is problematic for cell viability, and it has 

been shown in Acholplasma Laidlawii membranes25, and extended to phospholipids, that as 

the temperature is cooled the membranes become enriched with fatty acids to improve 

membrane fluidity26.  

 

Figure 10.2 Schematic representation of the gel to fluid transition of tails from a crystalline to 
a fluid state.  
There is also the possibility of a pretransition before the gel to fluid transition, where the planar 

bilayers form undulated lipid bilayers (Figure 10.3)27, 28. This transition is not separate to the 

gel to fluid phase as it is linked to the tail melting process, and is proposed to be a result of 

statistical formation of fluid type lipids in the bilayer of gel type lipids29. The driving force for 

this transition is a result of the hydrocarbon tilt angle, which gets smaller upon heating, forcing 

the headgroup area to become smaller30. This is unfavourable for lipids that ideally maximise 

the polar headgroup area, and such attempt to shift to gain a larger headgroup area, this can 

only be achieved in the form of undulations, the pretransition phase.   

 

Figure 10.3 Schematic representation of the pre-transition lipid phase, an undulated lipid 
bilayer phase. Image recreated from [28]. 
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10.1.3 Chapter overview 

Here, the self-assembly of phosphatidylcholines in glycerol and glycerol aqueous mixtures are 

discussed, both in the bulk and at the solid-liquid interface. These systems in aqueous media 

suggest the formation of multi- and unilamellar vesicles in the bulk and supported lipid bilayers 

at the solid-liquid interface. Initial studies at the bulk suggest a multilamellar phase present in 

the glycerol bulk when unextruded and smaller liposomes when extruded. At the solid-liquid 

interface, the formation of lipid layers is observed from Kiessig fringes noted in the reflectivity 

profiles. These observations suggest that lipid self-assembly is similar to that in aqueous 

systems at low concentrations. Though to fully understand the phases formed in these 

solutions, full data analysis and fitting needs to be carried out, to obtain important structural 

parameters such as layer thickness, coverage, and density.  

 

10.2 Materials 

 

10.2.1 Lipids 

Dimyristoyl phosphocholine (DMPC)31, dipalmitoyl phosphocholine (DPPC)32, distearoyl 

phosphocholine (DSPC)33, and dioleoyl phosphocholine (DOPC)34 were all purchased from 

Avanti Polar Lipids. Each were purchased as 25 mg mL-1 solutions in chloroform, and the lipid 

details are in Table 10.2 and Figure 10.4. Lipids were kept at -30 oC to ensure all lipids were 

below the tail transition temperature, and lipids were kept sealed from oxygen until use, to 

reduce tail cleavage through exposure to oxygen.  

Table 10.2 A table summarising some physical parameters for the lipids used in this study, 
taken from the Avanti Polar Lipids website, [1-4], molecular weight Mw, tail chain length, tail 
transition temperature Tm, molecular architecture, and product code from Avanti Polar Lipids.  

Lipid 
Mw 

(g mol-1) 
Chain 

Tm 

(oC) 
Molecular 

Architecture 
Product 

Code 
Reference 

DMPC 677.5 C(14) 24 Figure 10.4a 850345 [31] 

DPPC 733.6 C(16) 41 Figure 10.4b 850355  [32] 

DSPC 789.6 
C(18) 

saturated 
55 Figure 10.4c 850365 [33] 

DOPC 785.6 
C(18) 

unsaturated 
-17 Figure 10.4d 850375 [34] 
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Figure 10.4 The molecular architectures of phospholipids used in this work, (a) DMPC, (b) DPPC, 
(c) DSPC, and (d) DOPC. 
 

10.2.2 Preparation of liposomes 

Prior to preparation of liposomes, all glassware was cleaned in a 10 % nitric acid solution prior 

to use, by immersing in the acid overnight, then soaking in milli-Q water and rinsing in milli-Q 

water before leaving to dry in an oven at 60 oC. Liposomes were then prepared by adding the 

lipids dispersed in chloroform to a round bottom flask and were dried using a rotary evaporator 

(Heidolph Hei-VAP), forming a lipid film. The lipid film was hydrated to a concentration of 1 mg 

mL-1 using the appropriate solvent and left to sonicate (Ultrawave QS5) at a temperature above 

the tail transition temperature for 30 mins, forming multilamellar vesicles (MLVs). To form 

small unilamellar vesicles (SUVs), the MLVs were extruded through a thermobarrel extruder 

(LIPEXTM; Northern Lipids Inc.) 12 times with polycarbonate membranes, 6 times through a 200 

nm and 6 times through a 100 nm pore size, (Whatman® NucleporeTM). 
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10.3 Methods 

 

10.3.1 Small-angle neutron scattering 

The scattering profiles obtained in this chapter were taken at the Sans2d35, 36 beamlines, ISIS 

Muon and Neutron Source, Oxford, UK (RB: 191008037). Sans2d utilises a q-range of 0.002 – 

0.5 Å-1 was achieved utilizing neutrons of λ = 1.75 – 10.75 Å. The raw scattering data was 

corrected for the detector efficiency, sample transmission, and background scattering and 

converted to scattering cross-section data (∂Σ/∂Ω vs q) using MantidPlot38-40. The data was 

then converted to an absolute scale (cm-1) using the scattering intensity from a standard 

sample (a solid blend of hydrogenous and perdeuterated polystyrene) in accordance with 

established procedures41.  

10.3.2 Dynamic light scattering 

The size and polydispersity of extruded liposome dispersions was measured with DLS, using a 

Malvern Nano Zetasizer ZS and Malvern Zetasizer software. For measurements, 1 mL of sample 

was placed into a UV cuvette (Fisher Scientific) and left to equilibrate for 2 minutes before 

measurements were taken. Measurements were repeated three times to ensure 

reproducibility and the correlation function was monitored to observe any issues as the 

measurements progressed (for example Figure 10.5).  

 

Figure 10.5 The correlation functions of two different liposome dispersions plotted as counts 
(C) vs time (t). (a) An example of a smooth correlation function, and (b) an example where the 
correlation function is indicating an issue with the sample. 
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10.3.3 X-ray reflectivity at the solid-liquid interface 

X-ray reflectivity (XRR) measurements were carried out at the I07 beamline (Diamond Light 

Source, UK) at an X-ray energy of 12.5 keV (0.992 Å), using a q-range of ~ 0.015 – 0.68 Å-1. The 

specularly reflected intensity was detected by a Pilatus 100K 2D detector, using regions of 

interest (ROI) to select the area of reflected beam and a background for reduction. Other data 

reduction steps were carried out through the generic data acquisition (GDA) client and data 

was transformed into a 1D curve of reflected intensity, I(q), versus q (mentioned in Section 

2.2.4).  

The solid substrate chosen for measurements here was muscovite mica, an atomically smooth 

anionic substrate, providing additional driving force for cationic lipids to adsorb to the surface. 

Mica is typically not chosen as a substrate for XRR measurements as it is difficult to achieve a 

large flat surface, where flatness is required over millimetres. Briscoe et al.42-44 developed a 

method for using mica, by bending the mica piece over a cylindrical stage, resulting in a large 

enough flat area for XRR measurements, and further developed a cell to measure at the liquid-

mica interface (Figure 10.6). Mica pieces were freshly cleaved before measurements (~ 0.2 x 

10 x 30 mm), secured to the cylindrical stage, and were measured bare before injection to 

ensure the mica cleanliness. Then, ~ 2 mL of liposome solution was injected and measured, 

before heating and cooling to above the tail transition temperature.  
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Figure 10.6 The liquid cell developed by Briscoe et al. for measuring the liquid-mica interface, 
(A - D) stainless steel plates to hold the cell together, (a and c) optically transparent Mylar 
windows, (b) grooves for Viton® O-rings to seal the cell and stop leakage, (d) cleaved mica sheet 
(~ 1 x 2.5 cm), (f) stainless steel clamps to hold the mica in place, (e) underlying cylinder to 
bend the mica piece, (g, h, i) inlets for in situ gas/liquid exchange. Image taken from [43]. A 
thermal jacket was also attached to the cell and a Julabo water bath for measurements at 
higher temperatures.  
 

 

 

10.4 Results and Discussion 

 

10.4.1 Bulk lipid phases in nonaqueous polar solvents 

The results from dynamic light scattering of extruded DMPC and DSPC liposomes in glycerol, 

water, and binary mixtures of water and glycerol are shown in Figure 10.7a and b respectively. 

The results indicate the success of extruding the liposomes, as the liposome diameters are 

around 100 nm or lower for each sample, with some larger aggregates (~ 400 nm) observed 

for DSPC liposomes. Figure 10.7c compares the size of liposome formed between DMPC and 

DSPC in different solvents, generally the DSPC liposomes have a larger diameter, which is 

expected due to the chain length of DSPC being larger than DMPC (C18 vs C14). 
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Figure 10.7 DLS data of DMPC (a) and DSPC (b) in a range of solvents, water (red), 20 % glycerol 
(orange), 50 % glycerol (yellow), 80 % glycerol (green), and glycerol (blue). (c) Diameter of 
DMPC (red) and DSPC (blue) liposomes as the glycerol content of the solvent is increased.  
The bulk structure in unextruded solutions of both h-DMPC and h-DSPC liposomes in d-glycerol 

was measured at room temperature and around the tail transition temperature using small-

angle neutron scattering (SANS), Figure 10.8a and b respectively. The raw scattering profiles of 

the lipid phases at room temperature reveal the presence of multilamellar structures, from the 

appearance of a Bragg peak at ~ 0.1 Å-1. The Bragg peak relates to the d-spacing of the lamellae, 

the d-spacing of DMPC and DSPC lamellae at room temperature is 5.21 and 5.40 nm 

respectively. The larger size of DSPC lamellae is expected due to the longer chain length; the 

two d-spacing values are larger than that observed in aqueous media45 (4.43 and 4.98 nm for 

DMPC and DSPC). The discrepancy in bilayer size could be a result of glycerol interactions with 

the headgroups, causing the headgroups to swell.  
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Figure 10.8 Raw scattering profiles of DMPC (a) and DSPC (b) unextruded liposome solutions 
at room temperature (red) and at a temperature around the tail transition temperature (blue) 
of the specific lipid.  
The liposome solutions were then heated to around the tail transition temperature for each 

lipid and for both DMPC and DSPC, not only does the Bragg peak disappear, but a region of I(q) 

~ q-2 appears. These two phenomena suggest a structural transition of the tails from the gel to 

the fluid phase, as the power law ~ 2 is indicative of a structural change in solution46 and the 

Bragg peak disappearing suggests less lamellar structure. The appearance of the power law ~ 

2 could be a result of the breakup of the larger multilamellar structure, due to tail transition 

into a more fluid phase. This would correlate with the disappearance of the Bragg peak, a result 

of less ordered lamellae sheets. For the structure to be confirmed, full model analysis should 

be completed, however, as the Bragg peaks have disappeared, it can be proposed that the 

objects are less multilamellar than before. 

10.4.2 Liposome rupture in nonaqueous polar solvents 

In aqueous media, it has been shown that liposome solutions of phospholipids rupture at the 

water-mica interface and form layered lipid structures44. However, it was not known whether 

the same would occur in glycerol media, as the viscosity of the solvent could hinder diffusion 

of the lipid molecules to the interface. The first lipid trialled in glycerol was DOPC (Figure 10.9), 

as it is well studied in the literature. After injection and subsequent mica alignment, no layer 

was observed at the glycerol-mica interface, unlike in aqueous media where a layer was 

observed after this period of time. Due to the viscosity of glycerol, the sample was left to 
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incubate for 24 and 48 hours, only after 48 hours was a bilayer observed, by the presence of 

Kiessig fringes. The bilayer thickness, t, can be estimated by the difference in fringe spacing 

and for this bilayer, t ~ 5.08 nm, as seen in the SANS data this is larger than that observed in 

aqueous systems (t = 4.84 nm47), once again alluding to swelling of the headgroups by glycerol.  

 

Figure 10.9 Raw reflectivity profiles of bare mica (black), after injection of 2 mL 1 mg mL-1 DOPC 
in glycerol (yellow), after 24 hours incubation (orange), and after 48 hours incubation (red). 
The starred peak is a peak due to the mica.    
The success of forming a lipid bilayer at the glycerol-mica interface was followed by trialling 

three more lipids (DMPC, DPPC, and DSPC) to probe the effect of chain length on interfacial 

structure (Figure 10.10). XRR indicated successful layer formation in both DMPC and DSPC, 

however, no layer formed in the DPPC sample, though due to time constraints the sample was 

not incubated for as long as 48 hours. The size of the bilayer formed for both DMPC and DPSC 

was determined (tDMPC ~ 3.79 nm and tDSPC ~ 3.63 nm), both bilayers were smaller than 

observed with SANS and smaller than DOPC, despite DSPC having the same number of carbons 

in the tails. This could be a result of the incubation time, both samples showed bilayer 

formation without incubation time, so diffusive effects could cause the smaller bilayers. 

Modelling the data would help confirm this, by determining whether there is full coverage and 

whether the lipid tails are tilted.   
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Figure 10.10 Raw reflectivity profiles after injection of 2 mL 1 mg mL-1: DMPC in glycerol (red), 
DPPC in glycerol (orange), DSPC in glycerol (yellow), and DOPC in glycerol (green). The starred 
peaks are peaks due to the mica. 
10.4.3 The effect of water on liposome rupture 

The effect of water was probed as biologically relevant systems are typically water-glycerol 

mixtures, for instance hyalophoria cecropia pupae have 200 mM glycerol in their blood48, 49. 

For each lipid, the glycerol system and three glycerol-water compositions were studied and for 

DMPC and DPPC, the aqueous system was also studied (Figure 10.11). An initial glance at the 

profiles indicates that the presence of water does indeed affect the layer formed at the liquid-

mica interface. 

Figure 10.11a shows the effect of water on the DMPC layer formed and Table 10.3 summarises 

the approximated bilayer thicknesses of DMPC layers formed at the liquid-mica interface. For 

DMPC bilayers, most were observed at 25 oC, which is around the tail transition temperature 

(Tm = 24 oC). However, the bilayer thicknesses, t, for glycerol and water/glycerol mixtures were 

all lower than in water (both theoretically and in this work), suggesting that diffusion plays a 

role in the bilayer thickness as expected. From the estimated bilayer thicknesses, it appears 

that there is an optimal glycerol content at 80 % glycerol in producing the thickest bilayer.  
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Figure 10.11 Raw reflectivity profiles after injection of 2 mL 1 mg mL-1 DMPC (a), DPPC (b), 
DSPC (c), and DOPC (d) in different water-glycerol mixtures: glycerol (red), 80 % glycerol 
(orange), 50 % glycerol (yellow), 20 % glycerol (green), and water (blue). The starred peaks are 
peaks due to the mica. 
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Table 10.3 Approximated bilayer thicknesses (t) determined from the Kiessig fringe spacing for 
the layers formed in water/glycerol mixtures for DMPC (red), DPPC (orange), DSPC (yellow), 
and DOPC (green).  

Solvent Composition 
(Water:Glycerol) 

tDMPC 

(nm) 
tDPPC 

(nm) 
tDSPC 

(nm) 
tDOPC 

(nm) 

0:100 3.85 - 3.57 5.08 

20:80 4.98 3.20 4.61 3.63 

50:50 4.23 3.43 5.28 3.97 

80:20 3.85 3.73 4.61 3.97 

100:0 5.35 2.91 - - 

 

Figure 10.11b shows the effect of water on DPPC bilayers at 60 oC, above the tail transition 

temperature (Tm = 41 oC) and Table 10.3 shows the bilayer thicknesses. The only composition 

that did not show any layer formation was the pure glycerol, all other compositions had Kiessig 

fringes in the reflectivity profile. The layer thicknesses are all much smaller than that expected 

for DPPC bilayers (t = 4.8 nm50), which could further demonstrate diffusive effects in glycerol. 

However, the value of bilayer in water, estimated to be 2.91 nm in this work, is small compared 

to literature, and whilst lipid tails are known to oxidise and cleave, this usually occurs for 

unsaturated lipids51. Another possible explanation is the lack of coverage leaving space for the 

lipids to tilt, resulting in a smaller t, to confirm this modelling would need to be carried out. As 

per DMPC, there seems to be an optimum glycerol content to produce the thickest layer, here 

only 20 % glycerol.   

Figure 10.11c shows the effect of water on DSPC bilayers at 70 oC, above the tail transition 

temperature (Tm = 55 oC) and Table 10.3 shows the bilayer thickness. Unlike the reflectivity 

profiles for the previous two lipids, the Kiessig fringe spacing here gives estimated bilayer 

thicknesses close to the literature value (t = 4.98 nm), except in the glycerol case, but that 

could be due to diffusive effects. The thicker bilayer thicknesses observed in this system as 

opposed to the previous two could also be due to diffusive effects being reduced at the higher 

temperature, reducing the viscosity of the glycerol, or glycerol-water solvent. The optimum 

glycerol content in this DSPC system is 50 % glycerol, differing from both DMPC and DPPC.  
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Figure 10.11d shows the effect of water on DOPC bilayers at 25 oC, above the tail transition 

temperature (Tm = -17 oC) and Table 10.3 shows the bilayer thickness. Here, due to the longer 

incubation time of the glycerol sample compared to any other composition, the bilayer 

thickness in the glycerol sample is the thickest. However, the other compositions were not left 

to be incubated and the presence of bilayers shows diffusive effects of the more viscous 

glycerol. The other bilayer thicknesses for DOPC in glycerol/water mixtures are smaller than 

that observed in aqueous media, possibly a result of low lipid concentration at the liquid-mica 

interface, and thus, lipid molecules tilting.  

10.4.4 The effect of temperature on liposome rupture 

The effect of temperature on liposome rupture was also probed, as Figure 10.11 shows that 

only over certain temperatures are bilayers even formed. Temperature is also of importance 

in biological applications, for instance, the human body temperature is warmer than room 

temperature, or the denaturing of enzymes at elevated temperatures52. Figure 10.12 shows 

the effect of temperature on the adsorption and rupture of DMPC liposomes in the different 

glycerol/water mixtures studied, and Table 10.4 shows the estimated bilayer thicknesses for 

each temperature and composition, where bilayers formed.  

Figure 10.12a shows that the DMPC liposome solution did not rupture until the solution had 

been cooled to 25 oC, given the viscosity of water is low and bilayers were observed in the 

equivalent glycerol systems, it is unlikely that this was a diffusive effect. This could be a result 

of the stability of liposomes in aqueous media, where going to elevated temperatures disrupts 

the liposome stability, allowing for the rupture at the liquid-mica interface, resulting in the 

Kiessig fringes upon cooling. The bilayer thickness upon cooling is thicker than typically 

observed for DMPC bilayers in aqueous media (t = 4.43 nm45), this could be due to diffusion of 

more lipid to the interface as the experimental time proceeds. The behaviour of DMPC in 

aqueous systems demonstrates the importance of glycerol in preparing dropcasted DMPC lipid 

bilayers, as bilayers were observed in all other compositions at room temperature before 

heating.  
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Figure 10.12 Raw reflectivity profiles after injection of 2 mL 1 mg mL-1 DMPC in water (a), 20 % 
glycerol (b), 50 % glycerol (c), 80 % glycerol (d) and glycerol (e) at different temperatures: bare 
mica (red), 25 oC (orange), 40 oC (yellow), 60 oC (green), and 25 oC after cooling (blue). The 
starred peaks are peaks due to the mica. 
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Table 10.4 Approximated bilayer thicknesses (t) determined from the Kiessig fringe spacing for 
the layers formed in DMPC in water/glycerol mixtures for injection of the lipids at 25 oC 
(orange), at 40 oC (yellow), at 60 oC (green), and after the mixture was cooled to 25 oC (blue). 

Solvent Composition 
(Water:Glycerol) 

tInject 

(nm) 
t40 

(nm) 
t60 

(nm) 
tCooled 
(nm) 

0:100 3.79 3.74 3.85 3.48 

20:80 3.97 3.63 3.85 3.43 

50:50 4.98 4.23 3.97 6.19 

80:20 5.40 - - 5.40 

100:0 - - - 5.35 

 

Figure 10.12b shows the effect of temperature on DMPC bilayers in 20 % glycerol, here the 

bilayer formed only at 25 oC, both upon injection and then cooling. However, the rest of the 

glycerol-containing compositions show a persistent bilayer, even to temperatures greater than 

Tm (24 oC for DMPC). The bilayer behaviour in 20 % glycerol suggests that the bilayer formed 

at the mica-liquid interface is very fluid and the higher temperature is enough to disrupt the 

bilayer, causing it to desorb from the interface. The fluidity of the DMPC bilayer in the other 

glycerol-containing compositions can be seen by the change in bilayer thickness with 

temperature. From these initial observations, the effect of glycerol is beneficial in forming 

DMPC bilayers are the mica-liquid interface, as only in 50 % glycerol and above does the bilayer 

persist at higher temperatures. Even at 20 % glycerol, bilayer adsorption is observed upon 

injection, unlike in the pure water system, where adsorption was only observed after cooling 

back to room temperature.  
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Figure 10.13 Raw reflectivity profiles after injection of 2 mL 1 mg mL-1 DPPC in water (a), 20 % 
glycerol (b), 50 % glycerol (c), 80 % glycerol (d) and glycerol (e) at different temperatures: bare 
mica (red), 25 oC (orange), 40 oC (yellow), 60 oC (green), after a milliQ water rinse (teal), 40 oC 
after cooling (light blue), and 25 oC after cooling (blue). The starred peaks are peaks due to the 
mica. 
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Table 10.5 Approximated bilayer thicknesses (t) determined from the Kiessig fringe spacing for 
the layers formed in DMPC in water/glycerol mixtures for injection of the lipids at 25 oC 
(orange), at 40 oC (yellow), at 60 oC (green), cooled to 40 oC (light blue), and cooled to 25 oC 
(blue). 

Solvent Composition 
(Water:Glycerol) 

tInject 

(nm) 
t40 

(nm) 
t60 

(nm) 
t40cool 
(nm) 

t25cool 
(nm) 

0:100 - - - - - 

20:80 - - 3.10 3.10 3.20 

50:50 3.21 3.33 3.43 3.40 - 

80:20 - - - - - 

100:0 - - 2.91 - - 

 

Figure 10.13 shows the effect of temperature on the adsorption and rupture of DPPC 

liposomes at the mica-liquid interface for a range of solvent compositions, and Table 10.5 

summarises the bilayer thicknesses estimated from the Kiessig fringe spacing. Initial 

observation shows the formation of DPPC layers is less common than that observed with DMPC 

liposome solutions, where layers were observed only in three of the DPPC in water-glycerol 

compositions. In both 20 % glycerol and pure glycerol, no bilayer adsorption was seen at the 

mica-liquid interface, not even at a temperature above the tail transition of DPPC (Tm = 41 oC). 

This suggests that for DPPC adsorption, longer incubation times are necessary to observe any 

layer formation, as there is no correlation between layer adsorption and solvent composition.   

Above the transition temperature, layer formation was observed in water, 50 % glycerol, and 

80 % glycerol, however, the thicknesses of these layers are smaller than that expected for DPPC 

bilayers (t = 4.8 nm). This is another implication of slow adsorption to the interface, resulting 

in a patchy bilayer on the surface, where the lipid molecules are tilted as opposed to a bilayer 

with full coverage. This is also supported by the layer thickness on the mica-liquid interface as 

a function of time, the bilayer thicknesses tend to increase as the measurement progresses. 

However, it does appear that glycerol has some effect on bilayer adsorption, as both the 50 % 

and 80 % glycerol solvent compositions show both thicker layers and more persistent layers. 
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Figure 10.14 Raw reflectivity profiles after injection of 2 mL 1 mg mL-1 DSPC in 20 % glycerol 
(a), 50 % glycerol (b), 80 % glycerol (c) and glycerol (d) at different temperatures: bare mica 
(red), 25 oC (orange), 40 oC (yellow), 70 oC (green), and 25 oC after cooling (blue). The starred 
peaks are peaks due to the mica. 
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Table 10.6 Approximated bilayer thicknesses (t) determined from the Kiessig fringe spacing for 
the layers formed in DSPC in water/glycerol mixtures for injection of the lipids at 25 oC (orange), 
at 40 oC (yellow), at 70 oC (green), and after the mixture was cooled to 25 oC (blue). 

Solvent Composition 
(Water:Glycerol) 

tInject 

(nm) 
t40 

(nm) 
t70 

(nm) 
t25cool 
(nm) 

0:100 - - 3.57 3.63 

20:80 5.08 4.30 4.61 5.64 

50:50 6.34 7.69 5.28 9.06 

80:20 5.28 4.62 4.61 5.29 

 

Figure 10.14 shows the effect of temperature on the adsorption and rupture of DSPC liposomes 

at the mica-liquid interface for a range of solvent compositions, and Table 10.6 summarises 

the bilayer thicknesses estimated from the Kiessig fringe spacing. The behaviour cannot be 

compared to the pure DSPC system, as this control has not yet been carried out, however, 

comparison between the rest is discussed.  Unlike DPPC, all solvent compositions showed layer 

adsorption at the mica-liquid interface, and the layer thicknesses observed are close to that of 

a DSPC bilayer or thicker (t = 4.98 nm). This could be a result of multilayer formation, particular 

in the case where the bilayer thickness was 9.06 nm, and also swollen headgroups from 

interactions with the solvent. The lack of bilayer formation in glycerol until T = 70 oC could be 

due to two reasons, the first being that this is above the tail transition temperature of DSPC 

(Tm = 55 oC). The second, more likely, reason is due to the intrinsic viscosity of glycerol (η = 908 

cP), which hinders the diffusion of DSPC to the interface, and at 70 oC, both the viscosity of 

glycerol is reduced and the time DSPC has been allowed to diffuse is longer.  
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Figure 10.15 Raw reflectivity profiles after injection of 2 mL 1 mg mL-1 DOPC in 20 % glycerol 
(a), 50 % glycerol (b), and 80 % glycerol (c) at different temperatures: bare mica (red), 25 oC 
(orange), 40 oC (yellow), 70 oC (green), and 25 oC after cooling (blue). (d) 1 mg mL-1 DOPC in 
glycerol (yellow), after 24 hours incubation (orange), and after 48 hours incubation (red), bare 
mica (black). The starred peak is a peak due to the mica.    
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Table 10.7 Approximated bilayer thicknesses (t) determined from the Kiessig fringe spacing for 
the layers formed in DOPC in water/glycerol mixtures for injection of the lipids at 25 oC 
(orange), at 40 oC (yellow), at 60 oC (green), cooled to 40 oC (light blue), and cooled to 25 oC 
(blue). 

Solvent Composition 
(Water:Glycerol) 

tInject 

(nm) 
t40 

(nm) 
t60 

(nm) 
t40cool 
(nm) 

t25cool 
(nm) 

0:100 5.08 - - - - 

20:80 3.63 3.48 3.73 3.68 3.73 

50:50 3.97 4.30 4.16 - 4.16 

80:20 3.97 3.85 4.09 - 4.20 

 

Figure 10.15 shows the effect of temperature on the adsorption and rupture of DOPC 

liposomes at the mica-liquid interface for a range of solvent compositions, and Table 10.7 

summarises the bilayer thicknesses estimated from the Kiessig fringe spacing. DOPC in water 

has not been studied here, however, liposome adsorption and rupture at the water-mica 

interface has been reported previously, showing a bilayer thickness of 4.83 nm53. From the 

results shown here, two main observations can be noted, the first being the bilayer thicknesses 

in the glycerol-containing compositions, lower than that in aqueous systems. This could be a 

result of slow diffusion to the interface, as in the pure glycerol system, which was left to 

incubate, the thickest bilayer was observed. The second note is the intrinsic viscosity of the 

solvent affecting the diffusion of lipids to the mica-liquid interface, as where water is added to 

the system, the layer formation is faster.  

 

10.5 Summary and Conclusions 

 

This chapter demonstrates that the behaviour of lipids in nonaqueous polar solvents both in 

the bulk and at the interface is similar to that observed in aqueous systems. The behaviour of 

liposome both in the glycerol bulk and adsorption to the solid-liquid interface is not previously 

reported, however, more concentrated lipid mesophases in glycerol have also shown 

similarities to aqueous media12, 13. In aqueous systems, the behaviour of lipids forming 

liposomes in the bulk, and liposome rupture at the solid-liquid interface is well-studied, 

typically forming multi-lamellar vesicles without extrusion45, and forming layers at the solid-
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liquid interface44, 53. It is also well-established that the packing parameter of most lipids is ~ 1 

for lipid bilayers and ½ - 1 for vesicles54. 

In the bulk, the formation of vesicles was confirmed by both SANS and DLS, where DLS showed 

the formation of globular aggregates around the size expected from extrusion with sensible 

polydispersities except pure glycerol. SANS measurements were carried out in unextruded 

solutions and by eye, the presence of multilamellar structures is demonstrated by the Bragg 

peak towards high-q. The nature of these structures changes upon heating, to form less 

ordered structures, a result of the gel-to-fluid tail transition. From these observations, the bulk 

behaviour is similar to that in aqueous media55, 56, given that the liposomes or vesicles are 

prepared above the tail transition temperature, resulting in a membrane of higher elasticity57. 

In aqueous systems, at elevated temperatures, the lipid molecular shape becomes more 

inverted conical due to the increased motions of the tails58, resulting in more inverted 

structures, which could explain the change in scattering profile observed in Figure 10.8. 

At the interface, the general lipid behaviour is similar to that in aqueous systems, where layer 

formation at the mica-liquid interface is observed44, 53. However, there are certain differences 

in behaviour, for instance longer incubation times, which was explained by the intrinsic 

viscosity of the solvent as opposed to water. This behaviour indicates the importance of 

diffusion in lipid adsorption to the mica-liquid interface, not noted in aqueous systems due to 

the differences in viscosity (0.89 vs 908 cP). This is further proven in the case of DSPC in 

glycerol, where adsorption is only seen after heating to 70 oC, where the viscosity of glycerol 

would also be reduced.  

Another observation of interfacial lipid self-assembly in nonaqueous solvents and nonaqueous 

aqueous mixtures is the improvement of layer formation in the presence of glycerol. In the 

case of DMPC, thicker bilayers were observed in glycerol-water mixtures as opposed to the 

pure solvents. These were also observed after shorter incubation times than in pure water, 

highlighting the importance of glycerol present in the system. Further seen in DPPC systems, 

where glycerol-water mixtures showed more persistent bilayers forming at lower 

temperatures than in the pure water system. This could be related to the viscosity of glycerol 

trapping liposomes in close proximity to the interface. But could also be a result of glycerol 

stabilising the bilayer by interaction with the headgroups, forming a small glycerol layer on the 

mica, to which the lipid headgroups adsorb. 
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Data analysis should be carried out to probe the structures formed in the bulk and at the 

interface, and to probe mechanism of lipid self-assembly in glycerol. The data obtained in this 

chapter have not yet been fully analysed, so both the bulk and interfacial structure are 

unknown, to characterise the bulk, model analysis needs to be carried out. Given the sample 

was an unextruded liposome sample, the structure is likely a mixture of vesicles and lamellar 

lipid phases. For the XRR measurements, model analysis would result in determining the 

interfacial structure of these phases, resulting in the layer order, coverage, and density. 

Further experimental work should also be carried out to fully understand the mechanism of 

lipid self-assembly in the bulk and at the interface. For bulk measurements, more solvent 

compositions should be studied to probe the effect of glycerol on liposome formation, and 

other lipids to probe the tail effect, to compare with XRR. The SANS measurements here were 

carried out on unextruded liposome solutions, a less polydisperse system would be better to 

probe structurally with scattering, so extruded liposome solutions should be measured. For 

XRR measurements, DSPC and DOPC liposomes in water should be studied as a control for the 

other solvent compositions.  

These results have demonstrated the importance of glycerol and diffusion in forming 

supported lipid bilayer, but also the similarity of lipid self-assembly in glycerolic media 

compared to aqueous systems. Given the role of lipid molecules in biological processes, the 

importance of studying lipid self-assembly in nonaqueous solvents has implications for the use 

of nonaqueous solvents in applications such as personal care products or drug delivery. This is 

further extended to the application of glycerol as a cryoprotectant or in the fundamental 

question of life (as the backbone of phospholipid headgroups).  
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Chapter 11 

Conclusions and future work 
 

11.1 Conclusions 

 

Understanding the self-assembly mechanism in nonaqueous polar solvents is of importance in 

a range of applications from industrial formulations1-4 to the origin of life question5-9. Despite 

this importance, the fundamental mechanism of self-assembly in nonaqueous polar media is 

not currently well understood. The aim of this project was to discuss the self-assembly 

mechanism in hydrogen-bonding rich nonaqueous solvents, and to begin to identify the 

concepts and models, derived for aqueous media, which are applicable to nonaqueous media. 

The project explored the self-assembly of a well-studied surfactant in aqueous media, sodium 

dodecyl sulfate (SDS), in glycerol, probing a variety of different effects on the self-assembled 

structures formed.  

Initially, it was noted that the self-assembly mechanism in nonaqueous solvents is complex and 

different to that observed in aqueous media (Figure 11.1)10. The formation of a lamellar, low 

molecular-weight gel in glycerol was observed, at low SDS concentrations (cSDS ~ 2 wt %), below 

a critical gelation temperature, TGC ~ 45 oC. The striking difference in phase shows the inability 

of the packing parameter11 to fully describe self-assembly in nonaqueous media, even with the 

consideration of the equilibrium headgroup area12, which often accounts for environmental 

factors. Although, the packing parameter fails to apply to nonaqueous media, the hydrophobic 

effect13, 14, as a more general solvophobic effect, is transferable as seen from tensiometry 

measurements, where there is a decrease in surface tension up to a critical cSDS (a critical 

micelle concentration, CMC). Thus, while some concepts are applicable, it is apparent that the 

established concepts for molecular self-assembly in aqueous systems cannot be applied fully 

to this SDS-in-glycerol system.   
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Figure 11.1 A comparison of 220 mM SDS in water (left) and glycerol (right), vials are held 
inverted to demonstrate the presence or absence of a gel phase.  
 

Whilst the morphology of the SDS-in-glycerol gel was shown to be reversible with initial SANS 

measurements taken after ~ 8 h cooling, a hexagonal intermediate phase after ~ 4 h cooling 

was observed (Figure 11.2). With interest from both an industrial and biological perspective, 

this observation also helped to elucidate the gelation mechanism further, where upon cooling, 

the cylindrical fluid phase at elevated temperatures initially condenses into an intermediate 

hexagonal phase. Then, as the system reaches a thermodynamic equilibrium, the final lamellar 

phase appears as a result of decreased kinetic energy in the system causing an increase in 

surfactant tail volume15.  

Interestingly, while this intermediate hexagonal phase changes in the presence of electrolyte 

(Figure 11.3 left), the thermodynamic structure does not, suggesting that the ions play a role 

in the formation of the gel but not the final morphology. The effect of ions on the packing 

parameter of the surfactant in the intermediate phase follows the Hofmeister series (Na > Mg 

~ Ca)16, showing the existence of these effects in nonaqueous solvents. Further, these effects 

do not only exist within the gelation mechanism, but in the self-assembled structures at 

elevated temperatures (Figure 11.3 right). Where, not only the persistence of the gel phase 

follows the Hofmeister series, but also the transition from a cylindrical (with a circular cross-

section) morphology to an elliptical cylindrical morphology.  

Water Glycerol
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Figure 11.2 A schematic representation of the gel-to-fluid transition at elevated temperatures, 
and the fluid-to-gel transition via the hexagonal intermediate with upon cooling. 
 

 

Figure 11.3 (Left) Raw SANS profiles of 4.4 wt % SDS in glycerol at 25 oC in the presence of 10.0 
wt % salt: no salt (red), sodium fluoride (orange), magnesium fluoride (yellow), and calcium 
fluoride (green). Curves are offset for clarity. (Right) The same samples as (left) taken at 70 oC.  
 

In the presence of a more complex electrolyte, such as choline chloride, a fracto-eutectogel 

phase formed, consisting of solid crystalline SDS dendritic particles in the deep eutectic solvent 

bulk. The formation of these crystalline SDS dendrites was driven by counterion condensation, 

a process commonly seen in aqueous polyelectrolyte solutions17-20, of choline cations, which 

would then drive the growth of dendrites at a 60 o angle to the parent fibre (Figure 11.4). The 

formation of SDS crystals as opposed to a self-assembled surfactant mesophase was discussed 

in relation to the higher Krafft temperature in the deep eutectic solvent compared to aqueous 

media. The Krafft temperature argument was further helped by the transition to a more 

Heating

CoolingCooling
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traditional micellar morphology at elevated temperatures (T > 40 oC), the structure of which 

was probed, showing the morphology to be similar to that observed in aqueous systems21, 22. 

Where the morphology at cSDS ~ 0.6 wt %, spherical micelles were seen and at cSDS ≥ 1.2 wt %, 

cylindrical micelles were observed, this sphere-to-rod transition is also a common 

phenomenon observed in aqueous media23, however, this is typically in the presence of salt at 

such low cSDS.  

 

 

Figure 11.4 The gelation mechanism of the SDS-in-glyceline fracto-eutectogel formed at 
temperatures below the critical gelation temperature,  TGC ~ 45 oC. (1) The formation of the 
parent fibre of crystalline SDS. (2) Counterion condensation of choline cations to the parent 
fibre surface. (3) Growth of dendrites assisted via counterion condensation. (4) Counterion 
condensation of choline cations to the dendrite fibre surface. (5) Further growth of dendrites 
assisted via counterion condensation.  
 

The investigation into more complex solvent systems was continued through the addition of 

water to the pure SDS-in-glycerol gel. As the percentage of water in the solvent was increased, 

a transition from the lamellar gel phase in pure glycerol (cSDS = 220 mM, ~ 4 wt %), to the 

spherical/ellipsoidal micellar phase in pure water (cSDS = 220 mM, ~ 6 wt %). The transition from 

spherical (0 % glycerol), to cylindrical micellar (in 20 and 50 % glycerol), to gel phase (80 and 

100 % glycerol) suggests a decrease in aggregate curvature with increasing glycerol content. 

For a packing parameter argument, this would suggest that the surfactant headgroups are 

decreasing, i.e becoming less solvated, with increasing glycerol content. However, from model 

1 2 3

4 5
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analyses of the pure glycerol system10, and given the size of the gel system at such low cSDS, it 

is known that glycerol participates in the self-assembly mechanism. Therefore, further 

indication that the packing parameter cannot be applied directly to molecular self-assembly in 

nonaqueous polar media.  

 

Figure 11.5 A schematic representation of the morphologies formed upon increasing glycerol 
content of the bulk media.  
 

Lastly, from initial studies carried out on self-assembled lipid structures (vesicles and 

liposomes), it appears that the self-assembly mechanism is similar in nonaqueous and aqueous 

media. In the bulk, multilamellar vesicles and liposomes are observed and at the liquid-mica 

interface, lipid bilayers are formed, likely through vesicle rupture. The interfacial studies were 

also carried out at in glycerol-water mixtures, probing solvent composition and viscosity, an 

indirect approach of probing diffusive effects. Diffusion was noted to be an important effect in 

the highly viscous glycerolic media, however, longer incubation times led to the formation of 

bilayers in such cases. Interestingly, optimal bilayer adsorption at the mica-liquid interface was 

observed in a glycerol-water mixture (typically, XG:W = 0.2 : 0.8), rather than in the pure 

molecular solvents, possibly due to strong glycerol-water hydrogen-bonds forcing the lipids to 

the interface to reduce disruption.  

To conclude, the work carried out in this project has started to probe the self-assembly in 

nonaqueous polar media, in particular, the hydrogen-bonding rich solvent glycerol. It is 

apparent that the self-assembly mechanism, whilst driven by a similar solvophobic force, is 

more complex than instinctively thought, and many concepts derived from aqueous molecular 

self-assembly cannot be directly applied. This work has shown the importance of the solvent 

intrinsic viscosity, and how this can lead to the formation of larger supramolecular gels, by 

hindering molecular motion. The morphology of such large phases has also been shown to be 

d
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sensitive to temperature, with striking phase transitions above a critical temperature, termed 

the critical gelation temperature. Lastly, the presence of electrolyte, both simple and more 

complex, can have an important role in the self-assembly mechanism, even within nonaqueous 

media, possibly through a counterion condensation role. This project has only begun research 

into what will be both an important and active field, given the importance of such nonaqueous 

media in industry, but also biologically, where these molecules have implications on the 

formation of life question.  

 

11.2 Future work 

 

This project has aimed to probe the fundamental self-assembly mechanism of surfactants in 

hydrogen-bonding rich nonaqueous media, however, given the magnitude of such an aim, 

there is many routes that the future work can take. Here, these future works will be discussed, 

looking towards the immediate future, in the next couple of year, but also taking into account 

a longer time frame, should the project be continued. The main aim of the future work would 

be to obtain a rich study of self-assembly in various systems, in the hope that our fundamental 

understanding of self-assembly is improved.   

 

11.2.1 Analysis of lipid X-ray reflectivity data 

Chapter 10 discussed the formation of phosphocholine bilayers at the liquid-mica interface as 

a function of lipid tail length, solvent composition, and temperature. However, these data are 

currently not modelled and thus, the bilayer structure can only be hypothesised. To fully 

understand the assembly of lipids at the liquid-mica interface, full model analysis should be 

carried out using the modelling software custom built within the group for mica analyses. 

Example modelling is shown in Figure 11.6, where the data upon injection of 1 mg mL-1 DOPC 

in 80 % glycerol was fit to a bilayer model with a bilayer thickness of 4.64 nm and a coverage 

of 85 %.  
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Figure 11.6 Raw X-ray reflectivity profiles of 1 mg mL-1 DOPC in 80 % glycerol as a function of 
temperature: bare mica (red), injection of 1 mg mL-1 DOPC (orange), 40 oC (yellow), 60 oC 
(green), and cooled to 25 oC (blue). The bare mica and mica upon injection curves are modelled 
(dashed lines) and curves are offset for clarity.   
 

11.2.2 Further structural detail of the SDS-in-glycerol gel via rheo-SANS 

In Chapter 4, the sensitivity of the SDS-in-glycerol gel to an applied shear was demonstrated 

through rigorous rheological measurements. However, the structural changes of the gel phase 

can only be discussed on the macroscale with traditional rotational rheology. It would be 

pertinent to probe the structural changes on the nanoscale with small-angle neutron scattering 

as a shear is applied to the system with a combined rheo-SANS setup24. This could allow for 

further detail to be obtained about the gel phase, by resolving the structure as the shear rate 

is increased, given the change in macroscopic properties, i.e. the viscosity, is significant 

experimentally.  
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Figure 11.7 A general overview of a rheo-SANS experiment, where the structural changes as a 
function of shear rate can be measured. Image taken from [24]. 
 

11.2.3 Simulating the neutron diffraction studies of the SDS-in-glycerol gel 

Some more recent experimental work carried out on the SDS-in-glycerol gel (Chapter 4) was 

initial neutron diffraction studies, carried out at the NIMROD beamline, ISIS Muon and Neutron 

Source. This work aimed to simulate the structure of the SDS-in-glycerol gel, to identify the 

packing of SDS and glycerol molecules in the gel phase to fully resolve the structure. Initial 

analyses of these data were carried out on pure glycerol (Figure 11.8) using empirical potential 

structure refinement (EPSR) simulation work. Whilst EPSR works well for smaller systems, it 

would struggle with as large a system as the gel phase and thus, two approaches could be taken 

to simulate the data, the first using a coarse-grained EPSR simulation. Then, the second would 

be to use the newer DissolveGUI software, which aims, once fully developed, to be able to 

simulate larger systems as here.  

 

Figure 11.8 Radial distribution functions of glycerol at various deuteration levels, with initial 
empirical potential structure refinement simulation (black lines).  
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11.2.4 Probing the self-assembly mechanism in other nonaqueous systems 

The work carried out in this project largely discusses variations of the SDS and glycerol system, 

however, to improve our fundamental understanding of the self-assembly mechanism, to 

include nonaqueous media, other systems should be explored. To begin, this would include 

exploring other surfactants in glycerol, incorporating cationic, zwitterionic, and nonionic 

headgroups, for instance dodecyltrimethylammonium bromide (DTAB) in glycerol (initial PLM 

in Figure 11.9). This would then lead to more complex surfactant architectures, such as gemini 

surfactants and bolaamphiphiles. 

 

Figure 11.9 Polarising light microscopy images of dodecyltrimethylammonium bromide (DTAB) 
in glycerol mixtures at different DTAB concentrations. Images were taken at ambient 
conditions, using 10 x magnification, and a 530 nm first order waveplate inserted in the optical 
path.  
 

Aside from the use of other surfactants, other nonaqueous polar solvents should be employed, 

to compare hydrogen-bonding capabilities. Initial work has been carried out in probing the gel 

phase of SDS in ethylene glycol and propylene glycol using PLM, Figure 11.10, and SANS. While 

this demonstrates the present of a microfibrillar gel phase in other alcoholic media other than 

glycerol, it would be important to compare to hydrogen-bonding rich media, where the 

hydrogen-bond is via an amine group (-NH).  

 

cDTAB = 220 mM cDTAB = 110 mM

cDTAB = 50 mM cDTAB = 25 mM
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Figure 11.10 Polarising light microscopy images of SDS in ethylene glycol (cSDS = 400 mM), and 
SDS in propylene glycol (cSDS = 1000 mM). Images were taken at ambient conditions, using 10 
x magnification, and a 530 nm first order waveplate inserted in the optical path. 
 

Here, the project has focussed on the self-assembly of amphiphiles, both surfactants and lipids, 

however, other particles and molecules also undergo self-assembly. It would be interesting to 

observe the effect on the self-assembly mechanism of nanoparticles, in particular the 

flocculation of nanoparticles in nonaqueous media. Initial studies of the assembly of gold 

nanostructures in reline (a deep eutectic solvent comprising of urea and choline chloride in a 

2:1 molar ratio), showed the formation of star-like structures25. Aside from the assembly of 

nanoparticles, there is also the assembly of copolymers to consider, where the presence of a 

nonaqueous solvent could affect the self-assembled structures formed.  

 

 

Figure 11.11 Scanning electron microscopy images of gold nanostructures formed in the deep 
eutectic solvent, reline. Image taken from [25].  
 

 

 

 

 

 

 

Ethylene glycol Propylene glycol
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Appendix A1 

Key physical parameters of alcoholic 

nonaqueous solvents 
A1.1 Summaries of key physical parameters 

 

A1.1.1 Key physical parameters of short chained alcoholic nonaqueous solvents and water 

Table A1.1 A summary of key relevant physical parameters for water, methanol, ethanol, and 
ethane-1,2-diol showing the importance of hydrogen-bonding on the system properties: 
molecular weight (Mw), number of hydrogen-bonds (nHB), molecular volume (Vmolecular), 
hydrogen-bond density (ρHB), density (ρ), boiling point (Tb), viscosity (η), surface tension (γ), 
Gordon parameter, Hildebrand solubility parameter (δH), and dielectric constant (ε). a denotes 
the value has been measured experimentally in this study.   

Parameter Water Methanol Ethanol 
Ethane- 
1,2-diol 

Mw 

(g mol-1) 
18.0 32.0 46.1 62.1 

Vm 

(Å3) 
30 64 70 92 

nHB 4 3 3 6 

ρHB 

(nm-3) 134 47 43 65 

ρRT 

(g cm-3) 
1.001 0.832 0.793 1.124 

Tb 

(K) 
3735 3386 3517 4718 

ηRT 

(cP) 
0.891, 9 0.5410 1.103 17.911 

γRT 

(mN m-1) 
72.812 22.213 22.713 48.914 

G 
(J m-3) 

2.74-2.8 
9, 15, 16 

0.7816, 17 0.883, 16 1.2016 

δH 

(MPa1/2) 
16.75, 18 10.918 9.518 12.718 
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A1.1.2 Key physical parameters of propane based alcoholic nonaqueous solvents 

Table A1.2 A summary of key relevant physical parameters for five propane based alcohols 
showing the importance of hydrogen-bonding on the system properties: molecular weight 
(Mw), number of hydrogen-bonds (nHB), molecular volume (Vmolecular), hydrogen-bond density 
(ρHB), density (ρ), boiling point (Tb), viscosity (η), surface tension (γ), Gordon parameter, 
Hildebrand solubility parameter (δH), and dielectric constant (ε). a denotes the value has been 
measured experimentally in this study.   

Parameter 
1-

Propanol 
2-

Propanol 
Propane-
1,2-diol 

Propane-
1,3-diol 

Propane-
1,2,3-triol 

Mw 

(g mol-1) 
60.1 60.1 76.1 76.1 92.1 

Vm 

(Å3) 
125 128 123 126 120 

nHB 3 3 6 6 9 

ρHB 

(nm-3) 
24 23 49 48 76 

ρRT 

(g cm-3) 
0.8011 0.7819 1.0320 1.0520 1.261 

Tb 

(K) 
37021 35621 46122 48723 5635 

ηRT 

(cP) 
1.9511 1.9024  43.420 40.120 908a 

γRT 

(mN m-1) 
23.325 21.225 41.33 53.126 64.0a 

G 
(J m-3) 

0.9116 0.9016 0.173, 16 -- 1.5115, 16 

δH 

(MPa1/2) 
8.518 8.018 11.418 -- 14.35, 18 
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A1.1.3 Key physical parameters of butane based alcoholic nonaqueous solvents 

Table A1.3 A summary of key relevant physical parameters for four butane based alcohols 
showing the importance of hydrogen-bonding on the system properties: molecular weight 
(Mw), number of hydrogen-bonds (nHB), molecular volume (Vmolecular), hydrogen-bond density 
(ρHB), density (ρ), boiling point (Tb), viscosity (η), surface tension (γ), Gordon parameter, 
Hildebrand solubility parameter (δH), and dielectric constant (ε). a denotes the value has been 
measured experimentally in this study.   

Parameter 1-Butanol 
2-

Butanol 
Butane-
1,2-diol 

Butane-
1,3-diol 

Mw 

(g mol-1) 
74.1 74.1 90.1 90.1 

Vm 

(Å3) 
151 154 150 150 

nHB 3 3 6 6 

ρHB 

(nm-3) 
20 20 40 40 

ρRT 

(g cm-3) 
0.8127 0.8028 1.0020 1.0020 

Tb 

(K) 
39129 37330 47022 48131 

ηRT 

(cP) 
2.5732 5.230 57.520 97.320 

γRT 

(mN m-1) 
24.033 22.934 35.835 37.036 

G 
(J m-3) 

0.1116 0.1016 0.1616 0.1716 

δH 

(MPa1/2) 
7.718 14.837 -- 10.518 
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Appendix A2 

Model refinement of SDS in glycerol 
 

A2.1 Model refinement for raw SANS profiles of the SDS-in-glycerol gel at 25 oC 

Five different lamellar models were trialled to find the best fit the gel SANS profiles, Figure 

A2.1 shows the trial fits to 4.4 wt % SDS in glycerol and the fitting parameters are summarised 

in Table A2.1 - Table A2.5. The primitive fits and the statistical ‘goodness of fit’ parameter, χ2, 

showed that the lamellar stack model with Caillé S(q) and the lamellar paracrystal stack model. 

These two models were then further refined to obtain the model best suited for the SANS 

profile. 

 

Figure A2.1 Fitted SANS data for 4.4 wt% SDS in glycerol at 25 oC using: (red) a simple lamellar 
stack model; (orange) the lamellar stack model with separated headgroup and tail 
contributions; (yellow) the lamellar stack model with Caillé S(q) and separated headgroup and 
tail contributions; (green) the lamellar stack model with Caillé S(q); and (blue) the lamellar 
paracrystal stack model. 



Appendix A2. Model refinement for raw SANS profiles of SDS in glycerol 

A2.2 
 

Table A2.1 A summary of the fitting parameters for 4.4 wt% SDS in glycerol at 25 oC using a 
simple lamellar stack model (Figure A2.1): SDS bilayer thickness tL, scattering length density of 
SDS ρSDS, scattering length density of glycerol ρGly, polydispersity of the SDS bilayer thickness 
σt, and chi squared value χ2. 

Parameter 
Lamellar Stack 

Model 

Scale (10-3) 0.987 

Background (cm-1) 0.121 

tL (Å) 55.6 

ρSDS (10-6 Å-2) 0.395 

ρGly (10-6 Å-2) 7.20 

σt 0.1 

χ2 98.6 
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A2.3 
 

Table A2.2 A summary of the fitting parameters for 4.4 wt% SDS in glycerol at 25 oC using the 
lamellar stack model with separated headgroup and tail contributions (Figure A2.1): SDS 
headgroup thickness thead, SDS tail thickness ttail, scattering length density of the SDS 
headgroup ρHG, scattering length density of the SDS tails ρtail, scattering length density of 
glycerol ρGly, polydispersity of the SDS headgroup thickness σhead, polydispersity of the SDS tail 
thickness σtail, and chi squared value χ2. 

Parameter 
Lamellar Stack Model with 

Separate HG and Tail 

Scale (10-3) 5.95 

Background (cm-1) 0.124 

thead (Å) 4.00 

ttail (Å) 17.0 

ρHG (10-6 Å-2) -0.391 

ρtail (10-6 Å-2) 5.11 

ρGly (10-6 Å-2) 7.20 

σhead 0.172 

σtail 0.05 

χ2 1570 
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A2.4 
 

Table A2.3 A summary of the fitting parameters for 4.4 wt% SDS in glycerol at 25 oC using the 
lamellar stack model with Caillé S(q) and separated headgroup and tail contributions (Figure 
A2.1): SDS headgroup thickness thead, SDS tail thickness ttail, number of SDS layers nlayers, d-
Spacing, Caillé parameter, scattering length density of the SDS headgroup ρHG, scattering 
length density of the SDS tails ρtail, scattering length density of glycerol ρGly, polydispersity of 
the SDS headgroup thickness σhead, polydispersity of the SDS tail thickness σtail, polydispersity 
of the d-Spacing thickness σd-Spacing, and chi squared value χ2. 

Parameter 
Lamellar Stack Model with Caillé 

S(q) and Separate HG and Tail 

Scale (10-3) 1.48 

Background (cm-1) 0.116 

thead (Å) 4.00 

ttail (Å) 17.0 

nlayers 30.0 

d-Spacing (Å) 55.6 

Caillé Param. (Å-2) 0.158 

ρHG (10-6 Å-2) -0.391 

ρtail (10-6 Å-2) 5.11 

ρGly (10-6 Å-2) 7.20 

σhead 0.10 

σtail 0.10 

σd-Spacing 0.10 

χ2 71.3 
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A2.5 
 

Table A2.4 A summary of the fitting parameters for 4.4 wt% SDS in glycerol at 25 oC using the 
lamellar stack model with Caillé S(q) (Figure A2.1): SDS bilayer thickness tL, number of SDS 
layers nlayers, d-Spacing, Caillé parameter, scattering length density of the SDS bilayer ρSDS, 
scattering length density of glycerol ρGly, polydispersity of the SDS bilayer thickness σt, 
polydispersity of the d-Spacing thickness σd-Spacing, and chi squared value χ2. 

Parameter 
Lamellar Stack Model 

with Caillé S(q) 

Scale (10-3) 6.71 

Background (cm-1) 0.123 

tL (Å) 69.4 

nlayers 20.0 

d-Spacing (Å) 55.6 

ρSDS (10-6 Å-2) 0.395 

ρGly (10-6 Å-2) 7.20 

σt 0.10 

σd-Spacing 0.10 

χ2 5.82 
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A2.6 
 

Table A2.5 A summary of the fitting parameters for 4.4 wt% SDS in glycerol at 25 oC using the 
lamellar paracrystal stack model (Figure A2.1): SDS bilayer thickness tL, number of layers in the 
stack nLayers, d-spacing, polydispersity of the d-spacing σd, scattering length density of SDS ρSDS, 
scattering length density of glycerol ρGly, polydispersity of the SDS bilayer thickness σt, 
polydispersity of the d-Spacing thickness σd-Spacing, and chi squared value χ2. 

Parameter 
Lamellar Paracrystal 

Stack Model 

Scale  0.610 

Background (cm-1) 0.120 

tL (Å) 69.4 

nlayers 22.6 

d-Spacing (Å) 55.6 

ρSDS (10-6 Å-2) 0.395 

ρGly (10-6 Å-2) 7.20 

σt 0.10 

σd-Spacing 0.10 

χ2 4.73 

 

Further refinement of the SANS data using the two models showed that the two models fitted 

well to the raw SANS profile (Figure A2.2). However, the lamellar paracrystal stack did track 

the SANS profile better, as reflected in both the χ2 value (Table A2.6 and Table A2.7) and the 

physical appearance. The lamellar paracrystal stack model was thus chosen as the most 

appropriate model to describe the SANS profile of the gel mesophase.   
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A2.7 
 

 

Figure A2.2 Further refined fitted SANS data for 4.4 wt% SDS in glycerol at 25 oC using: (green) 
the lamellar stack model with Caillé S(q); and (blue) the lamellar paracrystal stack model. 
 

 

 

 

 

 

 

 

 

 

 



Appendix A2. Model refinement for raw SANS profiles of SDS in glycerol 

A2.8 
 

Table A2.6 A summary of the further refined fitting parameters for 4.4 wt% SDS in glycerol at 
25 oC using the lamellar stack model with Caillé S(q) (Figure A2.2): SDS bilayer thickness tL, 
number of SDS layers nlayers, d-Spacing, Caillé parameter, scattering length density of the SDS 
bilayer ρSDS, scattering length density of glycerol ρGly, polydispersity of the SDS bilayer thickness 
σt, polydispersity of the d-Spacing thickness σd-Spacing, and chi squared value χ2. 

Parameter 
Lamellar Stack Model 

with Caillé S(q) 

Scale (10-3) 6.90 

Background (cm-1) 0.123 

tL (Å) 69.5 

nlayers 20.0 

d-Spacing (Å) 57.0 

ρSDS (10-6 Å-2) 0.300 

ρGly (10-6 Å-2) 7.30 

σt 0.10 

σd-Spacing 0.00 

χ2 2.77 
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Table A2.7 A summary of the further refined fitting parameters for 4.4 wt% SDS in glycerol at 
25 oC using the lamellar paracrystal stack model (Figure A2.2): SDS bilayer thickness tL, number 
of layers in the stack nLayers, d-spacing, polydispersity of the d-spacing σd, scattering length 
density of SDS ρSDS, scattering length density of glycerol ρGly, polydispersity of the SDS bilayer 
thickness σt, polydispersity of the d-Spacing thickness σd-Spacing, and chi squared value χ2 

Parameter 
Lamellar Paracrystal 

Stack Model 

Scale  0.613 

Background (cm-1) 0.122 

tL (Å) 48.1 

nlayers 21.0 

d-Spacing (Å) 55.6 

ρSDS (10-6 Å-2) 0.395 

ρGly (10-6 Å-2) 7.20 

σt 0.01 

σd-Spacing 0.00 

χ2 2.61 

 

A2.2 Model refinement for raw SANS profiles of SDS-in-glycerol at 70 oC 

The raw SANS profile of the gel at higher temperature indicated the presence of a micellar 

aggregate, the morphology of which was unknown, and thus, a variety of morphologies were 

tested (Figure A2.3). The fitted parameters are shown in Table A2.8 - Table A2.11. The initial 

increase in the intensity indicated the presence of a structure factor, S(q), where the micelles 

were interacting with each other. The S(q) generally used in the fitting was a Hayter-MSA S(q), 

often used to describe ionic micelles in aqueous solutions, and was deemed appropriate here, 

despite being a mean sphere approximation.   

From the initial primitive fitting analysis, the cylindrical P(q) and the ellipsoidal P(q) had the 

best fit from both the physical appearance and the χ2 values. These two models were then 

used for further analysis, to determine the morphology with the best fit to the SANS profile.  
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Figure A2.3 Fitted SANS data for 4.4 wt% SDS in glycerol at 70 oC using a Hayter-MSA S(q) and: 
(red) a spherical P(q); (orange) a cylindrical P(q); (yellow) an ellipsoidal P(q); and (green) a 
parallepiped P(q). 
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Table A2.8 A summary of the fitting parameters for 4.4 wt% SDS in glycerol at 70 oC using a 
spherical F(q) and a Hayter-MSA S(q) (Figure A2.3): scattering length density of SDS ρSDS, 
scattering length density of glycerol ρGly, radius r, volume fraction φ, charge C, temperature T, 
concentration of salt csalt, dielectric constant ε, polydispersity of the radius σr, and chi squared 
value χ2. 

Parameter 
Spherical F(q) with 
Hayter-MSA S(q) 

Scale 0.12 

Background (cm-1) 0.145 

ρSDS (10-6 Å-2) 0.395 

ρGly (10-6 Å-2) 7.20 

r (Å) 18.0 

φ 0.10 

C (e) 5.00 

T (K) 343.0 

csalt (M) 0.00 

ε 42.5 

σr 0.00 

χ2 17.2 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix A2. Model refinement for raw SANS profiles of SDS in glycerol 
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Table A2.9 A summary of the fitting parameters for 4.4 wt% SDS in glycerol at 70 oC using a 
cylindrical F(q) and a Hayter-MSA S(q) (Figure A2.3): scattering length density of SDS ρSDS, 
scattering length density of glycerol ρGly, radius r, length l, volume fraction φ, charge C, 
temperature T, concentration of salt csalt, dielectric constant ε, polydispersity of the radius σr, 
polydispersity of the length σl, and chi squared value χ2. 

Parameter 
Cylindrical F(q) with 

Hayter-MSA S(q) 

Scale 0.35 

Background (cm-1) 0.145 

ρSDS (10-6 Å-2) 0.395 

ρGly (10-6 Å-2) 7.20 

r (Å) 17.0 

l (Å) 10.0 

φ 0.10 

C (e) 5.00 

T (K) 343.0 

csalt (M) 0.00 

ε 42.5 

σr 0.22 

σl 0.24 

χ2 1.49 
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Table A2.10 A summary of the fitting parameters for 4.4 wt% SDS in glycerol at 70 oC using an 
ellipsoidal F(q) and a Hayter-MSA S(q) (Figure A2.3): scattering length density of SDS ρSDS, 
scattering length density of glycerol ρGly, polar radius rpol, equatorial radius req, volume fraction 
φ, charge C, temperature T, concentration of salt csalt, dielectric constant ε, polydispersity of 
the polar radius σr-pol, polydispersity of the equatorial radius σr-eq, and chi squared value χ2. 

Parameter 
Ellipsoidal F(q) with 

Hayter-MSA S(q) 

Scale 0.23 

Background (cm-1) 0.145 

ρSDS (10-6 Å-2) 0.395 

ρGly (10-6 Å-2) 7.20 

rpol (Å) 10.0 

req (Å) 18.0 

φ 0.10 

C (e) 5.00 

T (K) 343.0 

csalt (M) 0.00 

ε 42.5 

σr-pol 0.20 

σr-eq 0.20 

χ2 4.44 
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Table A2.11 A summary of the fitting parameters for 4.4 wt% SDS in glycerol at 70 oC using a 
parallepiped F(q) and a Hayter-MSA S(q) (Figure A2.3): scattering length density of SDS ρSDS, 
scattering length density of glycerol ρGly, length la, width lb,, depth lc, volume fraction φ, charge 
C, temperature T, concentration of salt csalt, dielectric constant ε, and chi squared value χ2. 

Parameter 
Parallepiped F(q) with 

Hayter-MSA S(q) 

Scale 0.17 

Background (cm-1) 0.145 

ρSDS (10-6 Å-2) 0.395 

ρGly (10-6 Å-2) 7.20 

la (Å) 12.6 

lb (Å) 32.1 

lc (Å) 37.9 

φ 0.20 

C (e) 1.66 

T (K) 343.0 

csalt (M) 0.00 

ε 42.5 

χ2 2.06 

 

Further refinement of the SANS data using the two models showed that both models fitted 

well to the raw SANS profile (Figure A2.4), with the fitted parameters summarised in Table 

A2.12 and Table A2.13. However, the fitting observed for the ellipsoidal model was based on 

parameters that were not physically feasible in some cases, such as the volume fraction, φ, ~ 

0.002 or the concentration of salt, csalt, ~ 0.1 M. Therefore, the cylindrical model was deemed 

more physically feasible and chosen as the appropriate model for the SANS profile.   
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Figure A2.4 Further refined fitted SANS data for 4.4 wt% SDS in glycerol at 70 oC using a Hayter-
MSA S(q) and: (orange) a cylindrical F(q); and (yellow) an ellipsoidal F(q). 
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Table A2.12 A summary of the further refined fitting parameters for 4.4 wt% SDS in glycerol at 
70 oC using a cylindrical F(q) and a Hayter-MSA S(q) (Figure A2.4): scattering length density of 
SDS ρSDS, scattering length density of glycerol ρGly, radius r, length l, volume fraction φ, charge 
C, temperature T, concentration of salt csalt, dielectric constant ε, polydispersity of the radius 
σr, polydispersity of the length σl, and chi squared value χ2. 

Parameter 
Cylindrical F(q) with 

Hayter-MSA S(q) 

Scale 0.26 

Background (cm-1) 0.145 

ρSDS (10-6 Å-2) 0.395 

ρGly (10-6 Å-2) 7.20 

r (Å) 17.0 

l (Å) 12.0 

φ 0.12 

C (e) 4.94 

T (K) 343.0 

csalt (M) 0.00 

ε 42.5 

σr 0.23 

σl 0.23 

χ2 1.39 
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Table A2.13 A summary of the further refined fitting parameters for 4.4 wt% SDS in glycerol at 
70 oC using an ellipsoidal F(q) and a Hayter-MSA S(q) (Figure A2.4): scattering length density of 
SDS ρSDS, scattering length density of glycerol ρGly, polar radius rpol, equatorial radius req, volume 
fraction φ, charge C, temperature T, concentration of salt csalt, dielectric constant ε, 
polydispersity of the polar radius σr-pol, polydispersity of the equatorial radius σr-eq, and chi 
squared value χ2. 

Parameter 
Ellipsoidal F(q) with 

Hayter-MSA S(q) 

Scale 1.6 

Background (cm-1) 0.14 

ρSDS (10-6 Å-2) 0.395 

ρGly (10-6 Å-2) 7.20 

rpol (Å) 11.4 

req (Å) 13.2 

φ 0.002 

C (e) 30.0 

T (K) 343.0 

csalt (M) 0.125 

ε 42.5 

σr-pol 0.20 

σr-eq 0.10 

χ2 1.32 

 



Appendix A2. Model refinement for raw SANS profiles of SDS in glycerol 

A2.18 
 

 

Figure A2.5 Further refined fitted SANS data for 4.4 wt% SDS in glycerol at 70 oC using a Hayter-
MSA S(q) and: (red) a capped cylinder F(q) – no S(q), (orange) a core-shell cylinder F(q); (yellow) 
a cylinder F(q); (green) an elliptical cylinder F(q); (blue) a flexible cylinder F(q); and (purple) a 
hollow cylinder F(q). 
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Table A2.14 A summary of the further refined fitting parameters for 4.4 wt% SDS in glycerol at 
70 oC using a capped cylinder F(q) (Figure A2.5): scattering length density of SDS ρSDS, scattering 
length density of glycerol ρGly, radius r, cap radius rcap, length l, and chi squared value χ2. 

Parameter Capped Cylinder F(q)  

Scale 0.01 

Background (cm-1) 0.145 

ρSDS (10-6 Å-2) 0.395 

ρGly (10-6 Å-2) 7.20 

r (Å) 17.0 

rcap (Å) 20.0 

l (Å) 10.0 

χ2 41.0 
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A2.20 
 

Table A2.15 A summary of the further refined fitting parameters for 4.4 wt% SDS in glycerol at 
70 oC using a core-shell cylinder F(q) and a Hayter-MSA S(q) (Figure A2.5): scattering length 
density of the headgroup ρHG, scattering length density of the tail ρtail, scattering length density 
of glycerol ρGly, radius r, thickness t, length l, volume fraction φ, charge C, temperature T, 
concentration of salt csalt, dielectric constant ε, polydispersity of the radius σr, polydispersity of 
the thickness σt, polydispersity of the length σl, and chi squared value χ2. 

Parameter 
Core-shell cylinder F(q) 
with Hayter-MSA S(q) 

Scale 0.26 

Background (cm-1) 0.145 

ρHG (10-6 Å-2) -0.391 

ρtail (10-6 Å-2) 5.11 

ρGly (10-6 Å-2) 7.20 

r (Å) 17.0 

t (Å) 4.0 

l (Å) 12.0 

φ 0.12 

C (e) 4.94 

T (K) 343.0 

csalt (M) 0.00 

ε 42.5 

σr 0.20 

σt 0.20 

σl 0.23 

χ2 13.5 
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Table A2.16 A summary of the further refined fitting parameters for 4.4 wt% SDS in glycerol at 
70 oC using a cylinder F(q) and a Hayter-MSA S(q) (Figure A2.5): scattering length density of 
SDS ρSDS, scattering length density of glycerol ρGly, radius r, length l, volume fraction φ, charge 
C, temperature T, concentration of salt csalt, dielectric constant ε, polydispersity of the radius 
σr, polydispersity of the length σl, and chi squared value χ2. 

Parameter 
Cylinder F(q) with 
Hayter-MSA S(q) 

Scale 0.26 

Background (cm-1) 0.145 

ρSDS (10-6 Å-2) 0.395 

ρGly (10-6 Å-2) 7.20 

r (Å) 17.0 

l (Å) 12.0 

φ 0.12 

C (e) 4.94 

T (K) 343.0 

csalt (M) 0.00 

ε 42.5 

σr 0.23 

σl 0.23 

χ2 1.39 
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Table A2.17 A summary of the further refined fitting parameters for 4.4 wt% SDS in glycerol at 
70 oC using an elliptical cylinder F(q) and a Hayter-MSA S(q) (Figure A2.5): scattering length 
density of the headgroup ρHG, scattering length density of the tail ρtail, scattering length density 
of glycerol ρGly, radius r, axis ratio AR, length l, volume fraction φ, charge C, temperature T, 
concentration of salt csalt, dielectric constant ε, polydispersity of the radius σr, polydispersity of 
the axis ratio σAR, polydispersity of the length σl, and chi squared value χ2. 

Parameter 
Elliptical cylinder F(q) 
with Hayter-MSA S(q) 

Scale 0.25 

Background (cm-1) 0.145 

ρSDS (10-6 Å-2) 0.395 

ρGly (10-6 Å-2) 7.20 

rminor (Å) 17.0 

AR 1.5 

l (Å) 10.0 

φ 0.12 

C (e) 5.00 

T (K) 343.0 

csalt (M) 0.00 

ε 42.5 

σr 0.20 

σAR 0.20 

σl 0.20 

χ2 3.05 
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Table A2.18 A summary of the further refined fitting parameters for 4.4 wt% SDS in glycerol at 
70 oC using a flexible cylinder F(q) (Figure A2.5): scattering length density of SDS ρSDS, scattering 
length density of glycerol ρGly, radius r, length l, Kuhn length lKuhn, polydispersity of the radius 
σr, polydispersity of the length σl, polydispersity of the Kuhn length σKuhn, and chi squared value 
χ2. 

Parameter Flexible cylinder F(q)  

Scale 0.01 

Background (cm-1) 0.145 

ρSDS (10-6 Å-2) 0.395 

ρGly (10-6 Å-2) 7.20 

r (Å) 17.0 

l (Å) 15.0 

lKuhn (Å) 5.0 

σr 0.20 

σl 0.34 

σKuhn ~ 0 

χ2 50.7 
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Table A2.19 A summary of the further refined fitting parameters for 4.4 wt% SDS in glycerol at 
70 oC using a cylinder F(q) and a Hayter-MSA S(q) (Figure A2.5): scattering length density of 
SDS ρSDS, scattering length density of glycerol ρGly, radius r, thickness t, length l, volume fraction 
φ, charge C, temperature T, concentration of salt csalt, dielectric constant ε, and chi squared 
value χ2. 

Parameter 
Hollow cylinder F(q) 

with Hayter-MSA S(q) 

Scale 0.80 

Background (cm-1) 0.145 

ρSDS (10-6 Å-2) 0.395 

ρGly (10-6 Å-2) 7.20 

r (Å) 17.0 

t (Å) 4.0 

l (Å) 10.0 

φ 0.12 

C (e) 5.0 

T (K) 343.0 

csalt (M) 0.00 

ε 42.5 

χ2 39.3 

 

A2.3 Fitted SANS data for SDS in glycerol for all temperatures 

Figure A2.6 shows the fitted data for 4.4 wt % SDS in glycerol at all temperature measured, 

showing fits to the low temperature data (to a lamellar stack paracrystal model) and fits to the 

high temperature data (to a cylinder F(q) and a Hayter MSA S(q)). Figure A2.7 shows the fitted 

data for 2.3 wt % SDS in glycerol at all temperature measured, showing fits to the low 

temperature data (to a lamellar stack paracrystal model) and fits to the high temperature data 

(to a cylinder F(q) and a Hayter MSA S(q)). 



Appendix A2. Model refinement for raw SANS profiles of SDS in glycerol 

A2.25 
 

 

Figure A2.6 SANS profiles for 4.4 wt% (~14.7 CMC) h-SDS in d-glycerol at different 
temperatures, showing the transition  between the micellar solution to the lamellar phase at 
a critical gelation temperature TGC ~ 40 – 50 oC. This figure includes the fits, at lower 
temperatures a lamellar stack paracrystal model, and at higher temperatures a cylinder F(q) 
and a Hayter MSA S(q). 
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Table A2.20 A summary of the fitting parameters for 4.4 wt% SDS in glycerol at 25, 35, and 40 
oC, fitted to the lamellar paracrystal stack model: SDS bilayer thickness tL, number of layers in 
the stack nLayers, d-spacing, polydispersity of the d-spacing σd, scattering length density of SDS 
ρSDS, scattering length density of glycerol ρGly, polydispersity of the SDS bilayer thickness σt, 
polydispersity of the d-Spacing thickness σd-Spacing, and chi squared value χ2. 

4.4 wt % SDS 25 oC 35 oC 40 oC 

Scale  0.613 0.343 0.299 

Background (cm-1) 0.122 0.121 0.125 

tL (Å) 48.1 54.5 52.4 

nlayers 21.0 22.3 22.1 

d-Spacing (Å) 55.6 56.0 56.0 

ρSDS (10-6 Å-2) 0.395 0.395 0.395 

ρGly (10-6 Å-2) 7.20 7.20 7.20 

σt 0.01 0.09 0.13 

σd-Spacing 0.00 0.10 0.32 

χ2 2.61 3.86 3.33 
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Table A2.21 A summary of the fitting parameters for 4.4 wt% SDS in glycerol at 50, 55, 60, 65, 
and 70 oC, fitted to a cylindrical F(q) combined with a Hayter-MSA S(q): scattering length 
density of SDS ρSDS, scattering length density of glycerol ρGly, radius r, length l, volume fraction 
φ, charge, temperature T, concentration of salt csalt, dielectric constant ε, polydispersity of the 
radius σr, polydispersity of the length σl, and chi squared value χ2. 

4.4 wt % SDS 50 oC 55 oC 60 oC 65 oC 70 oC 

Scale 0.45 0.45 0.42 0.39 0.26 

Background (cm-1) 0.145 0.145 0.145 0.145 0.145 

ρSDS (10-6 Å-2) 0.395 0.395 0.395 0.395 0.395 

ρGly (10-6 Å-2) 7.20 7.20 7.20 7.20 7.20 

r (Å) 17.0 17.0 17.0 17.0 17.0 

l (Å) 10.1 10.0 10.1 10.1 12.0 

φ 0.10 0.10 0.10 0.10 0.12 

Charge (e) 6.00 6.00 4.00 4.00 4.94 

T (K) 323.0 328.0 333.0 338.0 343.0 

csalt (M) 0.00 0.00 0.00 0.00 0.00 

ε 42.5 42.5 42.5 42.5 42.5 

σr 0.10 0.10 0.10 0.10 0.23 

σl 0.10 0.10 0.10 0.10 0.23 

χ2 2.29 5.87 2.51 2.01 1.39 
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Figure A2.7 SANS profiles for 2.3 wt% (~7.68 CMC) h-SDS in d-glycerol at different 
temperatures, showing the transition  between the micellar solution to the lamellar phase at 
a critical gelation temperature TGC ~ 40 – 50 oC. This figure includes the fits, at lower 
temperatures a lamellar stack paracrystal model, and at higher temperatures a cylinder F(q) 
and a Hayter MSA S(q). 
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Table A2.22 A summary of the fitting parameters for 2.3 wt% SDS in glycerol at 25, 35, and 40 
oC, fitted to the lamellar paracrystal stack model: SDS bilayer thickness tL, number of layers in 
the stack nLayers, d-spacing, polydispersity of the d-spacing σd, scattering length density of SDS 
ρSDS, scattering length density of glycerol ρGly, polydispersity of the SDS bilayer thickness σt, 
polydispersity of the d-Spacing thickness σd-Spacing, and chi squared value χ2. 

2.3 wt % SDS 25 oC 35 oC 40 oC 

Scale  0.225 0.074 0.044 

Background (cm-1) 0.087 0.094 0.098 

tL (Å) 49.3 46.5 36.8 

nlayers 21.4 21.2 25.1 

d-Spacing (Å) 55.6 55.4 56.0 

ρSDS (10-6 Å-2) 0.395 0.395 0.395 

ρGly (10-6 Å-2) 7.20 7.20 7.20 

σt 0.04 0.09 0.20 

σd-Spacing 0.10 0.00 0.50 

χ2 1.75 1.39 1.72 
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Table A2.23 A summary of the fitting parameters for 2.3 wt% SDS in glycerol at 50, 55, 60, 65, 
and 70 oC, fitted to a cylinder F(q) combined with a Hayter-MSA S(q): scattering length density 
of SDS ρSDS, scattering length density of glycerol ρGly, radius r, length l, volume fraction φ, 
charge, temperature T, concentration of salt csalt, dielectric constant ε, polydispersity of the 
radius σr, polydispersity of the length σl, and chi squared value χ2. 

2.3 wt % SDS 50 oC 55 oC 60 oC 65 oC 70 oC 

Scale 0.061 0.061 0.059 0.045 0.030 

Background (cm-1) 0.098 0.098 0.10 0.10 0.096 

ρSDS (10-6 Å-2) 0.395 0.395 0.395 0.395 0.395 

ρGly (10-6 Å-2) 7.20 7.20 7.20 7.20 7.20 

r (Å) 16.9 16.9 16.9 16.9 17.0 

l (Å) 11.8 11.8 10.0 10.0 12.0 

φ 0.11 0.10 0.098 0.10 0.11 

Charge (e) 3.44 3.44 2.45 3.00 4.94 

T (K) 323.0 328.0 333.0 338.0 343.0 

csalt (M) 0.00 0.00 0.00 0.00 0.00 

ε 42.5 42.5 42.5 42.5 42.5 

σr 0.10 0.10 0.10 0.10 0.30 

σl 0.10 0.10 0.10 0.10 0.30 

χ2 1.34 1.73 1.26 1.52 1.35 

  



 

 

Appendix A3 

Non model analyses of SDS in glycerol 
 

A3.1 Guinier analysis of SDS in glycerol 

The Guinier approximation, discussed previously in Section 2.1.5.1, is a simple analysis that can 

be carried out on the low-q region of a raw scattering profile to provide the radius of gyration, 

rg (Figure A3.1 and Figure A3.2). From the various Guinier analyses carried out, rg was 

determined for each SDS concentration, cSDS, and temperature, T (Table A3.1 – Table A3.3). For 

the lower cSDS (< 0.6 wt %), there is no real trend for rg, this is likely due to the lack of structure 

rather than any self-assembled objects/phases, indicated by isotropic scattering in the raw 

scattering profile.  

However, for the higher cSDS (4.4 and 2.3 wt %), some trends can be drawn for the rg, in 

particular, the large decrease at the critical gelation temperature, TGC, demonstrates the 

transition from the gel to a fluid phase. Another general trend is the decrease of rg with 

decreasing cSDS, which is due to the lower number of SDS molecules present to form the self-

assembled aggregates. Whilst, there are these general trends, two points should be noted, the 

first being the value of rg given by the various analysis types. For example, the rg of SDS in 

glycerol above the TGC is lower than that expected from a micelle; model fitting analyses show 

that the cylindrical radius of these SDS micelles is ~ 17 Å, and thus, an rg ~ 7 - 9 Å is much lower 

than expected. 

Another consideration is the difference in calculated rg between the different analysis types, 

which can vary greatly, for instance, 4.4 wt % SDS in glycerol at 70 oC varies between 8.4 – 58.7 

Å. This could be indication of the lack of a Guinier region in these data, suggesting that the 

fitting algorithm struggles with finding a valid Guinier region. The Guinier peak analysis (GPA) 

plot can indicate the presence of a true Guinier region, if a peak is present in a qI(q) vs q2 plot 

that is indication of a Guinier region. Figure A3.1c does not show a peak, other than the Bragg 

peaks, and while Figure A3.2c does show a peak, this is likely a distortion of the data from the 

structure factor, S(q), rather than the presence of a true Guinier region, causing the variation 

of rg with different analyses types.  
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Figure A3.1 (a) Raw scattering profile of 4.4 wt % SDS in glycerol at 25 oC displayed in a Guinier 
plot (ln [I(q)] vs q2) with a linear Guinier fit. (b) The Guinier region of the same raw scattering 
profile fitted by SasView modelling. (c) A Guinier peak analysis (GPA) plot of the same raw 
scattering profile.  



Appendix A3. Non model analyses of SDS in glycerol 

A3.3 
 

 

Figure A3.2 (a) Raw scattering profile of 4.4 wt % SDS in glycerol at 70 oC displayed in a Guinier 
plot (ln [I(q)] vs q2) with a linear Guinier fit (solid line) and distortion of S(q) (dashed line). (b) 
The Guinier region of the same raw scattering profile fitted by SasView modelling. (c) A Guinier 
peak analysis (GPA) plot of the same raw scattering profile. (d) Zoom of the GPA plot to show 
the peak in more detail.   
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Table A3.1 The radii of gyration, rg, (in Angstrom, Å) of SDS in glycerol at different surfactant 
concentrations, cSDS, and temperatures, T, determined manually using a Guinier plot as per 
Figure A3.1a. 

T 
(oC) 

4.4 wt % 2.3 wt % 0.6 wt % 0.2 wt % 

25 131.5 Å 122.5 Å 2.9 Å 3.0 Å 

35 156.5 Å 142.1 Å - - 

40 155.3 Å 143.9 Å - - 

50 87.7 Å 6.7 Å 2.9 Å 3.0 Å 

55 13.9 Å 6.2 Å - - 

60 16.0 Å 6.1 Å - - 

65 16.2 Å 5.8 Å - - 

70 15.9 Å 5.9 Å 2.9 Å 3.0 Å 

 

Table A3.2 The radii of gyration, rg, (in Angstrom, Å) of SDS in glycerol at different surfactant 
concentrations, cSDS, and temperatures, T, determined using the SasView Guinier fitting 
algorithm as per Figure A3.1b. 

T 
(oC) 

4.4 wt % 2.3 wt % 0.6 wt % 0.2 wt % 

25 211.2 Å 205.7 Å 71.7 Å 72.5 Å 

35 208.0 Å 207.6 Å - - 

40 205.4 Å 207.2 Å - - 

50 8.8 Å 8.0 Å 186.9 Å 61.9 Å 

55 8.7 Å 7.7 Å - - 

60 8.6 Å 7.6 Å - - 

65 8.5 Å 7.4 Å - - 

70 8.4 Å 7.0 Å 244.5 Å 75.3 Å 
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Table A3.3 The radii of gyration, rg, (in Angstrom, Å) of SDS in glycerol at different surfactant 
concentrations, cSDS, and temperatures, T, determined using the SasView Guinier-Porod fitting 
algorithm as per Figure A3.3c. 

T 
(oC) 

4.4 wt % 2.3 wt % 0.6 wt % 0.2 wt % 

25 242.9 Å 166.0 Å 94.0 Å 81.9 Å 

35 212.5 Å 162.5 Å - - 

40 239.7 Å 254.0 Å - - 

50 69.5 Å 134.8 Å 82.2 Å 82.2 Å 

55 62.4 Å 126.7 Å - - 

60 41.7 Å 125.3 Å - - 

65 19.0 Å 48.7 Å - - 

70 58.7 Å 28.9 Å 243.8 Å 82.1 Å 

 

A3.2 Porod analysis of SDS in glycerol 

The Porod approximation, discussed previously in Section 2.1.5.2, is a simple analysis that be 

carried out on the high-q region of a raw scattering profile obtaining information about the 

specific surface area and ‘dimensionality’ of the scattering objects (Figure A3.3 – Figure A3.4). 

For the higher temperature data, the contribution of an S(q) for the fitting analysis was 

considered, and found to weight the data incorrectly, and thus, was ignored for Porod analysis. 

The parameters obtained in Porod analyses are summarised in Table A3.4.  

As with Guinier analysis, the Porod analysis of the lower cSDS (< 0.6 wt %) was difficult due to 

the presence of isotropic scattering. For the higher cSDS a clear transition can be seen with the 

critical gelation temperature, TGC, reflected in the transition of both the Porod exponent, D, 

and dimensionality parameter, s. The Porod exponent, D, transitions from D ~ 3 – 4, describing 

the mass fractal property of the aggregates < TGC, to D < 1, which does not lie in the usual 

values for Porod exponent. The dimensionality parameter, s, transitions from s ~ 2, describing 

a lamellar structure, reflected in the Bragg peak positions, to s approaching 0, representing 

globular aggregates.  
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Figure A3.3 (a) Raw scattering profile of 4.4 wt % SDS in glycerol at 25 oC fitted using the 
SasView Porod fitting algorithm. (b) Raw scattering profile of 4.4 wt % SDS in glycerol at 25 oC 
displayed in a Porod plot. (c) Raw scattering profile of 4.4 wt % SDS in glycerol at 25 oC fitted 
using the SasView Guinier-Porod fitting algorithm. 

 

Figure A3.4 (a) Raw scattering profile of 4.4 wt % SDS in glycerol at 25 oC fitted using the 
SasView Porod fitting algorithm with (solid line) and without (dashed line) S(q) contributions. 
(b) Raw scattering profile of 4.4 wt % SDS in glycerol at 25 oC displayed in a Porod plot. (c) Raw 
scattering profile of 4.4 wt % SDS in glycerol at 25 oC fitted using the SasView Guinier-Porod 
fitting algorithm with (solid line) and without (dashed line) S(q) contributions. 
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Table A3.4 The Porod exponent, D, and dimensionality parameter, s, determined through 
Porod analysis of SDS in glycerol at different cSDS and T, through SasView Guinier-Porod analysis 
as per Figure A3.3c.  

T 
(oC) 

4.4 wt % 2.3 wt % 0.6 wt % 0.2 wt % 

s D s D s D s D 

25 1.85 3.94 1.77 3.90 0.33 5.44 0.85 3.67 

35 1.82 3.90 1.63 3.91 - - - - 

40 1.81 3.77 1.66 3.51 0.85 3.68 0.85 3.69 

50 0.29 0.47 0.17 0.34 - - - - 

55 0.46 0.46 0.24 0.32 - - - - 

60 0.52 0.52 0.25 0.28 - - - - 

65 0.49 0.49 0.12 0.30 - - - - 

70 0.19 0.38 0.02 0.28 0.00 18.24 0.85 3.69 

 

A3.3 Kratky analysis of SDS in glycerol 

The raw scattering profiles of SDS in glycerol were plotted as Kratky plots, to see if any further 

conformational information about the gel could be determined (Figure A3.5). While typically 

Kratky plots are used to determine protein conformation1, they can also be used in other 

applications to look at conformation of polymers or larger network structures2, 3. However, the 

lack of structure in the Kratky plot, no peaks nor plateaus, leads to the Kratky plot not giving 

any further information about the system here.  
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Figure A3.5 Raw scattering profiles of 4.4 wt % SDS in glycerol at 25 oC (a) and 70 oC (b) 
displayed in a Kratky plot.  
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Appendix A4 

Model refinement of the fracto-

eutectogel 
A4.1 X-ray reflectivity (XRR) at the air-glyceline interface 

The use of a lamellar model to fit the SANS profile of the gel phase was rationalised by 

observations in the X-ray reflectivity (XRR) data at the air-glyceline interface (Figure A4.1). The 

peaks at q ~ 0.3 and 0.6 Å-1 can be clearly seen here, relating to nα = 1, 2.  

 

Figure A4.1 XRR profile of 0.4 wt % SDS in glyceline, plotted as Rq4 to improve the clarity of the 
Bragg peaks. Data was taken on the I07 beamline, Diamond Light Source, Oxford, UK.  
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A4.2 The effect of surfactant concentration on aggregate formation 

The size of the fractal aggregates increased as the surfactant concentration, cSDS, decreased in 

SANS model analyses, this was also confirmed in PLM imaging (Figure A4.2). The largest 

aggregate sizes are in the lower concentrations, possibly due to growth in the higher cSDS being 

hindered by the number of aggregates forming.  

 

Figure A4.2 The effect of surfactant concentration, cSDS, on aggregate formation, cSDS are shown 
top right for each image, and each scale bar represents 200 μm. These images were taken at 
10 x magnification with a 530 nm first-order waveplate.  

 

Figure A4.3 Comparison between higher and lower cSDS fractal aggregates, cSDS are shown top 
right for each image, and each scale bar represents 200 μm. These images were taken at 10 x 
magnification with a 530 nm first-order waveplate. 
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 A4.3 

A4.3 Model refinement for SANS data fitting of the SDS-in-glyceline gel at 25 oC 

The PLM imaging of the SDS-in-glyceline gel indicated the formation of fractal aggregates, so 

the three fractal models available on SasView were trialled to find the most appropriate model 

for the system (Figure A4.4), with tables summarising the fitting parameters for each (Table 

A4.1 - Table A4.5). Of the three fractal models trialled, the mass fractal model was found to 

have the best fit with physically sensible values for the fit parameters. A fit to the lamellar 

paracrystal model and a Debye-Anderson-Brumberger (DAB) model is shown as well, as a 

lamellar fit was chosen to try and account for the Bragg peak. The DAB model was used to 

obtain a value for the correlation length, ξ. 

 

Figure A4.4 Fitted SANS data for 5.3 wt % SDS in glyceline at 25 oC using: a lamellar paracrystal 
model (red), a fractal model (orange), a fractal core-shell model (yellow), a mass fractal fit 
(green), and a Debye-Anderson-Brumberger (DAB) model (blue). 
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Table A4.1 Table summarising the fitting parameters for the paracrystalline lamellar stack 
model used to simulate the data for 5.3 wt % h-SDS in d-glyceline at 25 oC: SDS bilayer thickness 
tL, number of layers in the stack nLayers, d-spacing, polydispersity of the d-spacing σd, scattering 
length density of SDS ρSDS, scattering length density of glyceline ρGly, polydispersity of the SDS 
bilayer thickness σt, and chi squared value χ2. 

Lamellar Stack 
Paracrystal Model 

5.3 wt % 

tL (Å) 20.0 

nLayers 57.7 

d-Spacing (Å) 20.4 

σd (Å) 0.013 

ρSDS (10-6 Å-2) 0.40 

ρGly (10-6 Å-2) 5.50 

σt 1.0 

χ2 3.8 

Table A4.2 Table summarising the fitting parameters for the fractal model used to simulate the 
data for 5.3 wt % h-SDS in d-glyceline at 25 oC: volume fraction φ, radius r, fractal dimension 
Dm, correlation length ξ, scattering length density of SDS ρSDS, scattering length density of 
glyceline ρGly, polydispersity of the radius σr, and chi squared value χ2. 

Fractal Model 5.3 wt % 

φ 0.30 

r (Å) 4936 

Dm 0.19 

ξ (Å) 17.2 

ρSDS (10-6 Å-2) 0.354 

ρGly (10-6 Å-2) 5.747 

σr 0.51 

χ2 3.47 
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 A4.5 

Table A4.3 Table summarising the fitting parameters for the fractal core-shell model used to 
simulate the data for 5.3 wt % h-SDS in d-glyceline at 25 oC: volume fraction φ, radius r, 
thickness t, fractal dimension Dm, correlation length ξ, scattering length density of the core 
ρcore, scattering length density of the shell ρshell, scattering length density of glyceline ρGly, 
polydispersity of the radius σr, and chi squared value χ2. 

Fractal Core-Shell 
Model 

5.3 wt % 

φ 0.021 

r (Å) 15.0 

t (Å) 5.0 

Dm 2.02 

ξ (Å) 6487 

ρcore (10-6 Å-2) -0.304 

ρshell (10-6 Å-2) 5.200 

ρGly (10-6 Å-2) 5.743 

σr 0.10 

σt 0.71 

χ2 14.9 

 

Table A4.4 Table summarising the fitting parameters for the mass fractal model used to 
simulate the data for 5.3 wt % h-SDS in d-glyceline at 25 oC: radius of the fractal aggregate r, 
fractal dimension Dm, and chi squared value χ2. 

Mass Fractal 
Model 

5.3 wt % 

r (Å) 56.5 

Dm 2.95 

χ2 3.4 
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Table A4.5 Table summarising the fitting parameters for the DAB model used to simulate the 
data for 5.3 wt % h-SDS in d-glyceline at 25 oC: correlation length ξ, and chi squared value χ2. 

DAB Model 5.3 wt % 

ξ (Å) 484.9 

χ2 3.4 



 

 

Appendix A5 

Model refinement of SDS in glyceline at 

elevated temperatures 
 

A5.1 Probing the temperature-induced gel to fluid transition with PLM 

Figure A5.1 shows the phase transition at finer temperature increments, T = 50 – 55 oC, to 

show the disappearance of the fractal aggregates. Figure A5.2 shows the effect of temperature 

on the fracto-eutectogel as the temperature is increased in 5 oC increments.  

 

Figure A5.1 PLM images of 2.5 wt% SDS in glyceline between T = 50 – 55 oC at a finer 
temperature increment step, showing the disappearance of the fractal aggregates. Images are 
taken at 4 x magnification with a 530 nm first order waveplate, temperatures are indicated, 
and scale bars represent 100 μm. 
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 A5.2 

 

Figure A5.2 PLM images of 2.5 wt% SDS in glyceline at different temperatures, showing the 
disappearance of the fractal aggregates with elevated temperature. Images are taken at 4 x 
magnification with a 530 nm first order waveplate, temperatures are indicated, and scale bars 
represent 100 μm. 
 

A5.2 Model refinement for SANS data fitting of the SDS-in-glyceline gel at 70 oC 

The higher T SANS profiles of the SDS-in-glyceline gel indicated the formation of globular 

aggregates, so four globular micelle models on SasView were trialled to find the most 

appropriate model for the system (Figure A5.3), with tables summarising the fitting parameters 

for each (Table A5.1 - Table A5.4). Of the four globular micelle models trialled, the spherical 

and cylindrical models were shown to have the most appropriate fits with sensible physical 

parameters.  
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Figure A5.3 Fitted SANS data for 5.3 wt % SDS in glyceline at 70 oC using: a spherical model 
(red), an ellipsoidal model (orange), a cylindrical model (yellow), and a parallepiped fit (green). 
Table A5.1 Table summarising the fitting parameters for the sphere model used to simulate 
the data for 5.3 wt % h-SDS in d-glyceline at 70 oC: radius r, scattering length density of SDS 
ρSDS, scattering length density of glyceline ρGly, polydispersity of the radius σr, and chi squared 
value χ2. 

Sphere Model 5.3 wt % 

r (Å) 19.8 

ρSDS (10-6 Å-2) 0.50 

ρGly (10-6 Å-2) 5.80 

σr 0.08 

χ2 10.8 
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 A5.4 

Table A5.2 Table summarising the fitting parameters for the ellipsoid model used to simulate 
the data for 5.3 wt % h-SDS in d-glyceline at 70 oC: polar radius rP, equatorial radius rE, 
scattering length density of SDS ρSDS, scattering length density of glyceline ρGly, polydispersity 
of the polar radius σP, polydispersity of the equatorial radius σE, and chi squared value χ2. 

Ellipsoid Model 5.3 wt % 

rP (Å) 21.5 

rE (Å) 19.5 

ρSDS (10-6 Å-2) 0.493 

ρGly (10-6 Å-2) 5.601 

σp 0.31 

σE 0.31 

χ2 2.45 

 

Table A5.3 Table summarising the fitting parameters for the cylinder model used to simulate 
the data for 5.3 wt % h-SDS in d-glyceline at 70 oC: cylinder radius r, length l, scattering length 
density of SDS ρSDS, scattering length density of glyceline ρGly, polydispersity of the radius σr, 
polydispersity of the length σl, and chi squared value χ2. 

Cylinder Model 5.3 wt % 

r (Å) 20.0 

l (Å) 14.0 

ρSDS (10-6 Å-2) 0.395 

ρGly (10-6 Å-2) 5.788 

σr 0.0 

σl 0.0 

χ2 11.6 

 

 

 

 

 

 



Appendix A5. Model refinement of SDS in glyceline at elevated temperatures 

 

 A5.5 

Table A5.4 Table summarising the fitting parameters for the parallepiped model used to 
simulate the data for 5.3 wt % h-SDS in d-glyceline at 70 oC: length of side a la, length of side b 
lb, length of side c lc, scattering length density of SDS ρSDS, scattering length density of glyceline 
ρGly, polydispersity of side a σa, polydispersity of the side b σb, polydispersity of the side c σc 
and chi squared value χ2. 

Parallepiped 
Model 

5.3 wt % 

la (Å) 20.0 

lb (Å) 20.0 

lc (Å) 20.0 

ρSDS (10-6 Å-2) 0.395 

ρGly (10-6 Å-2) 5.788 

σa 0.1 

σb 0.1 

σc 0.1 

χ2 118.2 

 

The spherical and cylindrical models were then further refined to find the most appropriate 

model (Figure A5.4), with the fit parameters (Table A5.5 - Table A5.6). The core-shell-cylinder 

model showed the most appropriate fit, determined by a combination of the χ2 value and the 

physical parameters. Therefore, the core-shell-cylinder model was chosen as the structure for 

the higher T SANS profiles.  
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Figure A5.4 Refined fitted SANS data for 5.3 wt % SDS in glyceline at 70 oC using: a spherical 
model (red), and a cylindrical model (yellow). 
 

Table A5.5 Table summarising the fitting parameters for the core-shell-sphere model used to 
simulate the data for 5.3 wt % h-SDS in d-glyceline at 70 oC: radius r, thickness t, scattering 
length density of the core ρcore, scattering length density of the shell ρshell, scattering length 
density of glyceline ρGly, polydispersity of the radius σr, polydispersity of the thickness σt, and 
chi squared value χ2. 

Core-Shell-Sphere 
Model 

5.3 wt % 

r (Å) 18.2 

t (Å) 3.6 

ρcore (10-6 Å-2) -0.391 

ρshell (10-6 Å-2) 5.024 

ρGly (10-6 Å-2) 5.842 

σr 0.077 

σt ~ 0.0 

χ2 2.45 
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Table A5.6 Table summarising the fitting parameters for the core-shell-cylinder model used to 
simulate the data for 5.3 wt % h-SDS in d-glyceline at 70 oC: core radius r, shell thickness t, 
cylinder length l, scattering length density of the core ρcore, scattering length density of the 
shell ρshell, scattering length density of glyceline ρGly, polydispersity of the core radius σr, 
polydispersity of the shell thickness σt, polydispersity of the cylinder length σl, and chi squared 
value χ2. 

Core-Shell-
Cylinder Model 

5.3 wt % 

r (Å) 16.3 

t (Å) 4.8 

l (Å) 23.9 

ρcore (10-6 Å-2) -0.38 

ρshell (10-6 Å-2) 4.80 

ρGly (10-6 Å-2) 5.87 

σr 0.05 

σt 0.05 

σl 0.05 

χ2 2.45 

 

A5.3 The cylinder to sphere transition at 0.6 wt % SDS in glyceline 

The transition from a core-shell-cylinder structure to a core-shell-sphere structure was 

observed at cSDS = 0.6 wt %, this was trialled with both models first before deciding on a 

morphology (Figure A5.5), with the fit parameters (Table A5.7 - Table A5.8). From this fitting 

analysis, the most appropriate structure was found to be a core-shell-sphere model and thus, 

this was the chosen structure for this cSDS at elevated T. 
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Figure A5.5 Refined fitted SANS data for 0.6 wt % SDS in glyceline at 70 oC using: a spherical 
model (red), and a cylindrical model (yellow). 
 

Table A5.7 Table summarising the fitting parameters for the core-shell-sphere model used to 
simulate the data for 0.6 wt % h-SDS in d-glyceline at 70 oC: radius r, thickness t, scattering 
length density of the core ρcore, scattering length density of the shell ρshell, scattering length 
density of glyceline ρGly, polydispersity of the radius σr, polydispersity of the thickness σt, and 
chi squared value χ2. 

Core-Shell-Sphere 
Model 

0.6 wt % 

r (Å) 16.4 

t (Å) 5.0 

ρcore (10-6 Å-2) -0.300 

ρshell (10-6 Å-2) 5.185 

ρGly (10-6 Å-2) 5.742 

σr 0.05 

σt 0.05 

χ2 1.35 
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Table A5.8 Table summarising the fitting parameters for the core-shell-cylinder model used to 
simulate the data for 0.6 wt % h-SDS in d-glyceline at 70 oC: core radius r, shell thickness t, 
cylinder length l, scattering length density of the core ρcore, scattering length density of the 
shell ρshell, scattering length density of glyceline ρGly, polydispersity of the core radius σr, 
polydispersity of the shell thickness σt, polydispersity of the cylinder length σl, and chi squared 
value χ2. 

Core-Shell-
Cylinder Model 

0.6 wt % 

r (Å) 17.2 

t (Å) 5.0 

l (Å) 21.0 

ρcore (10-6 Å-2) -0.300 

ρshell (10-6 Å-2) 4.934 

ρGly (10-6 Å-2) 5.806 

σr 0.05 

σt 0.05 

σl 0.05 

χ2 3.90 

 

A5.4 Incorporation of a structure factor to 0.6 wt % SDS in glyceline at 70 oC 

The SANS profile of 0.6 wt % SDS in glyceline at T = 70 oC showed a possible structure factor, 

S(q), in the low-q region of the profile. Thus, both a spherical and cylindrical form factor, F(q), 

were trialled with a Hayter-MSA S(q) (Figure A5.6) with fitting parameters (Table A5.9). Trialling 

an S(q) in the model shows a reduction in fit quality, suggesting an S(q) is not appropriate to 

use here. The initial increase in intensity seen in the raw SANS profile could be accounted for 

by the large errors indicated by the error bars.  



Appendix A5. Model refinement of SDS in glyceline at elevated temperatures 

 

 A5.10 

 

Figure A5.6 Fitted SANS profile for 0.6 wt % SDS in glyceline at 70 oC using: a spherical model 
(red), and a cylindrical model (yellow) and a Hayter-MSA S(q). 
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Table A5.9 Table summarising the fitting parameters for the core-shell-sphere and core-shell-
cylinder model with Hayter-MSA S(q) used to simulate the data for 0.6 wt % h-SDS in d-glyceline 
at 70 oC: core radius r, shell thickness t, cylinder length l, scattering length density of the core 
ρcore, scattering length density of the shell ρshell, scattering length density of glyceline ρGly, 
volume fraction φ, charge C, temperature T, salt concentration csalt, dielectric constant ε, 
polydispersity of the core radius σr, polydispersity of the shell thickness σt, polydispersity of 
the cylinder length σl, and chi squared value χ2. 

0.6 wt % SDS 
Core-Shell-

Sphere Model 
Core-Shell-

Cylinder Model 

r (Å) 16.4 17.2 

t (Å) 5.0 5.0 

l (Å) -- 21.0 

ρcore (10-6 Å-2) -0.300 -0.300 

ρshell (10-6 Å-2) 5.185 4.934 

ρGly (10-6 Å-2) 5.742 5.806 

φ 0.10 0.062 

C (e) 4.99 4.36 

T (K) 345 345 

csalt (M) 0.0 0.0 

ε 42.7 44.7 

σr 0.05 0.05 

σt 0.05 0.05 

σl -- 0.05 

χ2 29.9 5.1 

 

A5.5 Model fitting analysis of SDS in glyceline at low surfactant concentrations 

The scattering of the two lowest cSDS measured at 70 oC was shown to be isotropic in Figure 5a 

in the main text. This was determined through fitting analysis, which yielded in a straight 

horizontal line (Figure A5.7). The persistence of this horizontal line through both 

concentrations and T = 65, and 70 oC, suggests these cSDS contain isotropic scattering alone.  
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Figure A5.7 SANS profiles for 0.1 and 0.3 wt % h-SDS in d-glyceline at T = 343 K with attempted 
fits shown by solid black lines.  
 

A5.6 Fitted SANS data for SDS in glyceline for all temperatures and concentrations 

The full set of fitted data for the highest cSDS is shown in the main text (Figure 4) with the fit 

parameters (Table 1 – Table 3). The following figures and tables will display the fits for the 

remaining cSDS investigated for all temperatures measured.  
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2.7 wt % SDS in glyceline 

 

Figure A5.8 SANS profiles for 2.7 wt % h-SDS in d-glyceline at different temperatures. Fits to 
the profiles are indicated by black lines, and different lines are used to relate to the type of 
model used in the fit, shown in the legend; the profiles are offset on the vertical scale for clarity. 
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Table A5.10 Table summarising the fitting parameters for the paracrystalline lamellar stack 
model used to simulate the data for 2.7 wt % h-SDS in d-glyceline at 25, 35, and 40 oC: SDS 
bilayer thickness tL, number of layers in the stack nLayers, d-spacing, polydispersity of the d-
spacing σd, scattering length density of SDS ρSDS, scattering length density of glyceline ρGly, 
polydispersity of the SDS bilayer thickness σt, and chi squared value χ2. 

Lamellar Stack 
Paracrystal Model 

25 oC 35 oC 40 oC 

tL (Å) 20.0 20.0 20.0 

nLayers 57.7 57.7 57.7 

d-Spacing (Å) 20.4 20.4 20.4 

σd (Å) 0.012 0.012 0.012 

ρSDS (10-6 Å-2) 0.427 0.436 0.354 

ρGly (10-6 Å-2) 5.844 5.829 5.747 

σt 1.0 1.0 1.0 

χ2 3.8 2.7 4.1 

 

Table A5.11 Table summarising the fitting parameters for the mass fractal model used to 
simulate the data for 2.7 wt % h-SDS in d-glyceline at 25, 35, and 40 oC: radius of the fractal 
aggregate r, fractal dimension Dm, and chi squared value χ2. 

Mass Fractal 
Model 

25 oC 35 oC 40 oC 

r (Å) 77.5 36.1 40.0 

Dm 2.91 3.00 2.98 

χ2 2.96 3.19 4.13 
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Table A5.12 Table summarising the fitting parameters for the core-shell-cylinder model used 
to simulate the data for 2.7 wt % h-SDS in d-glyceline at 50, 55, 60, 65, and 70 oC: core radius 
r, shell thickness t, cylinder length l, scattering length density of the core ρcore, scattering length 
density of the shell ρshell, scattering length density of glyceline ρGly, polydispersity of the core 
radius σr, polydispersity of the shell thickness σt, polydispersity of the cylinder length σl, and 
chi squared value χ2. 

Core-Shell-
Cylinder Model 

50 oC 55 oC 60 oC 65 oC 70 oC 

r (Å) 18.3 18.1 18.0 17.9 16.9 

t (Å) 5.0 5.0 5.0 5.0 5.0 

l (Å) 25.1 24.8 24.6 24.3 23.6 

ρcore (10-6 Å-2) -0.300 -0.300 -0.300 -0.400 -0.342 

ρshell (10-6 Å-2) 4.896 4.921 4.911 4.880 4.800 

ρGly (10-6 Å-2) 5.816 5.811 5.814 5.740 5.857 

σr 0.05 0.05 0.05 0.05 0.05 

σt 0.05 0.05 0.05 0.05 0.05 

σl 0.05 0.05 0.05 0.05 0.05 

χ2 1.7 1.7 1.7 2.1 2.1 
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1.2 wt % SDS in glyceline 

 

Figure A5.9 SANS profiles for 1.2 wt % h-SDS in d-glyceline at different temperatures. Fits to 
the profiles are indicated by black lines, and different lines used to relate to the type of model 
used in the fit, shown in the legend; the profiles are offset on the vertical scale for clarity. 
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Table A5.13 Table summarising the fitting parameters for the paracrystalline lamellar stack 
model used to simulate the data for 1.2 wt % h-SDS in d-glyceline at 25, and 40 oC: SDS bilayer 
thickness tL, number of layers in the stack nLayers, d-spacing, polydispersity of the d-spacing σd, 
scattering length density of SDS ρSDS, scattering length density of glyceline ρGly, polydispersity 
of the SDS bilayer thickness σt, and chi squared value χ2. 

Lamellar Stack 
Paracrystal Model 

25 oC 40 oC 

tL (Å) 20.0 20.0 

nLayers 57.7 57.7 

d-Spacing (Å) 20.4 20.4 

σd (Å) 0.012 0.012 

ρSDS (10-6 Å-2) 0.425 0.326 

ρGly (10-6 Å-2) 5.852 5.811 

σt 1.0 1.0 

χ2 4.4 7.4 

 

Table A5.14 Table summarising the fitting parameters for the mass fractal model used to 
simulate the data for 1.2 wt % h-SDS in d-glyceline at 25, and 40 oC: radius of the fractal 
aggregate r, fractal dimension Dm, and chi squared value χ2. 

Mass Fractal 
Model 

25 oC 40 oC 

r (Å) 88.5 109.7 

Dm 2.97 2.93 

χ2 4.4 7.5 
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Table A5.15 Table summarising the fitting parameters for the core-shell-cylinder model used 
to simulate the data for 1.2 wt % h-SDS in d-glyceline at 65, and 70 oC: core radius r, shell 
thickness t, cylinder length l, scattering length density of the core ρcore, scattering length 
density of the shell ρshell, scattering length density of glyceline ρGly, polydispersity of the core 
radius σr, polydispersity of the shell thickness σt, polydispersity of the cylinder length σl, and 
chi squared value χ2. 

Core-Shell-
Cylinder Model 

65 oC 70 oC 

r (Å) 16.8 16.8 

t (Å) 5.0 5.0 

l (Å) 30.9 21.1 

ρcore (10-6 Å-2) -0.407 -0.391 

ρshell (10-6 Å-2) 4.800 4.800 

ρGly (10-6 Å-2) 5.872 5.880 

σr 0.05 0.05 

σt 0.05 0.05 

σl 0.05 0.05 

χ2 3.3 4.3 
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0.6 wt % SDS in glyceline 

 

Figure A5.10 SANS profiles for 0.6 wt % h-SDS in d-glyceline at different temperatures. Fits to 
the profiles are indicated by black lines, and different lines are used to relate to the type of 
model used in the fit, shown in the legend; the profiles are offset on the vertical scale for clarity. 
Table A5.16 Table summarising the fitting parameters for the mass fractal model used to 
simulate the data for 0.6 wt % h-SDS in d-glyceline at 25, and 40 oC: radius of the fractal 
aggregate r, fractal dimension Dm, and chi squared value χ2. 

Mass Fractal 
Model 

25 oC 40 oC 

r (Å) 128.5 104.5 

Dm 2.65 2.89 

χ2 4.5 8.1 
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Table A5.17 Table summarising the fitting parameters for the core-shell-sphere model used to 
simulate the data for 0.6 wt % h-SDS in d-glyceline at 65, and 70 oC: core radius r, shell thickness 
t, scattering length density of the core ρcore, scattering length density of the shell ρshell, 
scattering length density of glyceline ρGly, polydispersity of the core radius σr, polydispersity of 
the shell thickness σt, and chi squared value χ2. 

Core-Shell- 
Sphere Model 

65 oC 70 oC 

r (Å) 16.5 16.4 

t (Å) 4.1 5.0 

ρcore (10-6 Å-2) -0.300 -0.300 

ρshell (10-6 Å-2) 4.977 5.185 

ρGly (10-6 Å-2) 5.784 5.742 

σr 0.05 0.05 

σt 0.05 0.05 

χ2 1.4 1.3 
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0.3 wt % SDS in glyceline 

 

Figure A5.11 SANS profiles for 0.3 wt % h-SDS in d-glyceline at different temperatures. Fits to 
the profiles are indicated by black lines, and different lines are used to relate to the type of 
model used in the fit, shown in the legend; the profiles are offset on the vertical scale for clarity. 
Table A5.18 Table summarising the fitting parameters for the mass fractal model used to 
simulate the data for 0.3 wt % h-SDS in d-glyceline at 25, and 40 oC: radius of the fractal 
aggregate r, fractal dimension Dm, and chi squared value χ2. 

Mass Fractal 
Model 

25 oC 40 oC 

r (Å) 145.6 45.8 

Dm 2.30 3.22 

χ2 6.9 8.9 
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0.1 wt % SDS in glyceline 

 

Figure A5.12 SANS profiles for 0.1 wt % h-SDS in d-glyceline at different temperatures. Fits to 
the profiles are indicated by black lines, and different lines are used to relate to the type of 
model used in the fit, shown in the legend; the profiles are offset on the vertical scale for clarity. 
 

Table A5.19 Table summarising the fitting parameters for the mass fractal model used to 
simulate the data for 0.3 wt % h-SDS in d-glyceline at 25 oC: radius of the fractal aggregate r, 
fractal dimension Dm, and chi squared value χ2. 

Mass Fractal 
Model 

25 oC 

r (Å) 20.0 

Dm 3.37 

χ2 4.9 



 

 

Appendix A6 

Model refinement of SDS in binary 

mixtures 
 

A6.1 Model refinement of 4.4 wt % SDS in 20 % glycerol and 80 % water 

The raw SANS profiles obtained for 4.4 wt % SDS in 20 % glycerol indicated the presence of a 

micellar phase from the broad peak at q ~ 0.1 Å-1, where the micelles were interacting seen in 

the structure factor. The morphology of the micellar phase was unknown, and thus, a selection 

of micellar morphologies were trialled (Figure A6.1) to obtain an appropriate fit, using a Hayter-

MSA structure factor to remain consistent with observations in aqueous and glycerolic media 

(fit parameters in Table A6.1 – Table A6.4). Figure A6.1 shows the best fit is the cylindrical 

morphology from the physical appearance, physical feasibility of the fit parameters, and chi 

squared, χ2, values. 

 

Figure A6.1 Fitted SANS data for 4.4 wt % SDS in 20 % glycerol and 80 % water at 25 oC using a 
Hayter-MSA S(q) and: (red) a cylindrical P(q); (orange) a core-shell cylindrical P(q); (yellow) a 
core-shell spherical P(q); and (green) an ellipsoidal P(q). 



Appendix A6. Model refinement of SDS in binary mixtures 

 A6.2 

Table A6.1 Table summarising the fit parameters for the cylindrical P(q) with Hayter-MSA S(q) 
used to simulate the data for 4.4 wt% h-SDS in 20 % d-glycerol at different temperatures (cf. 
Figure A6.1): cylinder radius r, cylinder length l, scattering length density of SDS ρSDS, scattering 
length density of solvent ρsol, volume fraction φ, charge C, temperature T, salt concentration 
csalt, dielectric constant ε, and chi squared χ2. 

Cylindrical P(q) 25 oC 

r (Å) 17.5 ± 0.2 

l (Å) 20.0 ± 0.6 

ρSDS (10-6 Å-2) 0.395 

ρsol (10-6 Å-2) 6.54 

φ 0.05 

C (e) 8.0 

ε 65.4 

χ2 1.4 
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Table A6.2 Table summarising the fit parameters for the core-shell cylindrical P(q) with Hayter-
MSA S(q) used to simulate the data for 4.4 wt% h-SDS in 20 % d-glycerol at different 
temperatures (cf. Figure A6.1): cylinder radius r, cylinder thickness t, cylinder length l, 
scattering length density of SDS headgroup ρSDSHG, scattering length density of SDS tail ρSDST, 
scattering length density of solvent ρsol, volume fraction φ, charge C, temperature T, salt 
concentration csalt, dielectric constant ε, and chi squared χ2. 

Core-shell 
cylindrical P(q) 

25 oC 

r (Å) 16.4 ± 1.6 

t (Å) 5.0 ± 2.1 

l (Å) 16.3 ± 1.9 

ρSDSHG (10-6 Å-2) -0.391 

ρSDST (10-6 Å-2) 5.110 

ρsol (10-6 Å-2) 6.54 

φ 0.02 

C (e) 5.0 

ε 65.4 

χ2 2.3 
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Table A6.3 Table summarising the fit parameters for the core-shell spherical P(q) with Hayter-
MSA S(q) used to simulate the data for 4.4 wt% h-SDS in 20 % d-glycerol at different 
temperatures (cf. Figure A6.1): sphere radius r, sphere thickness t, scattering length density of 
SDS headgroup ρSDSHG, scattering length density of SDS tail ρSDST, scattering length density of 
solvent ρsol, volume fraction φ, charge C, temperature T, salt concentration csalt, dielectric 
constant ε, and chi squared χ2. 

Core-shell 
spherical P(q) 

25 oC 

r (Å) 17.0 ± 1.2 

t (Å) 8.0 ± 2.2 

ρSDSHG (10-6 Å-2) -0.311 

ρSDST (10-6 Å-2) 5.110 

ρsol (10-6 Å-2) 6.54 

φ 0.1 

C (e) 2.0 

ε 65.4 

 

Table A6.4 Table summarising the fit parameters for the ellipsoidal P(q) with Hayter-MSA S(q) 
used to simulate the data for 4.4 wt% h-SDS in 20 % d-glycerol at different temperatures (cf. 
Figure A6.1): polar radius rP, equatorial radius rE, scattering length density of SDS ρSDS, 
scattering length density of solvent ρsol, volume fraction φ, charge C, temperature T, salt 
concentration csalt, dielectric constant ε, and chi squared χ2. 

Ellipsoidal P(q) 25 oC 

rP (Å) 17.0 ± 1.8 

rE (Å) 23.9 ± 2.1 

ρSDS (10-6 Å-2) 0.395 

ρsol (10-6 Å-2) 6.54 

φ 0.1 

C (e) 2.0 

ε 65.4 
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A6.2 SDS in 20 % glycerol and 80 % water 

Figure A6.2 shows the scattering profiles, and fits where appropriate, of SDS in 20 % glycerol-

80 % water at various temperatures and surfactant concentrations, cSDS. The fit parameters for 

Figure A6.2c are available in Chapter 5. Low molecular-weight gelation in binary systems; Table 

5.1 and Table 5.2. 

 

Figure A6.2 (a) Raw scattering profile of 0.2 wt % SDS in 20 % glycerol at 25 oC. (b) Raw 
scattering profile of 0.6 wt % SDS in 20 % glycerol at 25 oC. (c) Fitted scattering profiles of 4.4 
wt % SDS in a glycerol-water mixture (XG:W = 0.2 : 0.8) at various temperatures: 25 oC (red), 40 
oC (orange), 45 oC (yellow), 50 oC (green), 70 oC (blue), 25 oC after six hours cooling (purple). 
Solid black lines represent fitting to a cylindrical P(q) with a Hayter-MSA S(q) and dashed black 
lines represent fitting to an elliptical cylindrical P(q) with a Hayter-MSA S(q). Profiles are offset 
for clarity. 
 

 

 

 

 

 

 

 

a b c
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A6.3 Model refinement of 4.4 wt % SDS in 50 % glycerol and 50 % water 

The raw SANS profiles obtained for 4.4 wt % SDS in 50 % glycerol indicated the presence of a 

micellar phase from the broad peak at q ~ 0.1 Å-1, where the micelles were interacting seen in 

the structure factor. There was also an upturn in intensity in the low-q region of the data, 

arising from the presence of larger objects. The morphology of the micellar phase was 

unknown, and thus, a selection of micellar morphologies were trialled (Figure A6.3) to obtain 

an appropriate fit, using a Hayter-MSA structure factor to remain consistent with observations 

in aqueous and glycerolic media (fit parameters in Table A6.1 – Table A6.4). Figure A6.3 shows 

the best fit is the cylindrical morphology from the physical appearance, physical feasibility of 

the fit parameters, and chi squared, χ2, values. 

 

Figure A6.3 Fitted SANS data for 4.4 wt % SDS in 50 % glycerol and 50 % water at 25 oC using a 
Hayter-MSA S(q) and: (red) a cylindrical P(q); (orange) an ellipsoidal P(q); and (yellow) a 
spherical P(q). 
 



 

 

Appendix A7 

Model refinement of SDS in glycerol in 

the presence of electrolyte 
 

 

A7.1 Polarising light microscopy of the SDS-in-glycerol gel without additional salt 

Figure A7.1 shows the control PLM images of the SDS-in-glycerol gel without additional salt, 

highlighting the two types of texture seen during imaging, due to sample thickness. The thicker 

samples see less individual detail, where thinner samples show more detail of the separate 

fibres.   

 

Figure A7.1 PLM images showing the morphologies present in the SDS-in-glycerol gel (cSDS = 
4.4 wt %) without additional salt. Images were taken in ambient conditions with a 536 nm first 
order waveplate inserted in the optical patch, and magnifications are specified on individual 
images.  
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A7.2 Peak positions of phases observed with the addition of sodium fluoride 

The full peak positions and mesophase assignment for the SDS-in-glycerol gel with sodium 

fluoride, NaF, are described in Table A7.1 – Table A7.4. This includes the q-position and error, 

determined using Gaussian peak analysis, the peak ratios, the lamellar d-spacing and the 

mesophase assignment.  

Table A7.1 The positions of Bragg peaks in the SDS-in-glycerol gel (cSDS = 4.4 wt %) with 0.1 wt 
% NaF at different temperatures, T, with the peak ratios, lamellar d-spacing (dlamellar), and the 
phase taken from the peak ratios. a Sample was cooled and had been at 25 oC for 30 minutes. 
b Sample was cooled and had been at 25 oC for two hours. c Sample was cooled and had been 
at 25 oC for four hours.  

T 
(oC) 

q-Position 
(Å-1) 

Peak 
Ratio 

dlamellar 

(Å) 
Phase 

25 

0.114 ± 
0.0000916 

1 - 

Lamellar 
0.228 ± 

0.000102 2 55.3 

0.341 ± 
0.000270 3 55.5 

25 a 0.198 ± 
0.000228 1 - - 

25 b 

0.198 ± 
0.0000922 1 - 

Lamellar 
0.397 ± 

0.000924 
2 31.6 

25 c 

0.198 ± 
0.0000853 

1 - 
Lamellar 

0.398 ±  
0.00187 

2 31.5 

 

 

 

 

 

 

 

 

 



Appendix A7. Model refinement of SDS in glycerol in the presence of electrolyte 
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Table A7.2 The positions of Bragg peaks in the SDS-in-glycerol gel (cSDS = 4.4 wt %) with 1.0 wt 
%  NaF at different temperatures, T, with the peak ratios, lamellar d-spacing (dlamellar), and the 
phase taken from the peak ratios. a Sample was cooled and had been at 25 oC for 30 minutes. 
b Sample was cooled and had been at 25 oC for two hours. c Sample was cooled and had been 
at 25 oC for four hours. 

T 
(oC) 

q-Position 
(Å-1) 

Peak 
Ratio 

dlamellar 

(Å) 
Phase 

25 

0.114 ± 
0.0000317 1 - 

Lamellar 
0.228 ± 

0.000138 2 55.3 

0.341 ± 
0.000178 3 55.3 

25 a 

0.198 ± 
0.0000900 

1 - 
Lamellar 

0.396 ± 
0.000907 

2 31.7 

25 b 

0.198 ± 
0.0000673 

1 - 
Lamellar 

0.396 ± 
0.000831 

2 31.8 

25 c 

0.198 ± 
0.0000870 

1 - 
Lamellar 0.395 ±  

0.000791 2 32.0 
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Table A7.3 The positions of Bragg peaks in the SDS-in-glycerol gel (cSDS = 4.4 wt %) with 5.0 wt 
% NaF at different temperatures, T, with the peak ratios, lamellar d-spacing (dlamellar), and the 
phase taken from the peak ratios. a Sample was cooled and had been at 25 oC for 30 minutes. 
b Sample was cooled and had been at 25 oC for two hours. c Sample was cooled and had been 
at 25 oC for four hours. 

T 
(oC) 

q-Position 
(Å-1) 

Peak 
Ratio 

dlamellar 

(Å) 
Phase 

25 

0.114 ± 
0.0000392 1 - 

Lamellar 
0.227 ± 

0.000105 2 55.3 

0.341 ± 
0.000258 3 55.4 

25 a 

0.198 ± 
0.000156 

1 - 
Lamellar 

0.397 ± 
0.000798 

2 31.6 

25 b 

0.198 ± 
0.0000950 

1 - 
Lamellar 

0.397 ± 
0.000649 

2 31.5 

25 c 

0.198 ± 
0.0000817 

1 - 
Lamellar 0.397 ±  

0.000684 2 31.6 
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Table A7.4 The positions of Bragg peaks in the SDS-in-glycerol gel (cSDS = 4.4 wt %) with 10.0 wt 
% NaF at different temperatures, T, with the peak ratios, lamellar d-spacing (dlamellar), and the 
phase taken from the peak ratios. a Sample was cooled and had been at 25 oC for 30 minutes. 
b Sample was cooled and had been at 25 oC for two hours. c Sample was cooled and had been 
at 25 oC for four hours. 

T 
(oC) 

q-Position 
(Å-1) 

Peak 
Ratio 

dlamellar 

(Å) 
Phase 

25 

0.114 ± 
0.000122 1 - 

Lamellar 
0.228 ± 

0.000104 2 55.3 

0.339 ± 
0.000253 3 55.4 

25 a 

0.198 ± 
0.0000911 

1 - 
Lamellar 

0.397 ± 
0.000693 

2 31.6 

25 b 

0.198 ± 
0.0000685 

1 - 
Lamellar 

0.397 ± 
0.000800 

2 31.5 

25 c 

0.198 ± 
0.0000688 

1 - 
Lamellar 0.396 ±  

0.00103 2 31.6 
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 A7.6 

 

A7.3 Peak positions of phases observed with the addition of magnesium fluoride 

The full peak positions and mesophase assignment for the SDS-in-glycerol gel with magnesium 

fluoride, MgF2, are described in Table A7.5 – Table A7.8. This includes the q-position and error, 

determined using Gaussian peak analysis, the peak ratios, the lamellar d-spacing and the 

mesophase assignment.  

Table A7.5 The positions of Bragg peaks in the SDS-in-glycerol gel (cSDS = 4.4 wt %) with 0.1 wt 
% MgF2 at different temperatures, T, with the peak ratios, lamellar d-spacing (dlamellar), and the 
phase taken from the peak ratios. b Sample was cooled and had been at 25 oC for two hours. c 
Sample was cooled and had been at 25 oC for four hours.  

T 
(oC) 

q-Position 
(Å-1) 

Peak 
Ratio 

dlamellar 

(Å) 
Phase 

25 

0.114 ± 
0.0000545 1 - 

Lamellar 
0.227 ± 

0.000112 2 55.3 

0.340 ± 
0.000182 

3 55.5 

25 b 

0.113 ± 
0.000203 

1 - 

Cubic (Pn3m) 
+ 

Lamellar 

0.161 ± 
0.000124 

√2 - 

0.198 ± 
0.000139 

√3 - 

0.333 ± 
0.000887 

3 - 

25 c 

0.113 ± 
0.000223 1 - 

Cubic (Pn3m) 
+ 

Lamellar 

0.162 ±  
0.0000916 √2 - 

0.198 ±  
0.000208 √3 - 

0.226 ±  
0.000984 2 - 

0.332±  
0.000917 3 - 
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 A7.7 

 

Table A7.6 The positions of Bragg peaks in the SDS-in-glycerol gel (cSDS = 4.4 wt %) with 1.0 wt 
% MgF2 at different temperatures, T, with the peak ratios, lamellar d-spacing (dlamellar), and the 
phase taken from the peak ratios. b Sample was cooled and had been at 25 oC for two hours. c 
Sample was cooled and had been at 25 oC for four hours. 

T 
(oC) 

q-Position 
(Å-1) 

Peak 
Ratio 

dlamellar 

(Å) 
Phase 

25 

0.114 ± 
0.0000664 1 - 

Lamellar 0.227 ± 
0.0000972 

2 55.3 

0.341 ± 
0.000206 

3 55.4 

25 b 

0.114 ± 
0.000203 

1 - 

Hexagonal 
+ 

Lamellar 

0.198 ± 
0.000260 

√3 - 

0.227 ± 
0.000115 2 - 

0.341 ± 
0.000240 3 - 

25 c 

0.114 ± 
0.000101 1 - 

Hexagonal 
+ 

Lamellar 

0.198 ±  
0.000317 √3 - 

0.227 ±  
0.000141 2 - 

0.341 ±  
0.000242 

3 - 
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Table A7.7 The positions of Bragg peaks in the SDS-in-glycerol gel (cSDS = 4.4 wt %) with 5.0 wt 
% MgF2 at different temperatures, T, with the peak ratios, lamellar d-spacing (dlamellar), and the 
phase taken from the peak ratios. b Sample was cooled and had been at 25 oC for two hours. c 
Sample was cooled and had been at 25 oC for four hours. 

T 
(oC) 

q-Position 
(Å-1) 

Peak 
Ratio 

dlamellar 

(Å) 
Phase 

25 

0.114 ± 
0.0000757 

1 - 

Lamellar 
0.227 ± 

0.0000986 2 55.3 

0.341 ± 
0.000178 3 55.4 

25 b 

0.114 ± 
0.0000384 1 - 

Hexagonal 
+ 

Lamellar 

0.198 ± 
0.000217 √3 - 

0.227 ± 
0.000138 

2 - 

0.341 ± 
0.000234 

3 - 

25 c 

0.114 ± 
0.0000931 

1 - 

Hexagonal 
+ 

Lamellar 

0.198 ±  
0.000213 

√3 - 

0.227 ±  
0.000135 

2 - 

0.341 ±  
0.000180 

3 - 
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Table A7.8 The positions of Bragg peaks in the SDS-in-glycerol gel (cSDS = 4.4 wt %) with 10.0 wt 
% MgF2 at different temperatures, T, with the peak ratios, lamellar d-spacing (dlamellar), and the 
phase taken from the peak ratios. b Sample was cooled and had been at 25 oC for two hours. c 
Sample was cooled and had been at 25 oC for four hours. 

T 
(oC) 

q-Position 
(Å-1) 

Peak 
Ratio 

dlamellar 

(Å) 
Phase 

25 

0.114 ± 
0.000124 

1 - 

Lamellar 
0.228 ± 

0.000102 2 55.2 

0.341 ± 
0.000220 3 55.5 

25 b 

0.114 ± 
0.0000965 1 - 

Cubic (Pn3m) 
+ 

Lamellar 

0.162 ± 
0.000231 √2 - 

0.197 ± 
0.000412 

√3 - 

0.227 ± 
0.000137 

2 - 

0.340 ± 
0.000181 

3 - 

25 c 

0.114 ± 
0.0000571 

1 - 

Cubic (Pn3m) 
+ 

Lamellar 

0.162 ±  
0.000188 

√2 - 

0.197 ±  
0.000333 

√3 - 

0.227 ±  
0.000112 2 - 

0.340 ±  
0.000201 3 - 
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A7.4 Peak positions of phases observed with the addition of calcium fluoride 

The full peak positions and mesophase assignment for the SDS-in-glycerol gel with calcium 

fluoride, CaF2, are described in Table A7.9 – Table A7.12. This includes the q-position and error, 

determined using Gaussian peak analysis, the peak ratios, the lamellar d-spacing and the 

mesophase assignment.  

Table A7.9 The positions of Bragg peaks in the SDS-in-glycerol gel (cSDS = 4.4 wt %) with 0.1 wt 
% CaF2 at room temperature with the peak ratios, lamellar d-spacing (dlamellar), and the phase 
taken from the peak ratios.  

T 
(oC) 

q-Position 
(Å-1) 

Peak 
Ratio 

dlamellar 

(Å) 
Phase 

25 

0.114 ± 
0.0000908 1 - 

Lamellar 0.228 ± 
0.0000936 

2 55.3 

0.341 ± 
0.000184 

3 55.3 

 

Table A7.10 The positions of Bragg peaks in the SDS-in-glycerol gel (cSDS = 4.4 wt %) with 1.0 wt 
% CaF2 at room temperature with the peak ratios, lamellar d-spacing (dlamellar), and the phase 
taken from the peak ratios. 

T 
(oC) 

q-Position 
(Å-1) 

Peak 
Ratio 

dlamellar 

(Å) 
Phase 

25 

0.114 ± 
0.0000848 1 - 

Lamellar 
0.227 ± 

0.000373 2 55.6 

0.341 ± 
0.000545 3 55.1 
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Table A7.11 The positions of Bragg peaks in the SDS-in-glycerol gel (cSDS = 4.4 wt %) with 5.0 wt 
% CaF2 at different temperatures, T, with the peak ratios, lamellar d-spacing (dlamellar), and the 
phase taken from the peak ratios. b Sample was cooled and had been at 25 oC for two hours. 

T 
(oC) 

q-Position 
(Å-1) 

Peak 
Ratio 

dlamellar 

(Å) 
Phase 

25 

0.114 ± 
0.0000968 

1 - 

Lamellar 0.228 ± 
0.000137 

2 55.2 

0.341 ± 
0.000286 3 55.5 

25 b 

0.113 ± 
0.000141 1 - 

Lamellar 
0.227 ± 

0.000321 2 55.1 

0.340 ± 
0.000263 3 55.6 

 
Table A7.12 The positions of Bragg peaks in the SDS-in-glycerol gel (cSDS = 4.4 wt %) with 10.0 
wt % CaF2 at different temperatures, T, with the peak ratios, lamellar d-spacing (dlamellar), and 
the phase taken from the peak ratios. b Sample was cooled and had been at 25 oC for two 
hours. 

T 
(oC) 

q-Position 
(Å-1) 

Peak 
Ratio 

dlamellar 

(Å) 
Phase 

25 

0.114 ± 
0.0000803 1 - 

Lamellar 0.228 ± 
0.000165 

2 55.2 

0.341 ± 
0.000305 

3 55.5 

25 b 

0.113 ± 
0.0000351 

1 - 

Cubic (Im3m)  
+ 

Lamellar 

0.162 ± 
0.000437 

√2 - 

0.227 ± 
0.000122 

2 - 

0.339 ± 
0.000376 3 - 

 

 



 

 

 

Appendix A8 

Model refinement of SDS in glycerol 

with electrolyte at elevated 

temperatures 
 

A8.1 Model determination of SDS in glycerol with sodium fluoride at 70 oC 

Figure A8.1 shows the different micellar models trialled for the scattering profiles of 4.4 wt % 

SDS in glycerol in the presence of sodium fluoride at 70 oC, with the residuals to illustrate 

‘goodness of fit’ and the fitting parameters are summarised in Table A8.1 – Table A8.4. The 

appropriate model was chosen based on the physical feasibility of the fitting parameters, the 

appearance of the fit vs the raw data, and the residuals.  



Appendix A8. Model refinement of SDS in glycerol with electrolyte at elevated temperatures 

 

 A8.2 

 

Figure A8.1 (a) The micellar models trialled for 4.4 wt % SDS in glycerol with 0.1 wt % sodium 
fluoride at 70 oC: cylinder F(q) (red), sphere F(q) (orange), ellipsoid F(q) (yellow), and elliptical 
cylinder F(q) (green). Residuals are shown in (e). (b) The micellar models trialled for 4.4 wt % 
SDS in glycerol with 1.0 wt % sodium fluoride at 70 oC: cylinder F(q) (red), sphere F(q) (orange), 
ellipsoid F(q) (yellow), and elliptical cylinder F(q) (green). Residuals are shown in (f). (c) The 
micellar models trialled for 4.4 wt % SDS in glycerol with 5.0 wt % sodium fluoride at 70 oC: 
cylinder F(q) (red), sphere F(q) (orange), ellipsoid F(q) (yellow), and elliptical cylinder F(q) 
(green). Residuals are shown in (g). (d) The micellar models trialled for 4.4 wt % SDS in glycerol 
with 10.0 wt % sodium fluoride at 70 oC: cylinder F(q) (red), sphere F(q) (orange), ellipsoid F(q) 
(yellow), and elliptical cylinder F(q) (green). Residuals are shown in (h). Models are represented 
by solid black lines, and curves are offset for clarity.  
 

 



Appendix A8. Model refinement of SDS in glycerol with electrolyte at elevated temperatures 

 

 A8.3 

Table A8.1 Table summarising the fit parameters for the cylindrical F(q) with Hayter-MSA S(q) 
used to simulate the data for 4.4 wt% (~14. 7 CMC) h-SDS in d-glycerol at 70 oC in the presence 
of sodium fluoride (cf. Figure A8.1): cylinder radius r, cylinder length l, scattering length density 
of SDS ρSDS, scattering length density of glycerol ρGly, volume fraction φ, charge C, temperature 
T, salt concentration csalt, dielectric constant ε, polydispersity of the radius σr, and 
polydispersity of the length σl. 

Cylindrical F(q) 0.1 wt % 1.0 wt % 5.0 wt % 10.0 wt % 

r (Å) 18.0 18.0 18.4 18.1 

l (Å) 10.0 11.6 11.9 12.2 

ρSDS (10-6 Å-2) 0.395 0.395 0.395 0.395 

ρGly (10-6 Å-2) 7.20 7.20 7.20 7.20 

φ 0.15 0.15 0.15 0.15 

C (e) 2.14 1.36 1.23 1.16 

T (oC) 70.0 70.0 70.0 70.0 

csalt (M) ~ 0.0 0.0003 0.0015 0.003 

ε 42.5 42.5 42.5 42.5 

σr 0.095 0.099 0.10 0.10 

σl 0.001 0.0009 0.10 0.10 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix A8. Model refinement of SDS in glycerol with electrolyte at elevated temperatures 

 

 A8.4 

Table A8.2 Table summarising the fit parameters for the spherical F(q) with Hayter-MSA S(q) 
used to simulate the data for 4.4 wt% (~14. 7 CMC) h-SDS in d-glycerol at 70 oC in the presence 
of sodium fluoride (cf. Figure A8.1): sphere radius r, scattering length density of SDS ρSDS, 
scattering length density of glycerol ρGly, volume fraction φ, charge C, temperature T, salt 
concentration csalt, dielectric constant ε, and polydispersity of the radius σr. 

Spherical F(q) 0.1 wt % 1.0 wt % 5.0 wt % 10.0 wt % 

r (Å) 11.4 11.7 15.4 11.3 

ρSDS (10-6 Å-2) 0.395 0.395 0.395 0.395 

ρGly (10-6 Å-2) 7.20 7.20 7.20 7.20 

φ 0.15 0.15 0.15 0.15 

C (e) 3.17 3.41 0.73 2.91 

T (oC) 70.0 70.0 70.0 70.0 

csalt (M) ~ 0.0 0.0003 0.0015 0.003 

ε 42.5 42.5 42.5 42.5 

σr 0.36 0.38 0.036 0.39 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix A8. Model refinement of SDS in glycerol with electrolyte at elevated temperatures 

 

 A8.5 

Table A8.3 Table summarising the fit parameters for the ellipsoidal F(q) with Hayter-MSA S(q) 
used to simulate the data for 4.4 wt% (~14. 7 CMC) h-SDS in d-glycerol at 70 oC in the presence 
of sodium fluoride (cf. Figure A8.1): equatorial radius rE, polar radius rP, scattering length 
density of SDS ρSDS, scattering length density of glycerol ρGly, volume fraction φ, charge C, 
temperature T, salt concentration csalt, dielectric constant ε, polydispersity of the equatorial 
radius σrE, and polydispersity of the polar radius σrP. 

Ellipsoidal F(q) 0.1 wt % 1.0 wt % 5.0 wt % 10.0 wt % 

rE (Å) 20.1 20.8 21.5 21.1 

rP (Å) 6.5 6.7 6.7 6.8 

ρSDS (10-6 Å-2) 0.395 0.395 0.395 0.395 

ρGly (10-6 Å-2) 7.20 7.20 7.20 7.20 

φ 0.15 0.15 0.15 0.15 

C (e) 3.75 1.90 1.50 1.47 

T (oC) 70.0 70.0 70.0 70.0 

csalt (M) ~ 0.0 0.0003 0.0015 0.003 

ε 42.5 42.5 42.5 42.5 

σrE ~ 0.0 0.10 0.10 0.10 

σrP 0.29 0.10 0.10 0.10 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix A8. Model refinement of SDS in glycerol with electrolyte at elevated temperatures 

 

 A8.6 

Table A8.4 Table summarising the fit parameters for the elliptical cylindrical F(q) with Hayter-
MSA S(q) used to simulate the data for 4.4 wt% (~14. 7 CMC) h-SDS in d-glycerol at 70 oC in the 
presence of sodium fluoride (cf. Figure A8.1): cylinder radius r, axis ratio AR, cylinder length l, 
scattering length density of SDS ρSDS, scattering length density of glycerol ρGly, volume fraction 
φ, charge C, temperature T, salt concentration csalt, dielectric constant ε, polydispersity of the 
radius σr, polydispersity of the axis ratio σAR, and polydispersity of the length σl. 

Elliptical 
Cylindrical F(q) 

0.1 wt % 1.0 wt % 5.0 wt % 10.0 wt % 

r (Å) 18.0 10.3 17.0 12.1 

AR 1.0 3.7 1.2 2.9 

l (Å) 10.0 14.6 11.8 12.6 

ρSDS (10-6 Å-2) 0.395 0.395 0.395 0.395 

ρGly (10-6 Å-2) 7.20 7.20 7.20 7.20 

φ 0.15 0.15 0.15 0.15 

C (e) 2.14 3.10 1.29 2.33 

T (oC) 70.0 70.0 70.0 70.0 

csalt (M) ~ 0.0 0.0003 0.0015 0.003 

ε 42.5 42.5 42.5 42.5 

σr 0.13 ~ 0.0 0.10 0.10 

σAR ~ 0.0 ~ 0.0 0.10 0.10 

σl ~ 0.0 ~ 0.0 0.10 0.10 

 

 

A8.2 Model determination of SDS in glycerol with magnesium fluoride at 70 oC 

Figure A8.2 shows the different micellar models trialled for the scattering profiles of 4.4 wt % 

SDS in glycerol in the presence of magnesium fluoride at 70 oC, with the residuals to illustrate 

‘goodness of fit’ and the fitting parameters are summarised in Table A8.5 – Table A8.8. The 

appropriate model was chosen based on the physical feasibility of the fitting parameters, the 

appearance of the fit vs the raw data, and the residuals.  



Appendix A8. Model refinement of SDS in glycerol with electrolyte at elevated temperatures 

 

 A8.7 

 

Figure A8.2 (a) The micellar models trialled for 4.4 wt % SDS in glycerol with 0.1 wt % 
magnesium fluoride at 70 oC: cylinder F(q) (red), sphere F(q) (orange), ellipsoid F(q) (yellow), 
and elliptical cylinder F(q) (green). Residuals are shown in (e). (b) The micellar models trialled 
for 4.4 wt % SDS in glycerol with 1.0 wt % magnesium fluoride at 70 oC: cylinder F(q) (red), 
sphere F(q) (orange), ellipsoid F(q) (yellow), and elliptical cylinder F(q) (green). Residuals are 
shown in (f). (c) The micellar models trialled for 4.4 wt % SDS in glycerol with 5.0 wt % 
magnesium fluoride at 70 oC: cylinder F(q) (red), sphere F(q) (orange), ellipsoid F(q) (yellow), 
and elliptical cylinder F(q) (green). Residuals are shown in (g). (d) The micellar models trialled 
for 4.4 wt % SDS in glycerol with 10.0 wt % magnesium fluoride at 70 oC: cylinder F(q) (red), 
sphere F(q) (orange), ellipsoid F(q) (yellow), and elliptical cylinder F(q) (green). Residuals are 
shown in (h). Models are represented by solid black lines, and curves are offset for clarity. 
 

 



Appendix A8. Model refinement of SDS in glycerol with electrolyte at elevated temperatures 

 

 A8.8 

Table A8.5 Table summarising the fit parameters for the cylindrical F(q) with Hayter-MSA S(q) 
used to simulate the data for 4.4 wt% (~14. 7 CMC) h-SDS in d-glycerol at 70 oC in the presence 
of magnesium fluoride (cf. Figure A8.2): cylinder radius r, cylinder length l, scattering length 
density of SDS ρSDS, scattering length density of glycerol ρGly, volume fraction φ, charge C, 
temperature T, salt concentration csalt, dielectric constant ε, polydispersity of the radius σr, and 
polydispersity of the length σl. 

Cylindrical F(q) 0.1 wt % 1.0 wt % 5.0 wt % 10.0 wt % 

r (Å) 18.0 18.1 18.1 17.1 

l (Å) 8.8 9.0 12.5 11.6 

ρSDS (10-6 Å-2) 0.395 0.395 0.395 0.395 

ρGly (10-6 Å-2) 7.20 7.20 7.20 7.20 

φ 0.15 0.15 0.15 0.15 

C (e) 2.57 2.10 2.92 2.00 

T (oC) 70.0 70.0 70.0 70.0 

csalt (M) ~ 0.0 0.0003 0.0015 0.003 

ε 42.5 42.5 42.5 42.5 

σr 0.10 0.10 0.10 0.10 

σl 0.10 0.10 0.10 0.10 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix A8. Model refinement of SDS in glycerol with electrolyte at elevated temperatures 

 

 A8.9 

Table A8.6 Table summarising the fit parameters for the spherical F(q) with Hayter-MSA S(q) 
used to simulate the data for 4.4 wt% (~14. 7 CMC) h-SDS in d-glycerol at 70 oC in the presence 
of magnesium fluoride (cf. Figure A8.2): sphere radius r, scattering length density of SDS ρSDS, 
scattering length density of glycerol ρGly, volume fraction φ, charge C, temperature T, salt 
concentration csalt, dielectric constant ε, and polydispersity of the radius σr. 

Spherical F(q) 0.1 wt % 1.0 wt % 5.0 wt % 10.0 wt % 

r (Å) 11.7 11.3 12.1 13.7 

ρSDS (10-6 Å-2) 0.395 0.395 0.395 0.395 

ρGly (10-6 Å-2) 7.20 7.20 7.20 7.20 

φ 0.15 0.15 0.15 0.15 

C (e) 4.10 3.62 3.56 0.97 

T (oC) 70.0 70.0 70.0 70.0 

csalt (M) ~ 0 0.0003 0.0015 0.003 

ε 42.5 42.5 42.5 42.5 

σr 0.33 0.35 0.29 0.10 
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 A8.10 

Table A8.7 Table summarising the fit parameters for the ellipsoidal F(q) with Hayter-MSA S(q) 
used to simulate the data for 4.4 wt% (~14. 7 CMC) h-SDS in d-glycerol at 70 oC in the presence 
of magnesium fluoride (cf. Figure A8.2): equatorial radius rE, polar radius rP, scattering length 
density of SDS ρSDS, scattering length density of glycerol ρGly, volume fraction φ, charge C, 
temperature T, salt concentration csalt, dielectric constant ε, polydispersity of the equatorial 
radius σrE, and polydispersity of the polar radius σrP. 

Ellipsoidal F(q) 0.1 wt % 1.0 wt % 5.0 wt % 10.0 wt % 

rE (Å) 20.7 19.9 19.2 20.0 

rP (Å) 5.0 6.1 7.4 6.4 

ρSDS (10-6 Å-2) 0.395 0.395 0.395 0.395 

ρGly (10-6 Å-2) 7.20 7.20 7.20 7.20 

φ 0.15 0.15 0.15 0.15 

C (e) 2.83 2.04 5.1 2.07 

T (oC) 70.0 70.0 70.0 70.0 

csalt (M) ~ 0.0 0.0003 0.0015 0.003 

ε 42.5 42.5 42.5 42.5 

σrE 0.10 0.10 ~ 0.0 0.10 

σrP 0.10 0.10 0.35 0.10 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix A8. Model refinement of SDS in glycerol with electrolyte at elevated temperatures 

 

 A8.11 

Table A8.8 Table summarising the fit parameters for the elliptical cylindrical F(q) with Hayter-
MSA S(q) used to simulate the data for 4.4 wt% (~14. 7 CMC) h-SDS in d-glycerol at 70 oC in the 
presence of magnesium fluoride (cf. Figure A8.2): cylinder radius r, axis ratio AR, cylinder length 
l, scattering length density of SDS ρSDS, scattering length density of glycerol ρGly, volume fraction 
φ, charge C, temperature T, salt concentration csalt, dielectric constant ε, polydispersity of the 
radius σr, polydispersity of the axis ratio σAR, and polydispersity of the length σl. 

Elliptical 
Cylindrical F(q) 

0.1 wt % 1.0 wt % 5.0 wt % 10.0 wt % 

r (Å) 13.7 13.2 12.6 13.1 

AR 1.6 1.8 2.0 1.9 

l (Å) 11.0 11.4 12.5 11.9 

ρSDS (10-6 Å-2) 0.395 0.395 0.395 0.395 

ρGly (10-6 Å-2) 7.20 7.20 7.20 7.20 

φ 0.15 0.15 0.15 0.15 

C (e) 2.32 2.02 3.06 2.33 

T (oC) 70.0 70.0 70.0 70.0 

csalt (M) ~ 0.0 0.0003 0.0015 0.003 

ε 42.5 42.5 42.5 42.5 

σr 0.10 0.10 0.10 0.10 

σAR 0.10 0.10 0.10 0.10 

σl 0.10 0.10 0.10 0.10 

 

A8.3 Model determination of SDS in glycerol with calcium fluoride at 70 oC 

Figure A8.3 shows the different micellar models trialled for the scattering profiles of 4.4 wt % 

SDS in glycerol in the presence of calcium fluoride at 70 oC, with the residuals to illustrate 

‘goodness of fit’ and the fitting parameters are summarised in Table A8.9 – Table A8.12. The 

appropriate model was chosen based on the physical feasibility of the fitting parameters, the 

appearance of the fit vs the raw data, and the residuals.  
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 A8.12 

 

Figure A8.3 (a) The micellar models trialled for 4.4 wt % SDS in glycerol with 0.1 wt % calcium 
fluoride at 70 oC: cylinder F(q) (red), sphere F(q) (orange), ellipsoid F(q) (yellow), and elliptical 
cylinder F(q) (green). Residuals are shown in (e). (b) The micellar models trialled for 4.4 wt % 
SDS in glycerol with 1.0 wt % calcium fluoride at 70 oC: cylinder F(q) (red), sphere F(q) (orange), 
ellipsoid F(q) (yellow), and elliptical cylinder F(q) (green). Residuals are shown in (f). (c) The 
micellar models trialled for 4.4 wt % SDS in glycerol with 5.0 wt % calcium fluoride at 70 oC: 
cylinder F(q) (red), sphere F(q) (orange), ellipsoid F(q) (yellow), and elliptical cylinder F(q) 
(green). Residuals are shown in (g). (d) The micellar models trialled for 4.4 wt % SDS in glycerol 
with 10.0 wt % calcium fluoride at 70 oC: cylinder F(q) (red), sphere F(q) (orange), ellipsoid F(q) 
(yellow), and elliptical cylinder F(q) (green). Residuals are shown in (h). Models are represented 
by solid black lines, and curves are offset for clarity. 
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 A8.13 

Table A8.9 Table summarising the fit parameters for the cylindrical F(q) with Hayter-MSA S(q) 
used to simulate the data for 4.4 wt% (~14. 7 CMC) h-SDS in d-glycerol at 70 oC in the presence 
of calcium fluoride (cf. Figure A8.3): cylinder radius r, cylinder length l, scattering length density 
of SDS ρSDS, scattering length density of glycerol ρGly, volume fraction φ, charge C, temperature 
T, salt concentration csalt, dielectric constant ε, polydispersity of the radius σr, and 
polydispersity of the length σl. 

Cylindrical F(q) 0.1 wt % 1.0 wt % 5.0 wt % 10.0 wt % 

r (Å) 17.0 17.0 17.7 17.9 

l (Å) 10.4 10.7 10.7 10.8 

ρSDS (10-6 Å-2) 0.395 0.395 0.395 0.395 

ρGly (10-6 Å-2) 7.20 7.20 7.20 7.20 

φ 0.15 0.15 0.15 0.15 

C (e) 2.15 0.86 1.04 0.17 

T (oC) 70.0 70.0 70.0 70.0 

csalt (M) ~ 0 0.0003 0.0015 0.003 

ε 42.5 42.5 42.5 42.5 

σr 0.10 0.10 0.10 0.10 

σl 0.10 0.10 0.10 0.10 
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 A8.14 

Table A8.10 Table summarising the fit parameters for the spherical F(q) with Hayter-MSA S(q) 
used to simulate the data for 4.4 wt% (~14. 7 CMC) h-SDS in d-glycerol at 70 oC in the presence 
of calcium fluoride (cf. Figure A8.3): sphere radius r, scattering length density of SDS ρSDS, 
scattering length density of glycerol ρGly, volume fraction φ, charge C, temperature T, salt 
concentration csalt, dielectric constant ε, and polydispersity of the radius σr. 

Spherical F(q) 0.1 wt % 1.0 wt % 5.0 wt % 10.0 wt % 

r (Å) 13.4 13.5 14.1 14.0 

ρSDS (10-6 Å-2) 0.395 0.395 0.395 0.395 

ρGly (10-6 Å-2) 7.20 7.20 7.20 7.20 

φ 0.15 0.15 0.15 0.15 

C (e) 1.41 0.95 0.70 ~ 0.0 

T (oC) 70.0 70.0 70.0 70.0 

csalt (M) ~ 0 0.0003 0.0015 0.003 

ε 42.5 42.5 42.5 42.5 

σr 0.10 0.10 0.10 0.10 
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Table A8.11 Table summarising the fit parameters for the ellipsoidal F(q) with Hayter-MSA S(q) 
used to simulate the data for 4.4 wt% (~14. 7 CMC) h-SDS in d-glycerol at 70 oC in the presence 
of calcium fluoride (cf. Figure A8.3): equatorial radius rE, polar radius rP, scattering length 
density of SDS ρSDS, scattering length density of glycerol ρGly, volume fraction φ, charge C, 
temperature T, salt concentration csalt, dielectric constant ε, polydispersity of the equatorial 
radius σrE, and polydispersity of the polar radius σrP. 

Ellipsoidal F(q) 0.1 wt % 1.0 wt % 5.0 wt % 10.0 wt % 

rE (Å) 19.8 9.2 20.3 21.0 

rP (Å) 5.8 40.0 6.0 5.9 

ρSDS (10-6 Å-2) 0.395 0.395 0.395 0.395 

ρGly (10-6 Å-2) 7.20 7.20 7.20 7.20 

φ 0.15 0.15 0.15 0.15 

C (e) 2.34 2.82 1.57 ~ 0.0 

T (oC) 70.0 70.0 70.0 70.0 

csalt (M) ~ 0 0.0003 0.0015 0.003 

ε 42.5 42.5 42.5 42.5 

σrE 0.10 0.10 0.10 0.10 

σrP 0.10 0.10 0.10 0.10 
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 A8.16 

Table A8.12 Table summarising the fit parameters for the elliptical cylindrical F(q) with Hayter-
MSA S(q) used to simulate the data for 4.4 wt% (~14. 7 CMC) h-SDS in d-glycerol at 70 oC in the 
presence of calcium fluoride (cf. Figure A8.3): cylinder radius r, axis ratio AR, cylinder length l, 
scattering length density of SDS ρSDS, scattering length density of glycerol ρGly, volume fraction 
φ, charge C, temperature T, salt concentration csalt, dielectric constant ε, polydispersity of the 
radius σr, polydispersity of the axis ratio σAR, and polydispersity of the length σl. 

Elliptical 
Cylindrical F(q) 

0.1 wt % 1.0 wt % 5.0 wt % 10.0 wt % 

r (Å) 13.0 10.2 10.7 13.8 

AR 1.9 3.9 3.7 1.8 

l (Å) 11.0 12.1 11.8 11.4 

ρSDS (10-6 Å-2) 0.395 0.395 0.395 0.395 

ρGly (10-6 Å-2) 7.20 7.20 7.20 7.20 

φ 0.15 0.15 0.15 0.15 

C (e) 2.36 3.50 2.88 0.17 

T (oC) 70.0 70.0 70.0 70.0 

csalt (M) ~ 0.0 0.0003 0.0015 0.003 

ε 42.5 42.5 42.5 42.5 

σr 0.10 0.1 0.1 0.1 

σAR 0.10 0.1 0.1 0.1 

σl 0.10 0.1 0.1 0.1 

 

 



 

 

 


