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Abstract 

 

In a typical passenger car approximately 33 % of fuel energy is wasted trying to overcome 

friction. Efficient and optimized lubricants are key to reducing friction within engines, 

reducing fuel consumption, wear, and the release of associated CO2 emissions into the 

atmosphere. 

Reverse micelles in oily media are known lubricating agents which raises a question about 

the effects of micellar structure (size and shape – spherical, cylindrical, or wormlike) on 

friction reduction. Non-spherical micelles (e.g., wormlike) are often highly viscous fluids, 

acting akin to covalent polymeric systems but with the added relaxation mechanism of 

micellar scission. 

This thesis focuses on methods utilized to drive the formation of non-spherical reverse 

micelles such as surfactant counterion exchange, varying water content, and the addition 

of hydrotropes. Techniques such as viscometry and small-angle neutron scattering have 

been used to aid the tracking of micellar transitions and to help discern whether tuneability 

of micellar sizes and lengths is possible through a combination of these methods. Two 

investigations were undertaken to test tuneability: increasing the x value from 0 to 0.3 

(where x = [Hydrotrope] / [Surfactant]) of a hydrotrope; and maintaining x = 0.1 but 

varying the hydrotrope chain length from C2 to C8. Phase behaviour studies were 

conducted to find stable microemulsion regions. Collaborations were established to 

investigate the micellar behaviour after shearing, at the metal/liquid interface, and the 

impact micellar shape may have on traction coefficients. This work has offered the first 

initial step in investigating the effect of micellar structure on friction reduction, which can 

be built upon for future work and future development of super-efficient lubricants. 
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Outline of thesis 

Chapter 1: Literature review: The effects of temperature, pressure, and shear on 

normal and reverse micelles 

This chapter aims to review the various effects of temperature, pressure, and shear 

on properties, size, and shapes of surfactant micelles, both in aqueous and non-

aqueous solvents. The hydrophobic vs solvophobic effect is introduced, as well as 

the possibility of using the Law of Corresponding States to normalize temperature 

and pressure conditions for simplified experiments. This review highlights the lack 

of research into understanding the aggregation of surfactants within non-aqueous 

media (compared to systems in aqueous media) and offers an overview upon the 

conditions that need to be considered when designing future efficient lubricants for 

friction reduction. 

Chapter 2: Methods of obtaining reverse micellar shape transitions. 

In this chapter, three methods of obtaining reverse micellar shape transitions from 

spheres to cylinders were identified through consideration of literature. These 

methods were surfactant counterion exchange, altering water content, and 

introducing a hydrotrope to the system. Capillary viscometry and SANS 

experiments were used to track axial elongations and resolve structures. Exploring 

the effect of increasing hydrotrope concentration within 

water/NaAOT/cyclohexane microemulsions is introduced, is novel, and revealed 

micellar shape transitions from spheres to rigid rod cylinders to flexible cylinders. 

Decreasing water content for DDAB induced a sphere to rigid rod cylinder 

transition, and exchanging the surfactant counterion from Na+ to Mg2+, Co2+, and 

Ni2+ saw elongation from spheres to rigid rods and flexible cylinders. These 

transitions may be attributed to various schools of thought; changes in packing 
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parameter, Lewis acid/Lewis base compatibility, and consideration of the bending 

energy model. 

Chapter 3: Combining methods of axial elongation and their effect on phase 

behaviour and micellar structure. 

This chapter aims to study the possibility of combining methods of axial elongation 

to unlock an element of tuneability. Phase behaviour studies were conducted to 

locate regions of microemulsion stability, and to explore the effects of hydrotrope 

introduction with various surfactants (NaAOT, Mg(AOT)2, Co(AOT)2, Ni(AOT)2, 

and DDAB). The work highlighted that as hydrotrope alkyl chain length increases, 

and the more surfactant-like they become, the more competition arises between the 

two species at the water/oil interface. Interesting behaviours arose for DDAB 

which showed a larger solubilization area for the shorter-chained hydrotrope, but 

as hydrotrope chain length increased, the phase behaviour boundaries were 

comparable to that of hydrotrope-free DDAB phase diagram, signalling a lesser 

extent of competition between the hydrotrope and surfactant at the interface. SANS 

experiments were carried out to resolve structures with two main experiments: 

increasing x from x = 0 to 0.3 (x = [hydrotrope] / [surfactant]) while maintaining 

the hydrotrope chain length, the other maintaining x = 0.1 but with hydrotropes of 

increasing alkyl chain length. These experiments revealed that increasing 

hydrotrope concentration had a greater impact in inducing a micellar shape 

transition and elongation, whereas increasing hydrotrope alkyl chain length did 

not. 
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Chapter 4: Investigations into the behaviour of reverse micellar systems after 

shearing, at the solid/liquid interface and the impact on friction. 

Within this chapter, systems of various shapes and sizes are distinguished and 

applied to alternative analytical techniques in order to gain information with 

regards to how these micellar systems behave under shear (using a custom-built 

microfluidic rig paired with DLS), at the solid/liquid interface (using a solid/liquid 

neutron reflectivity cell), and using an instrument typical of the lubricant industry 

to give tractional information (mini-traction machine). Dodecane has been used as 

the medium instead of cyclohexane for the latter two experiments, of which bulk 

structures were resolved using SANS. Microfluidic shearing revealed a shift in 

micellar sizes pre- and post- shearing for systems of NaAOT spheres, DDAB 

cylinders, and Mg(AOT)2 cylinders. Solid/liquid neutron reflectivity exposed 

adsorption of NaAOT at the interface, and a partitioning of water at the interface 

which mini-traction machine results showed may be the cause of the high traction 

coefficients at low rolling speeds to beyond that of pure solvent due to water not 

being an efficient lubricant. 

Chapter 5: Conclusions and future work. 

In this section, conclusions with regards to the work carried out throughout this 

thesis are summarised, as well as ideas for short- and long-term future work. 
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Chapter 1 

Literature review: The effects of temperature, 

pressure, and shear on normal and reverse 

micelles 

1.1 Abstract 

This chapter reviews the various effects of temperature, pressure and shear on properties, 

size, and shapes of surfactant micelles, both in aqueous and non-aqueous solvents. For 

systems in aqueous media, it is widely accepted that the “hydrophobic effect” drives the 

formation of micelles as non-polar surfactant tails energetically prefer to aggregate 

together, however, less is known about what drives reverse micellar formation in organic 

solvents. As a result of weaker forces acting between the molecules, the term “solvophobic 

effect” becomes appropriate. Temperature (T) and pressure (P) affect reverse micelles 

differently than micelles in aqueous media. This chapter looks to explore the possibility 

that the Law of Corresponding States could be useful to understand the global effects of T 

and P on stability of micellar systems. This would allow for normalization of T and P to 

provide a universal account of thermodynamic parameters on properties, and whether 

experiments under pressure could be alternatively simplified to using low-density alkane 
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solvents as the medium.  The chapter also addresses the effects of shear and thermodynamic 

parameters on the solvophobic effect. 

1.2 Executive summary 

Approximately 27 % of energy is consumed through transportation worldwide, with  

~ 33 % of energy within a passenger car being lost through trying to overcome friction as 

fuel is converted to mechanical power.1 To overcome this, it is imperative that 

investigations into developing new oil lubricants are made to minimise this energy loss and 

ultimately reduce CO2 emissions released into the environment. An oil lubricant is 

composed of a variety of components and additives, formulated to maximise efficiency. To 

appreciate how these surfactants may behave within an Internal Combustion Engine (ICE) 

when subject to high temperatures, pressures, and shear rates, literature needs to be 

consolidated and compared to provide an overview. 

This section aims to collate together information regarding the effects of temperature, 

pressure, and shear rate on micellar characteristics to hopefully aid with the future 

development of more efficient ICE lubricants and additives. This section also compares 

between systems in non-aqueous and aqueous media – a good example of these studies are 

the shear experiments of Penfold, Hayter, and Hoffmann.2–12 Especially as shear 

experiments on reverse micellar systems are not as extensively studied except for the 

phospholipid zwitterionic surfactant – lecithin as examined by Schurtenberger et al.13.  

In aqueous media, it is widely accepted that the formation of micelles is driven by the 

hydrophobic effect – the preferential aggregation of a non-polar species to expel water 

molecules from hydrocarbon-rich micellar cores.14 The micellization of surfactant 

molecules in organic media does not follow the same process, and the terms “hydrophobic” 

and “hydrophilic” are no longer applicable but better thought of as “solvophilic” and 

“solvophobic”.15,16 This is still a developing area compared to the number of studies 

surrounding the micellization in water. 
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Typically, increasing temperature aids with amphiphile solubility in aqueous media once a 

specific threshold (the Krafft temperature) is reached. So, in general as temperature is 

increased, aggregation number (nagg) and micellar size decreases.17–20 At low temperatures, 

aggregation is generally thought to be entropically driven, whereas at high temperatures it 

is enthalpically driven.21 In systems containing cylindrical micelles, an increase in 

temperature shortens the micellar cylinders which in turn has an impact upon the 

viscosity.22–27 In non-aqueous media, increasing the temperature does not exclusively offer 

a clear-cut trend. Instead, the effect of temperature on micellar behaviour is reliant on 

several factors such as surfactant identity, water content and solvent medium.28–31 

The Law of Corresponding States explains that gases have approximately the same 

compressibility factor when they have the same reduced temperature and reduced 

pressure32–35 and it could be argued that this rule can be generally applied to liquid media 

as well. Depending on the system in an aqueous environment, an increase in pressure results 

in smaller micelles forming until a minimum, thereafter larger micelles begin to form.36–39 

Whereas the radii of micelles in non-aqueous media usually experience little change when 

pressure is applied, apart from exceptions.40,41 Phase boundaries of surfactants in organic 

solvents are largely altered as an effect of pressure,42,35,43 sometimes even resulting in the 

formation of a plastic-crystal phase.44 

Applying shear to anisotropic micelles in non-aqueous media has not been largely 

investigated yet. The thorough research conducted by Penfold, Hayter, and  

Hoffmann2–12 looking into the effects of shear upon micelles in an aqueous medium will 

prove extremely useful when investigating the shear-alignment of reverse micelles. There 

is currently little research around this subject area apart from  

Schurtenberger et al.45–48 who has investigated the reverse micellar systems of the 

zwitterionic, phospholipid surfactant – lecithin. They were able to confirm that the reverse 

micelles aligned in the direction of the shear flow and gave evidence of water-induced 

micellar growth.  
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By looking through the literature regarding the effects of temperature, pressure, and shear 

upon various micellar systems, reverse cylindrical micelles are attractive for their use as 

drag reducing agents in ICEs. These systems tend to have high viscosities under static 

conditions but under shearing conditions they have the added ability to split (the process of 

scission) and align along the shear flow – which under ICE extreme conditions could make 

them desirable for use. 

 

1.3 Abbreviations  

Table 1.1: Table of chemical abbreviations used throughout this chapter. 

Acronym Chemical name 

NaAOT/Aerosol-OT/AOT Sodium bis(2-ethyl-1-hexyl)sulfosuccinate 

DTAB Dodecyltrimethylammonium bromide 

DTAC Dodecyltrimethylammonium chloride 

PEG Polyethylene glycol 

MFH Moxifloxacin hydrochloride 

TTAB Tetradecyltrimethylammonium bromide 

SDS Sodium dodecylsulfate 

ADS Ammonium dodecylsulfate 

OTAC Octadecyltrimethylammonium chloride 

CFH Ciprofloxacin hydrochloride 

OAPB Oleyl amidopropylbetaine 

SDBS Sodium dodecylbenzenesulfonate 

DDAB Didodecyldimethylammonium bromide 

DMPC Dimyristoylphosphatidylcholine 

DEAB Dodecyltriethylammonium bromide 

CTAB Cetyltrimethylammonium bromide 
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5mS 5-methyl salicylic acid 

NaSal Sodium salicylate 

CPyCl Cetylpyridinium chloride 

C12EO3 Polyoxyethylene dodecyl ether 

AES Alkyl ethoxylate sulfate 

DAC Decylammonium chloride 

DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine 

DOPE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine 

DAB Dodecylamine hydrobromide 

C12E6 Hexaoxyethylene dodecyl ether 

Triton X-100/TX100 t-Octylphenoxypolyethoxyethanol 

C8E5 Pentaethyleneglycol monooctylether 

C12E4 Tetraethylene glycol monododecyl ether 

C12E5 Pentaethylene glycol monododecyl ether 

C16E6 Hexaethylene glycol monohexadecyl ether 

TDPS N-tetradecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate 

SLES Sodium laureth sulfate 

CAPB Cocamidopropyl betaine 

C16TAC Hexadecyltrimethylammonium chloride 

CHAPS 3-[(3-cholamidylpropyl)dimethylammonio]-1-propane sulfonate 

NaTC Sodium taurocholate 

HDEHP Bis(2-ethylhexyl) phosphoric acid 

Mn+(DEHP-)n Metal salt of HDEHP 
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1.4 Introduction 

The understanding of micellar formation in non-polar environments is still a developing 

area compared to micellization in aqueous media. This chapter focuses on effects of solvent 

type, temperature, pressure, and shear on properties of surfactant solutions and micellar 

formation. 

The formation of micelles arises from the aggregation of amphiphilic molecules once a 

threshold of concentration is reached – known as the Critical Micelle Concentration 

(CMC).49 Micelles take on different shapes and sizes which depend on factors such as 

surfactant chain length, number of chains, type of chain (i.e. whether there are fluorinated 

or aromatic groups present in the structure), type of headgroup (charged or neutral), and 

solvent environment.50,51 Surfactant molecular geometry is recognised as a significant 

factor in determining the packing to form micelles. Considering the volume (𝑣) and length 

(𝑙) of the hydrocarbon chains and the molecular headgroup areas (𝑎), these factors are 

commonly combined as a packing parameter as is seen in Equation 1.150 which helps 

determine the different preferential micellar shapes. Micellar shapes include spheres, 

ellipsoids, bilayers and cylinders51 for normal curvature, and long, flexible cylindrical 

micelles described as “wormlike” can also be seen to form.52,53 Although the packing 

parameter gives a good basic indication of the preferred micellar shape, it does not give 

specific details on, for example, the length or axial ratios of cylindrical and ellipsoidal 

micelles. 

𝑃 =  
𝑣

𝑎𝑙
     Equation 1.1  

If 𝑃 > 1, reverse micelles (RMs) form.54 The general structure of RMs consist of 

hydrophilic headgroups aggregating together at the centre, the hydrophobic tails pointing 

outwards into a non-polar solvent. RMs have an abundance of industrial applications 

including lubricants for internal combustion engines (ICEs),55 the extraction of oil and 
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proteins,56 as well as stabilizing nanoparticles.57 Different shapes of RMs are also prevalent 

and include spheres,58 cylinders,59,60 and wormlike micelles.61,62 

Surfactants in non-polar solvents also display a CMC although it is often not as easy to 

determine as for regular aqueous systems. The lack of hydrophobic effect present in  

non-aqueous systems leads to difficulty determining an exact concentration value at which 

reverse micelles form, hence there has been some debate as to which method is best to 

determine the CMC.63 Techniques such as small-angle neutron scattering (SANS),  

small-angle X-ray scattering (SAXS), light scattering, NMR, mass spectrometry, Fourier 

transform infrared spectroscopy (FTIR) and even methods such as mercury interfacial 

measurements or iodine solubilisation have been used.64–70 Table 1.2 shows the variety of 

CMC values determined for the common di-chain anionic surfactant  

sodium bis(2-ethyl-1-hexyl) sulfosuccinate (also known as Aerosol-OT, AOT or NaAOT) 

in heptane as the solvent. AOT is a surfactant frequently used by researchers due to its 

abundancy and its use in various applications such as a charge control additive,71 to aid 

with nano reactions in micelles,57 and to stabilise microemulsions.43  

Table 1.2: Various methods within literature for CMC determination of AOT surfactant in 

heptane solvent. 

Solvent CMC x 10-3 / (mol dm-3) Method 

Heptane 

2.56 SANS58 

0.61 
Tetrakis(dimethylamino)ethylene 

chemiluminescence (TDE CL)66 

1.00 Spectrophotometry65 

1.10 Calorimetry65 

 

It could be argued that SANS provides the most reliable CMC value for RMs since the 

resolution is well matched to the presence or absence of micelles. Smith et al.16 highlighted 

this when determining the CMC of AOT microemulsions in dodecane, cyclohexane, and 

benzene. The radii of micelles were determined through the best-fit method from the SANS 

data, from this the nagg was determined as concentration of AOT increased  
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(Figure 1.1). The CMC was then determined as the midway point in the step change 

between the lowest concentration detected for the formation of the reverse micelles, and 

the highest concentration in which the formation of reverse micelles was not detected.  

 

Figure 1.1: Plot of [AOT] vs nagg for the determination of the AOT CMC in various organic 

solvents using SANS intensities.16 

 

The advantages of using SANS over other methods such as 

tetrakis(dimethylamino)ethylene chemiluminescence or spectrophotometry is that it does 

not include the introduction of a third species that might affect the already subtle solvent-

surfactant interactions that drive micellization within non-aqueous media. In addition to 

this, each preparation method may be different i.e., it is uncertain how much water may 

have been accidentally introduced to the system for each CMC determination method, 

which in turn can influence the aggregation of surfactant molecules. 

1.4.1  Hydrophobic vs solvophobic effect 

The aggregation of surfactant molecules in aqueous media is largely accepted to be based 

on the hydrophobic effect. As a result, micelles can form as surfactant molecules amass 

together and exclude water molecules from the aggregated non-polar micellar cores. This 

is to ensure that the level of contact between water molecules and non-polar surfactant tails 

is minimised and the hydrogen bonding between water molecules is maximised. 
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The origin of the hydrophobic effect is still a debated subject72–78 and plays an important 

role within areas such as protein folding stability, reverse-phase chromatography, and oil 

recovery.77,79,80 Low-surface energy materials can be created from the adsorption of  

low-surface energy branched hydrocarbon (“hedgehog”) surfactants onto surfaces with 

applications in repellent surfaces, water-proof textiles, and enhanced oil recovery as has 

been seen through work conducted by Alexander et al.81–84. One theory speculates that the 

hydrophobic effect is a result of the strong attractive hydrogen bonding between water 

molecules that expel any nonpolar solutes from its midst, and similarly, nonpolar solutes 

are attracted to each other through weak dispersion forces. Unfortunately, this theory does 

not consider the effect of entropy, only enthalpy, the former of which is regarded to be an 

important aspect of understanding the hydrophobic effect. An alternative and popular view 

is that an introduction of amphiphilic molecules to an aqueous system disrupts the 

hydrogen-bonding network acting between the water molecules. As a result, the water 

molecules are postulated to rearrange themselves to fit around the nonpolar surfactant to 

form an “ice-like” cavity as a result of the stronger hydrogen bonds that exist between the 

water molecules within the shell of the cavity.14 It is entropically more favourable to have 

the amphiphiles aggregate together to minimise the water hydrogen bonding disruption. 

Another alternative explanation is the “scaled particle cavity theory” that puts the onus of 

the hydrophobic effect on the small sizes of water molecules rather than the “ice-like” 

cavities that form from hydrogen bonding. It is a slightly newer theory that questions the 

feasibility of whether a cavity can be found when water molecules are so small. Molecular 

simulation and experimental work is still being carried out by scientists to try and further 

understand the hydrophobic effect.85,86 

As water is replaced by a non-polar solvent, the surfactant-solvent interactions change 

significantly.15 Ionic headgroups are now considered as solvophobic (rather than 

hydrophilic), and the non-polar tails are now solvophilic (instead of hydrophobic). 

Therefore, the terms solvophilic/solvophobic are introduced and the concepts of 
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hydrophobic/hydrophilic are no longer applicable.16 Solvophobic interactions were seen to 

be present in systems of polar non-aqueous solvents such as ethylene glycol,87 glycerol,88 

formamide,89,90 as well as alcohols.91 As these systems have hydrogen bonding sites 

present, the driving force for the aggregation of amphiphiles is still akin to the hydrophobic 

effect with the formation of hydrogen bonded networks surrounding the aggregate. 

Therefore, arguably the hydrophobic effect could be seen as a sub-section of the 

solvophobic effect.92 However, for alkane solvents where there are no hydrogen bonding 

interactions, perhaps this concept cannot be applied.93 

To trigger micellization within a non-polar solvent, often a trace amount of water or salt is 

added into the system.30,94–97 This raises the question about whether or not a system is truly 

responding to the effects of solvophobicity or if micellization is still reliant upon the 

hydrophobic effect.58,96,98 In reverse micellar systems and water-in-oil (w/o) 

microemulsions, the water content is commonly expressed by the molar ratio  

w = [water] / [surfactant] and it is often found that in cases such as microemulsions, as this 

ratio increases i.e., as the water content increases, the micelles and microemulsion droplets 

swell.58 Interestingly, these “water pools” at the centres of micelles can act as microreactors 

for a variety of reactions.99–103 The prospect of varying pH as a way to drug deliver was 

shown by Alexander et al.104,105 when changing the pH to above the pKa of flurbiprofen 

encapsulated within pluronic triblock copolymer micelles within an ethanol/water mixture. 

By doing so, the micelles were seen to break down with the drug being subsequently 

released. Shrestha et al.106 demonstrated that it is possible for micellization to occur without 

the addition of water or salt – as proven by their study looking into the structures of reverse 

micelles in dipentaerythrityl tri-(12-hydroxystearate)/oil systems. Whether a system of 

reverse micelles can truly be anhydrous is still up for debate. Glove boxes may be used to 

prepare anhydrous samples; however, it is still challenging to eliminate all possibilities of 

water from the atmosphere interacting and interfering with the surfactant system when 

taken to instruments to be studied.  
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1.5 Effect of temperature on micellar formation and properties 

1.5.1  In aqueous media 

At low temperatures, surfactants can be considered only weakly soluble but as the 

temperature is raised to a specific threshold, known as the Krafft temperature/Krafft point, 

the solubility increases significantly. Formally the Krafft temperature (TK) is the point at 

which the CMC is equal to the surfactant solubility (i.e., where the two curves intersect on 

a temperature vs concentration graph) and it is known to vary with changes in chain length 

and surfactant type.17 

The CMC and nagg depend on temperature, with a CMC vs temperature profile exhibiting 

a minimum.18,19 This behaviour is thought to be a thermal response to the hydrophobic 

interactions: polar and non-polar interactions alter as an effect of temperature change.107 

Over recent years there have been attempts at modelling this behaviour.20,107–109  

Khoshnood et al.107 expanded on findings from Nagarajan and Ruckenstein109 by modelling 

the micellization of ionic and non-ionic surfactants as a function of temperature. The CMC 

was predicted for aqueous systems of sodium n-alkylsulfates, DTAB and n-alkyl 

polyoxyethylenes and observed that modifying the tail transfer energy (the dominant 

energy contribution in the formation of micelles and microemulsions) to include the effect 

of the surfactant head next to a neighbouring methylene group improved the description of 

both the CMC and aggregation number vs temperature behaviour. This molecular 

thermodynamic modelling is good evidence for the temperature dependence of the 

hydrophobic effect. 

Jusufi et al.20 modelled PEG using Monte Carlo simulations to develop an implicit-solvent 

model for micellization. The CMC and aggregation numbers for SDS, DTAB, DTAC, and 

PEG surfactants were obtained as temperature ranged from 280 to 365 K – also indicating 

that these factors are temperature dependent. In general, aggregation number and micellar 

size decrease as temperature increases due to the weakening of hydrophobic bonds. 



 

12 

 

1.5.2 Shape transitions 

When looking into the temperature effect on the thermodynamics of micellization, the 

Gibbs equation needs to be considered (∆𝐺 =  ∆𝐻 − 𝑇∆𝑆). ∆𝑆 is positive at low/room 

temperature as the water molecules surrounding the micelles exhibit a lower degree of 

organisation when compared to the water molecules solvating the free surfactant 

monomers. This positive ∆𝑆 contribution overcompensates the entropy decrease from the 

loss of surfactant degrees of freedom. Increasing T decreases the solvation structure 

surrounding the surfactant molecules due to the reduced impact water molecules have on 

the micellization process, leading to the expectation of ΔS to drop. This was seen to be the 

case in a study by Aktar et al.110 who found the CMC of pure TTAB and MFH-TTAB 

mixed systems to increase with temperature, and by Evans et al.111, when also studying the 

micellar formation of TTAB in water as the temperature increased, higher CMCs were 

observed. The micellization of SDS is an entropically driven process at low temperatures, 

and an enthalpically driven process at high temperatures.21 

This section focuses on the temperature effect upon the various micellar shapes obtained. 

Starting with SDS21 – a well-known and often used surfactant that produces near spherical 

micelles in aqueous media, by increasing the temperature of the system from 284 to 293 K 

initially decreases the CMC to a minimum from 8.4 to 8.0 mM, before then increasing to  

9.4 mM at 333 K. Increasing T does not have a notable effect upon ΔG as it still remains 

consistently negative – confirming that micellization is spontaneous when the CMC is 

reached. The consistency of a large and negative ΔG proves there is a cancellation effect 

occurring between the ΔH and the TΔS as the temperature is increased. In terms of micellar 

shape, Hammouda112 reported the micelles compressed and became smaller with increasing 

temperature – suggesting that not all SDS molecules participate in micellization and prefer 

to be free monomers within the solvent i.e., nagg decreased. Figure 1.2 shows this decrease 

in micellization of SDS as the scattering intensity of the SANS data decreases as the 

temperature is increased. This U-shape of CMC curve with increasing temperature was also 
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observed by Kang et al.113 with regards to the micellization of ionic surfactants; anionic 

ADS and cationic OTAC and by Mahbyb et al.114 with the CMC values of SDS and CFH 

mixtures.  

 

Figure 1.2: The effect of temperature on the scattering intensity of SDS micelles in D2O. 

As temperature increases, the intensity decreases indicating a higher solubility of free 

surfactant molecules in D2O solvent.112  

 

Ahmad Bhat et al.22 studied the temperature effect on the cylindrical micellar system of 

N‑Ethyl-N,N-dimethyl-1-hexadecanaminium bromide with sodium bromide present. An 

addition of an electrolyte to a system containing an ionic surfactant often promotes a 

transition from spherical to cylindrical micelles.23,24 By increasing the temperature, the 

enthalpy of micellization of these cylindrical micelles increased, while entropy decreased. 

Kuryashov et al.25 investigated OAPB (a zwitterionic surfactant) mixed with SDS (an 

anionic surfactant) and the viscoelastic behaviours as a result of temperature variation. At 

20 ℃, the viscosity (η) of the system is high at 390 Pa s as a result of entangled cylindrical 

micelles. As T increased, η decreased by two orders of magnitude. As micellar chains can 

break and reform more freely than covalent polymeric systems, this makes them sensitive 

to changes in conditions – one of which is temperature. In these OAPB/SDS mixed aqueous 

systems, increasing T enhances the breaking and reforming of micelles, resulting in shorter 
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average micellar lengths. This then leads to fewer entanglements and thus, lower 

viscosities.  

For systems comprising of vesicles, an alteration of temperature induces a transition to 

spherical micelles. Yang et al.115 reported these findings when investigating DDAB/DTAC 

– which are cationic/cationic mixed surfactant systems. Using a variety of methods such as 

turbidity, cryo-TEM, UV-vis spectrophotometry, and steady-state fluorescence 

spectrometry, it was discovered that this rare (in terms of cationic/cationic mixed surfactant 

systems) temperature-induced vesicle-to-micelle transition took place with a tuneable 

degree of conversion. Similar findings were reported by Miguel et al.116 with regards to the 

micellization of octyl glucoside and octyl glucoside-egg phosphatidycholine mixed 

surfactant systems. They also reported a decrease in CMC of the vesicles as temperature 

increased. 

Interestingly, reverse transitions from spheres to vesicles with increasing temperature have 

been reported but these are less common. Majhi et al.117 studied a mixed lipid-surfactant 

system of DMPC, with SDS or DTAB and observed this transition. Yin et al.118 observed 

similar behaviour when studying the system of mixed cationic/anionic surfactants SDS and 

DEAB. Electrostatic effects are thought to be the responsible for these changes.  

Heating vesicles can also result in a shape transition to long, flexible wormlike micelles, as 

observed by a number of groups including Hassen et al.26, and Buwalda et al.27. A change 

in viscoelasticity and viscosity was observed in both cases because of the micelles 

becoming disordered and tangled. Buwalda27 saw an additional change in turbidity to a 

clear fluid, a finding that was consistent with the fluorescence anisotropy and NMR results 

previously reported.119 Similar theories were proposed in both cases whereby increasing T, 

the counterion (HNC-) becomes more soluble in water (hence the change in turbidity) and 

therefore desorbs from the vesicle surfaces. As a result, there is less shielding provided by 

the counterion around the headgroups, resulting in greater repulsion between the 

headgroups. Lower curvature is exhibited as the headgroup area is increased – leading to 
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the formation of wormlike micelles. An increase in viscosity was the main indication of 

this as the formation of long wormlike micelles acts akin to a polymer solution as the 

micelles become disordered and tangled.  

The same observation was made by Davies et al.94 on heating vesicles of the surfactant 

CTAB. With the addition of salt 5mS to aid with micellization, wormlike micelles formed 

with an increase in viscosity once heated above a certain temperature threshold. Davis 

suggested that the adsorption of the 5mS can be reversed if the temperature is decreased. 

More 5mS molecules are bound to the surfactants as it has a higher affinity towards the 

hydrocarbon chains over the aqueous environment. Heating leads to an increase of 

solubility of 5mS in water, leading to desorption from the surfactants which in turn leads 

to greater headgroup repulsions and greater effective headgroup areas. This increase in 

curvature promotes flexibility and the formation of wormlike micelles.  

An investigation looking into the effect of temperature on a system already containing 

wormlike micelles was conducted by Tung et al.30. In this case, the salt NaSal was used to 

aid formation of CPyCl wormlike micelles and found that an increase in temperature 

promoted surfactant exchange and lessened the effects of having unfavourable micellar 

end-caps. There is an “excess free energy” present for the end-cap surfactant molecules 

(end-cap energy) when compared to the surfactant molecules within the bulk/middle of the 

cylindrical micelles. Therefore, as T is increased, more end-caps are formed and thus 

micelles have shorter average lengths. Acharya et al.120 made similar observations when 

studying the mixing of two surfactants without salt present. Using non-ionic C12EO3 and 

anionic AES, they observed that an increasing T led to an increase in micellar growth. This 

decreases the headgroup area occupied at the interface which in turn led to micellar growth 

in one direction. Contrastingly, by decreasing temperature, the opposing transition was 

seen. The area occupied by the headgroups increased, resulting in more end caps to the 

micelles – therefore reducing axial elongations. 
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1.5.3  Non aqueous media 

Reverse micelles in non-aqueous media react slightly differently to temperature changes 

than “normal” micelles in aqueous solvents. As the hydrophobic effect is no longer the 

most prominent and overarching driving force for micellization, other observations can be 

made. A typical and well researched system is water/AOT/n-alkane microemulsions, much 

like the system Guettari et al.121 investigated (n-alkane being isooctane in this case). By 

studying 𝜂 as a function of surfactant concentration over a range of temperatures, a sharp 

viscosity increase was observed – thought to be due to a shape change. This conclusion 

was reached through the utilisation of the Simha et al.122,123 method. In general, 

𝜂𝑠−𝜂0

𝜂0
= 𝜂𝑠𝑝 = 𝑘𝜑   Equation 1.2 

Where 𝜂𝑠 is the solution viscosity, 𝜂0 is the viscosity of the pure solvent, 𝜂𝑠𝑝 is the specific 

viscosity, 𝑘 is a shape dependent parameter, and 𝜑 is particle volume fraction (or mass 

concentration 𝑐). For hard spheres, 𝑘 is typically 2.5 although for rodlike/cylindrical 

micelles, this value is larger. In this instance, 𝑘 increased greater than 2.5 with T, indicating 

that a micellar structural transition had occurred from spherical to ellipsoidal.  

AOT water-in-oil microemulsions can be stable with T from -20 to 100 ℃ although this 

range of stability decreases as the w value increases (w = [water] / [surfactant]).124 

Schematics of phase diagrams can be seen in Figure 1.3 a), b), and c): 
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Figure 1.3: a) Phase diagram for a typical 3 component system as a function of 

temperature. b) A slice of the phase diagram gives a ternary phase diagram at constant 

temperature for an AOT-water-heptane system – as an example. L2 refers to a one-phase 

(φ1) water-in-oil microemulsion125 c) a 2D stability diagram adapted from Smith et al.126 

from Robinson et al.127. This representation is shown at a constant pressure and surfactant 

concentration. 

 

By varying the temperature (and pressure), the size of the L2 region can be altered and the 

position of the phase lines change too. Terminology such as TL and TU (Figure 1.3 c)) are 

used to describe stability boundaries where beyond TL (also known as the solubilisation 

a) 
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Temperature 

c) 

TL 

TU 

b) 



 

18 

 

point), any excess water that the surfactant has not solubilised will separate out. TU is the 

upper temperature phase boundary and is often called the “haze point” – the 

surfactant/water rich phase separates from the excess oil phase. These stability boundaries 

show the increasing hydrophobicity at lower temperatures as there is an excess of water. 

As T is increased to beyond the TU boundary , the mean radius of the w = 40 microemulsion 

droplets is reported to have increased slightly, the polydispersity also increases as a result 

of an increase in the droplet-droplet interactions.127 Studies looking into the effect of 

temperature on the approach of the lower boundary TL are not as common, although some 

studies suggest that droplet size remains barely changed as T is decreased. It is interesting 

to note that towards TL the droplets can be considered more hard-sphere like as the droplet-

droplet interactions are not as pronounced as for TU.28,127 

The primitive cationic surfactant DAC forms spherical micelles in the polar non-aqueous 

solvent glycerol.88 When in water, aggregation number decreases as temperature is 

increased. However, in glycerol, nagg was found to be independent of T and stayed 

consistently ~ 50 molecules per micelle. Although glycerol is an organic compound, the 

structure still contains three hydrogen bonding sites that play a large contributing part in 

the micellization of surfactants. Contrastingly, Kotlarchyk et al.28 used SANS to probe 

water/AOT/decane microemulsions and found that as temperature increased, so did the size 

polydispersity. It was thought that this was due to a reduction of the interfacial tension as 

the critical point was approached. The effective headgroup area of surfactant molecules 

decreased as the temperature increased – therefore allowing the surfactant tails to pack 

closer together. The contrast of the two scenarios of number aggregation is a good 

indication that the solvent of choice has a dramatic effect upon the way in which the 

micelles behave when there is an external change in the environment. 

Michor et al.29 found that for the Span surfactant series (a series of sorbitan oleate 

surfactants with varying tail lengths, saturation, and tail number) in organic solvents, the 

CMC increased when the temperature was increased from 24 to 61 ℃ which indicated the 
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enthalpic characteristics of reversed micellization. There was one surfactant (Span-60) that 

showed a decrease in CMC with increasing T, and it is thought that this could be due to the 

decrystallization/spreading out of tails due to greater electrostatic shielding from the 

charged reversed micelles – indicating that in this instance, micellization is entropically 

driven.  

Lehtinen et al.128 used Differential Scanning Calorimetry (DSC) to monitor the CMC of 

lecithin micelles, this time in rapeseed oil. Through using this method, there was no 

conformational changes of lecithin RMs between the T range of 10 to 90 ℃, but there was 

a decrease in CMC as the fluid was heated from room temperature to 70 ℃  

(0.082 wt-%, 0.059 wt-% respectively). This seems to be in agreement with research carried 

out by Cui et al.129 who found that in systems containing DOPC, and DOPE in soybean oil, 

increasing the temperature from room temperature to 40 ℃ also observed a decrease in 

CMC. Comparing this to the observations Hammouda et al.112 experienced with SDS in 

aqueous systems, the tendency to micellize was not increased with temperature. 

In contrast to micelles in aqueous systems, reversed micelles exhibit slightly different 

behaviour as a function of temperature. Dramatic transitions from unilamellar vesicles to 

long, flexible wormlike micelles are not observed, for example if the system already 

consists of wormlike micelles, then a temperature increase leads to a shortening in the 

micellar lengths (as Figure 1.4 depicts). Tung et al.30 saw this when increasing the 

temperature of a system containing the surfactant lecithin in decane with a small addition 

of water or bile salt. In both cases, as temperature increased, viscosity decreased – an 

indication that shorter reversed wormlike micelles were forming. Due to the hydrogen 

bonding between the headgroups and bile salt or water being temperature dependent, 

increasing this leads to a weakening of these bonds and hindered micellar growth. 

Interestingly, research conducted by Penttilä et al.31 found that for phospholipid-based 

reverse micelles in rapeseed oil, the shape and size of the lecithin/oleic acid structures with 

low water content irreversibly changed from spheres to prolate ellipsoids after subjection 
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to high temperatures, whereas the oleic acid-free systems experienced shrinkage (which 

was attributed to enhanced penetration of oil within the surfactant tails and therefore the 

alteration of the effective volume) but maintained the shape. This work highlighted 

sensitivity of aggregate structures to subtle changes in composition and temperature. 

 

Figure 1.4: Depiction of how increasing the temperature of a reversed wormlike micellar 

system, the length of these worms decreases, leading to less entanglement.30  

 

1.6 Effect of pressure 

Past decades of research have preferentially been conducted at atmospheric pressure, one 

of the reasons being that conducting experiments at high P would require specialist and 

expensive equipment that is not normally available. However, it is more common in many 

industrial and technical sectors to use high pressures in manufacturing and practical 

applications such as in ICEs and oil/gas recovery. Therefore, over recent years, there has 

been a greater interest in understanding the effects of pressure on micellar properties as a 

way of bridging this gap.130,131 

1.6.1 Effects of pressure on micelles in aqueous media 

In this section, the effects of pressure on the micellization of surfactants in aqueous media 

are explored. An example of a pressure cell setup that may be used to conduct high pressure 

experiments is highlighted in Figure 1.5.132 
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Figure 1.5: An example of a high pressure cell set up. (a) pressure generator, (b) pressure 

vessel, (c) conductivity cell, (J) jack, (M) coil pressure gauge, (P) platinized platinum 

electrodes and (S) the magnetic stirrer.132 

 

A phase diagram can be plotted to depict the stability of a micellar or microemulsion system 

as factors such as concentration, pressure P, temperature T, and water content are altered. 

Typically, solubility of surfactants in water decreases as pressure increases, until the 

“critical solution pressure” is reached. For SDS and DAB this was determined to be  

~ 1650 atm at 20 ℃ and ~ 300 atm at 35 ℃ respectively. From here, solubility still 

decreases but more gradually. For example, on increasing P of systems containing SDS or 

DAB, the CMCs increase to a maximum as the solubility of these surfactants in water 

decreases simultaneously.132 Similar results were obtained when investigating the CMC of 

DTAB in aqueous urea solutions at two temperatures (25 and 35 ℃) over a range of 

pressures up to 2500 atm.133 The addition of urea into the aqueous system lead to higher 

CMCs being observed as a result of the disrupted hydrogen bonding network. In these 

cases, increasing P resulted in a curved CMC plot, with a maximum occurring around the 

1000 atm for each urea concentration (at 25 ℃).133 
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Table 1.3: Methods within literature used to determine the aggregation number of 

surfactant systems at elevated pressures. 

Surfactant Method Reference 

SDS, C12E6 Light scattering 36 

C12E5, C12E7, C12E8 Light scattering 37 

Triton X-100 
Fluorescence lifetime 

measurements 
38 

C8E5 SANS 39 

 

The effect of pressure on nagg can be studied through a variety of methods – some of which 

are highlighted in Table 1.3. Light scattering was a method used by Nishikido et al.36,37 

who found that for increasing P, nagg of SDS, C12E6 and other analogues of polyoxyethylene 

dodecyl ethers decreased. Similar findings were observed by Baden et al.38 using the 

fluorescence lifetime measurements to study the non-ionic surfactant Triton X-100. The 

nagg decreased to a minimum from 250 to 80 with P increasing from 0.1 MPa to 100 – 200 

MPa. As P was increased further to 500 MPa, nagg increased to 230. The result can be 

correlated to the behaviour of the CMC-pressure curve previously mentioned132,133 where a 

“hydrophobic hydration” effect is observed as the hydrophobic molecules become more 

soluble in water. 

The effect of pressure on solubility can be quantified by Equation 1.3 where 𝛥𝑉 is the 

difference between the partial molar volume and the molar volume of the solvent and 𝑋 is 

the solubility in water: 

(𝑑
𝑙𝑛𝑋

𝑑𝑃
)𝑇 =  

−𝛥𝑉

𝑘𝐵𝑇
    Equation 1.3 

The upshot of this is a decrease in the size of micelles and lower nagg. Once solubility 

reaches a maximum with P, the greater pressures cause these hydrophobic molecules to be 

driven out of the water phase, resulting in hydrophobic dehydration.134 Therefore, at 

slightly lower pressures, the CMC increases – free monomer concentration increases. At 

higher pressures, the free monomer concentration becomes less favourable, aggregation 
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number increases with the presence of larger micelles (as Figure 1.6 depicts).38 A decrease 

in pressure results in surfactants exchanging in and out of the micelles, the dissociation of 

the larger micelles occurs – therefore resulting in the formation of smaller micelles. 

 

Figure 1.6: How pressure can affect micellar size. Higher pressure leads to larger micelles 

forming, lower pressure results in smaller micelles forming.38 

 

Leseman et al.39 used SANS to resolve the structure of the non-ionic surfactant C8E5 in 

water and the effect of P on aggregation and behaviour. Considering previous studies used 

light scattering36,37 and fluorescence lifetime measurements38 to probe micellar behaviour, 

SANS gave an insight into the micellar structure (core/shell) as well as monitored  

pressure-dependent changes. They used pressures of up to 310 MPa and found that 

increasing P caused an increase in the hydrophobic core radius but a decrease in shell 

thickness. The average radius of the C8E5 micelles at 4 MPa was found to be 25.5 Å for 

spherical micelles that are non-interacting and monodisperse. With pressures up to ~ 150 

MPa, they found the radius of gyration decreased, but from then on, up to 310 MPa, the 

radius of gyration increased slightly. They suggest that the headgroups within the micelles 

experience a pressure-induced dehydration, which leads to the breakdown of the outer shell. 

This is in keeping with previous findings that the micelles reduce in size with P. They also 

observed a shape transition from spherical to ellipsoidal. 
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Kimihiko et al.135 examined how pressure influenced the solvation effects of water in a 

micellar environment using the non-ionic Triton X-100, and ionic SDS. The results showed 

that there were different hydration mechanisms surrounding the micelles for both 

surfactants. It was found that the SDS micelles had greater penetration of water within the 

shell and towards the core than Triton X-100 micelles. However, there is speculation about 

whether the probe was just pushed further into the micellar core by the surfactant molecules 

compared to the SDS molecules, therefore indicating fewer surrounding water molecules. 

In agreement with previous studies, nagg decreased, suggesting smaller micelles were 

formed at higher P.  

The use of pressure in research has expanded to beyond investigating micellar structures 

but has started to encompass other aspects such as enzyme activity in relation to micellar 

interactions.136 Computational and molecular simulation chemistry has become more 

advanced in recent years137,138 such as the work looking into the solubilisation of argon in 

micellar cores,137 and how Triton X-100 micellizes in water.138 As argon is a non-polar gas, 

it naturally has a stronger affinity to the hydrocarbon centre of micelles, over the ionic 

surroundings. By increasing the pressure, the affinity of argon for the micellar cores 

decreases, promoting solubility within the aqueous surroundings.  

1.6.2  Law of Corresponding States 

The Law of Corresponding States (also known as the Theory of Corresponding States), 

introduced by van der Waals, explains that for simple gases, they have approximately the 

same compressibility when subject to the same amount of reduced temperature and 

pressure. This means that substances can behave similarly when at equal reduced factors 

(i.e., a set of state variables such as temperature, pressure, and volume normalized by the 

properties of these states at its critical point). Reduced pressure, volume and temperature 

are given by the Equations 1.4, 1.5, and 1.6.32  

𝑃𝑅 =  
𝑃

𝑃𝐶
    Equation 1.4 
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𝑉𝑅 =  
𝑉

𝑉𝐶
    Equation 1.5 

𝑇𝑅 =  
𝑇

𝑇𝐶
    Equation 1.6 

Where 𝑇𝑅, 𝑃𝑅, and 𝑉𝑅 are the reduced temperatures, pressures, and molar volume. 𝑇 is 

temperature, 𝑃 is pressure, and 𝑉 is the molar volume of the system. 𝑇𝐶, 𝑃𝐶 and 𝑉𝐶  are the 

respective “critical” parameters of these under consideration.33 The critical point on a single 

component is the termination of the vapour pressure curve. Formally, above 𝑇𝐶 and 𝑃𝐶 a 

supercritical fluid exists and there is no longer a distinction between a liquid or a gas. 

This principle is primarily applied to gaseous systems, but can these ideas be roughly 

applied to liquid systems as well? Could ethane under a certain pressure have the same 

density as octane under ambient conditions? And could this alter how we do pressurised 

experiments with low-density alkane solvents?34 For example, in microemulsion systems 

that are made up of water droplets dispersed in an alkane media, what would be the effect 

of pressure changes? Altering the solvent from one to another already has such a drastic 

effect upon the micellization properties. For example, the phase boundaries alter when 

decreasing the carbon number of the solvent from n-decane to propane in an AOT-water-

n-alkane w/o microemulsion.35 These will be discussed in further detail later in this section. 

1.6.3  Micelles in non-aqueous media 

Contrastingly, changes in pressure to reverse micellar systems does little to the water core 

radius – only the droplet-droplet attractions and the proximity to the TU instability boundary 

are altered.42  

Eastoe et al.35,43 studied the effects of pressure on a series of AOT-water-n-alkane 

microemulsions, the alkane varying from propane (C3) to n-decane (n-C10). By plotting P/T 

phase diagrams, increasing the pressure resulted in a lowering of TL and TU boundary lines 

for the systems of 0.10 mol dm-3 AOT with w values from 30 to 70 with n-octane as the 

solvent. The dP/dT phase boundaries all had similar negative slopes and for smaller 
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droplets i.e., w = 30, this slope is more exaggerated – smaller droplets are more sensitive 

to changes in pressure whereas systems of w = 70, the TU boundary was not altered by a 

large amount. The decrease in the TU boundary could be a result of a decrease in the oil 

solvation of the hydrocarbon tail groups. Changing the alkane to n-butane, the gradient of 

the TU phase boundary is now positive – similar results are observed when using propane 

as the continuous phase. Beyond this, time-resolved fluorescence depolarisation studies 

were utilised139 to study the AOT reversed micelles with ethane, and propane as the medium 

under high pressures (up to 500 bar). The micelle cores contained the hydrophilic probe 

perylene tetracarboxylate and it was found that under near critical and supercritical 

conditions, these aggregates existed as spherical structures right from the sub-nanosecond 

that measurements were made. It was also found that the micellar rotational correlation 

time and the rotational correlation length showed negligible pressure dependence and by 

lowering the pressure, the rotational correlation length increased slightly but the solvent 

density and viscosity decreased. This technique was shown to have drawbacks however, as 

increasing the content of water within the core of the micelles meant that the motion of the 

internal probe becomes increasingly prominent and therefore, affects how accurately the 

droplet sizes can be determined. 

However, when studying CTAB-H2O-CHCl3-n-heptane, the dP/dTU boundary gradient 

now becomes positive and by increasing the pressure, the boundary of TU increases. This 

is due to decreasing droplet-droplet attractions as the oil solvates the hydrocarbon 

surfactant tails until beyond the TU boundary where the droplet is stabilised. For C12E4-

H2O-n-heptane, dP/dTU does not show any strong correlation towards pressure changes, TU 

also alters very slightly under pressure,35 therefore indicating that the effect of pressure 

depends on the chemical nature of the system in question. It is interesting to note that the 

three surfactants studied were anionic (NaAOT), cationic (CTAB) and non-ionic (C12E4), 

revealing that interesting surfactant-solvent interactions in systems of non-aqueous media 

must be at play. 
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Two other microemulsion systems were also studied using a high-pressure optical cell by 

which phase diagrams were constructed: C12E4-water-n-heptane and  

CTAB-chloroform-water-n-heptane. The density of the oil solvent was also seen to be very 

responsive to changes in P and T – more so than the water cores of the surfactant micellar 

shells. From here, SANS and DLS were utilised to study the w/o microemulsions of AOT 

in alkanes, specifically propane and n-butane.42 Low-density fluids have lower densities 

and viscosities than other alkanes (such as n-heptane), therefore they are more susceptible 

to changes in T and P and hence for this reason are more compressible. Increasing P causes 

the viscosity and density to increase, however, increasing temperature has the opposite 

effect. The results showed that the average water core radius changed little when the alkane 

density and chain length are changed. However, nearing the stability boundary, groups of 

droplets are seen which is akin to what is found when temperature is raised.  

 
Figure 1.7: The pressure-temperature map for the plastic-crystal AOT-water-cyclohexane 

system, w = 10 (black dots), and pure cyclohexane (white triangles).40,44 

 

In certain oily solvents, controlling P and T can also induce a rare liquid-to-solid phase 

transition. Figure 1.7 shows the conditions in which this solid phase is formed through 

variation of T and P with an AOT-water-cyclohexane system at w = 10 and highlights the 

importance of surfactant-alkane interactions.44 SANS was used to study the reversible 

structural changes of the liquid-to-solid transition that occurred for an alkane solvent 
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containing surfactant stabilised colloidal dispersions (in this case, CaCO3 particles 

stabilised by AOT surfactant, dispersed in cyclohexane). These experiments were 

conducted using a range of pressures (1 - 600 bar) and temperatures (3 – 20 ℃). Results 

showed that there were clusters of micelles within close proximity to each other – so close 

that the surfactant layers would start to interpenetrate that was variable with the degree of 

applied pressure.40 A reversible liquid-to-solid transition of a surfactant-stabilized particle 

or droplet dispersion in an alkane medium can be achieved via pressure and/or temperature 

changes. It was also found that as P increased to induce a liquid-to-solid transition, droplets 

or particles that were not included within the freezing process would cluster together, 

forming a coexisting system of solid alkane and pockets of a colloidal fluid encapsulated 

with varying degrees of structure. Moreover, the solid phase showed aggregation of the 

particles to form a bicontinuous sponge-like structure with pore sizes ranging from  

5 - 50 μm. 

The stability and structural changes of microemulsions in propane were also explored when 

applying pressure to the system using high-pressure SANS.41 Surfactants used in this case 

were AOT, DDAB and C12E5 which are anionic, cationic, and non-ionic, respectively. 

Moving from low to high pressures formed stable w/o L2-microemulsion phase, the 

pressure in which this transition took place depended on the surfactant studied and the 

temperature. At 25 ℃ and with a w value of 20, AOT and DDAB were determined to have 

a mean droplet radius of approximately 40 Å. This radius was found to be essentially 

unaffected by P although a very small increase was observed for DDAB when decreasing 

P from 400 bar (38 Å) to 35 bar (42 Å). For the C12E5, the average droplet radius decreased 

as the pressure was dropped (70 Å at 400 bar, to 54 Å at 120 bar). These findings confirmed 

that with regards to DDAB and AOT, there were strong attractive droplet interactions and 

for C12E5, the decrease in droplet radius was a result of a decrease in monomer 

concentration at lower pressures – thus demonstrating that surfactant type is a strong 

determining factor for phase stability boundaries.  
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Another important non-aqueous medium is supercritical-CO2 (scCO2) which forms above 

its critical temperature (31 ℃) and critical pressure (72.8 bar). Interesting observations can 

be made from this being the solvent of focus however this review will not cover this as 

there are already fully comprehensive and informative reviews and research covering this 

topic.140–144 

1.7 Effect of shear on micelles 

As seen previously, altering external factors such as T and P, whether within an aqueous 

or non-aqueous medium, can largely affect micellar size and can even lead to profound 

changes in aggregation structure. But what happens when systems are out of equilibrium 

and under applied shear? 

Shear flow or a shear gradient (G) arises when a fluid is restricted between two parallel 

planes in which one plane is moving with a constant velocity as a result of an external force, 

while the other is stationary.145 Applying shear flow in conjunction with SANS was began 

by researchers such as Penfold2,3,6,13,146–151 and Hoffmann5,11,152–155 in the 1980’s. Shear 

aligning anisotropic micelles gives more in-depth information regarding the micellar size, 

shape and geometry than from radially averaged scattering data. Studies under applied 

shear allow for additional areas to be explored such as flexibility, distribution of sizes, 

structure, and geometry of the micelles.6,8 Something to consider is that particles will also 

experience the spontaneous and random effects of Brownian motion as characterized by 

the diffusion coefficient (D). Hence, there are two contrasting effects (one random and one 

directional), which can be explored over the ratio Γ = G/D. Perfect alignment of micelles 

will only take place if Γ >> 1, however in practice this is not attainable and results in a 

system of partially aligned micelles. To take this into account, an estimate is made for the 

orientation distribution p(θ,φ,Γ) where θ and φ are the angles depicted in Figure 1.8. 
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Figure 1.8: SANS set up for a shear experiment.3 A cylindrical micelle is used as an 

example with the cartesian coordinates denoting the origin as the centre of the aggregate 

along the θ, φ axis. y is the incident beam, Ǭ is the momentum transfer and Ψ is the angle 

between Ǭ and the x axis. QI refers to when Ψ = 0, and Qꓕ refers to when Ψ = π/2. The 

detector is located perpendicular to the incident beam coming through the y axis. The shear 

gradient G = δux/ δy along the y axis and the flow ux along x means the beam travels 

parallel to y.  

 

This review covers instances in which a shear flow is applied to micellar systems, but keep 

in mind there are other methods in which to align particles such as applying electric155,156 

or magnetic fields.157 

Figure 1.9 depicts an example of a shear cell apparatus. Shearing can be achieved through 

the use of two plates with either a flow in between, or a rotating disc at its centre.6,158 

Alternatively, rotating cylinders can be used. These methods give rise to two types of flow: 

Poiseuille or Couette. Couette is often preferable in many cases as it allows there to be a 

consistent and constant shear gradient that slightly simplifies the experiment. Poiseuille 

flow leads to a non-uniform parabolic field.145,148 
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Figure 1.9: An example of a shear cell apparatus set up.148  

 

1.7.1 In aqueous media 

Much research into the effects of shear upon micelles was first conducted by Penfold and 

Hayter in the 1980s. Rheo-SANS combines SANS measurements with a deformation 

technique so shear-induced structures can be examined. By applying this technique to study 

anisotropic micellar systems,2,4 they went on to study the alignment of anisotropic micelles 

as well as dilute rod-like micelles, mixed surfactant micelles, viscoelastic systems, and 

shear relaxation studies.3  

Systems at high concentrations, with interacting anisotropic micelles were aligned by shear 

flow and investigated by SANS. Penfold et al.6 observed the SANS intensity maps of static 

solutions of CTAB with KBr in D2O as an isotropic scattering pattern that, after an 

application of shear, gave rise to various degrees of anisotropy (Figure 1.10). This was one 

of the first instances showing shear-induced alignment of anisotropic micelles.  

Hoffmann et al.7 also looked into the alignment of rod-like micelles in aqueous media. In 

a SANS study, shear gradient was applied to the cationic surfactant hexadecylpyridinium 

salicylate in D2O and it was observed that these rod-like micelles were indeed able to align 

at shear rates up to 40 s-1. These are important initial experiments delving into whether 
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surfactant molecules align, to what extent concentration affects alignment and interactions. 

Dilute systems of rod-like micelles were also investigated under shear flow, whereby 

factors such as polydispersity, flexibility, hindered rotation, and turbulence affected the 

measured scattering patterns.3,7 

 

 

Figure 1.10: SANS intensity maps before and after the application of shear to CTAB system 

in D2O shows how the particles align in the direction of the shear flow gradient.6  

 

At low shear rates, hindered rotation of the micelles tends to dominate the alignment 

whereas at high shear rates, turbulence and the polydispersity of varying rod lengths have 

stronger effects. Polydispersity makes micellar alignment more complex, but these two 

observations allow for the interpretation of the distribution of varying rod flexibilities 

within the system when interpreting SANS measurements. Cummins et al.8 attempted to 

introduce the aspect of flexibility to their interpretation of the SANS data, in order to 

account for systems that may be wormlike instead of rigid. Comparing to results of other 

groups, this modified theory seems reasonable.9,10 

Using surfactant mixtures of controlled composition will also change the properties. 

Whether adding an ionic surfactant to a non-ionic solution or the other way round, due to 

repulsions acting between the headgroups (as well as the hydrophobic effect), this will have 

an effect upon the packing of the surfactant molecules and therefore, the micellar shape, 

size and CMC. Cummins et al.159 proved it possible to drastically alter the rheology and 
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SANS scattering pattern of a system by simply adding a portion of a charged surfactant  

(3.0 % instead of 0.3 % of CTAB added to C16E6) in D2O. Strong interactions between 

micelles and a change in the geometry dominates the SANS scattering pattern, being 

reminiscent of other charged systems observed previously (SDS/TDPS).6,148 Systems of 

mixed micelles, which at first seemed as though they consisted of only one component in 

terms of its uniformity, viscoelasticity and low turbity, actually exhibited the presence of 

two components as shown by SANS patterns. An idea put forward for this behaviour is that 

different micellar lengths present within the network, with some smaller micelles trapped 

by larger, longer micelles. This would explain the visosity properties of the systems and 

the SANS patterns.149 

Hoffmann and co-workers11,12 looked into the various structures of micelles that can be 

induced by the application of shear. The findings showed that there are usually two types 

of micelles present; short rod-like micelles that align weakly to the shear flow, and a 

population of longer rod-like micelles that align more strongly to the shear flow. It is 

interesting to note that this balance of short vs long micelles is not in equilibrium, and as 

time passes, the more the long micelles grow, the fewer shorter micelles are left. In both 

cases, a charged surfactant was used, which poses the question of whether other surfactant 

types could show these properties. Kalus et al.160 built upon the observations made and 

further confirmed these findings. Reaching and exceeding a threshold of shear gradient (in 

this case above 40 s-1), an equilibrium between short and long micelles was observed. 

Time-dependent shear studies have been conducted by Hoffmann et al.5 in order to examine 

the relaxation orientation distribution of rod-like micelles. By suddenly decreasing the 

shear rate from a constant value to zero, it was found that the relaxation of rod-like micelles 

from alignment to randomized is related to the rotational diffusion coefficient (Drot). 

However, Drot is then dependent upon the micellar orientation and interactions. Further 

time-dependent investigations – this time increasing the shear rate from zero to a constant 

value, allowed determination of Drot. It is also interesting to note that SANS is susceptible 
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to the distribution of rod lengths, and it further confirmed that there are two types of 

micelles present; shorter, weakly aligned micelles and longer, more strongly aligned 

micelles. 

Another interesting aspect is the influence of T on shear-aligned rod-like micellar systems. 

It was found that as the cloud point (the temperature just below the point in which a micellar 

solution is cloudy in appearance) is reached, the length of rod-like micelles decreases. This 

is an indication that clouding in these cases is driven by micellar attractive interactions.161 

The research with regards to shearing systems in aqueous media using rheo-SANS has 

expanded. Larsson et al.162 investigated the shear-induced micellar changes of sugar-based 

surfactants using a Couette cell and found that shear-thinning behaviour existed for the β- 

anomeric configuration of n-hexadecyl-D-maltopyranoside (wormlike) compared to the α- 

equivalent (elongated) which was considerably less affected by the shear flow. Similar 

observations were also seen in work by Arenas-Gόmez et al.163 when investigating the 

alignment of micellar surfactant mixtures of TDPS and SDS, King et al.164 when studying 

concentrated micellar mixtures of SLES and CAPB, and Iwase et al.165 when studying the 

surfactant dimethylene-1,2-bis(dodecyl dimethylammonium bromide). All these 

investigations carried out by different groups build up more of an understanding of the 

effects of shear at micellar level. Although a relatively well explored area, there is scope 

for furthering the knowledge in the application of shear flow to micellar systems. 

1.7.2 Non aqueous media 

There are limited studies regarding the effect of shear on reversed micelles (RMs) in non-

aqueous media, with many basing their theoretical models,2,3,6–8,11,146–153,158,160,161 as 

mentioned in section 1.7.1. Regardless of this comparably limited number of studies, the 

area is gaining interest as the effects of shear on reversed micellar systems in organic 

solvent is widely prevalent within industries such as oil recovery and car engine lubricants.  
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Lecithin is a phospholipid-based zwitterionic surfactant found in many food products and 

can be naturally sourced from soybeans and egg yolks, or can be synthesized.  

Angelico et al.166 used a combination of techniques such as polarizing microscopy, SAXS, 

and NMR to determine the ternary phase diagram of lecithin-cyclohexane-water system 

and found four lyotropic liquid crystal phases and two isotropic liquid phases. Dissolved 

on its own in a non-polar solvent, lecithin forms spherical reversed micelles.61 However, 

through the addition of trace levels of water, these spherical micelles transform into 

cylindrical aggregates which can entangle to form transient networks.  

Schurtenberger et al.45–48 have conducted a number of studies on lecithin and the formation 

of polymeric-like organogels as a result of adding varying quantities of water – often with 

an increase of viscosity to the magnitude of ten.6,46 They found that viscosity η reaches a 

maximum at a specific w value, which changes as the organic solvent is varied. For 

example, using cyclohexane as the solvent leads to an η maximum at w = 6, whereas for 

isooctane, ηmax comes at w = 2.45,47 DLS and SANS studies conducted under equilibrium 

conditions gave confirmation of micellar growth – in particular that the cylindrical micelles 

were lengthening, and with the added flexibility, resulted in tangling and a dramatic 

viscosity increase.45,48 SANS measurements of lecithin in isooctane were taken with a shear 

gradient applied which provided a unique polymer-like reversed micelle model and gave 

further evidence of the water-induced micellar growth as these anisotropic aggregates 

shear-align.13 The anisotropic scattering patterns were consistently showing a growth in the 

micellar length, generating long polydisperse wormlike micelles. Shear thinning can occur 

when the micelles align and therefore reduce η – a particular trait that is attractive for 

lubricants in ICEs.167 Contrastingly, micellar shear thickening was shown by  

Shchipunov et al.152 when investigating soybean lecithin. Linear chain surfactant molecules 

with minimal chain branching seem to experience shear thinning, as the micelles align 

along the shear flow. Shear thickening is usually observed as a result of micellar branching 

and the forming of tangled networks within the fluid.62,152 There have also been interesting 
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observations regarding the effects of organic solvent, and it has been reported that using 

cyclohexane would not form a tangled network, whereas isooctane would.168  

Gochman-Hecht et al.169 utilised SAXS analysis to study the behaviour of spherical AOT 

surfactant reversed micelles in water/isooctane media and the effects of shear. By 

increasing the water content w, a micellar shape transition from spheres to cylinders was 

found but with some spherical micelles still coexisting. This transition was consistent with 

the rheometric data presented, showing an increase in η due to cluster formation of the 

interconnecting micelles. Based on these shear studies it was concluded that increased 

water content changed the rheological properties from Newtonian to shear thinning. This 

is consistent with other results previously mentioned as the shear gradient aligns the 

cylindrical micelles in the direction of the flow, orientating and disentangling the 

micelles.170 

1.7.3 Simulation studies  

Over recent years, molecular dynamics (MD) simulations have been utilised to study the 

behaviour of self-assembled aggregates under shear. MD simulations are insightful and 

useful when looking into what is occurring at surfaces and in the bulk, at a molecular level. 

By performing simulations, real-life predictions can be made about system behaviour, and 

any information that is experimentally found can be rotated back into simulations to aid 

with future simulation accuracy. Bradley-Shaw et al.171 explored the self-assembly and 

chemical degradation of glycerol monooleate mixtures in organic solvents to determine any 

changes in friction. These mixtures contained compounds such as calcium oleate, water, 

glycerol etc, to try and mimic ICE conditions and compounds found within an oil lubricant. 

These systems form reversed micelles when in the bulk solution but break up when shear 

is applied. Interestingly, the simulations suggested that the ratio of molecules adsorbed at 

the mica surfaces vs in the bulk depended on the polarity of the mixture. The more polar 

the mixture is, the stronger the adsorption. As a result of a shear gradient, the micellar 
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systems did indeed degrade resulting in lower surface adsorption and therefore more 

friction.  

Through the use of MD simulations, Xia et al.172 studied the aggregation of fatty acids and 

fatty alcohols. This research aimed to study the oxidation of a lubrication oil as it slowly 

degrades over time because of prolonged exposure to the harsh conditions (i.e., high 

temperature, pressure, and shear) found in ICEs. Oxidation products consist of a mixture 

of fatty acids, fatty alcohols, ketones, and aldehydes. The research conducted showed that 

aggregation occurred for the fatty acids/alcohols, but not for the ketones and aldehydes due 

to the lack of hydrogen bonding. At high temperatures however, the hydrogen bonds were 

only seen to be present for the fatty acids and not the fatty alcohols. Aggregation in the 

lubrication oil is undesirable as this causes friction and blockages when in the engine, so it 

is imperative that the concentration of these aggregates is kept to a minimum. 

Apóstolo et al.173 studied a functionalised polyethylene-polypropylene random copolymer 

in n-heptane solvent using atomistic MD simulations. It was found that the functional group 

distribution of aromatic and polar groups along the polymer backbone heavily influenced 

the radius of gyration and end-to-end distance of the two beads of a coarse-grained bead-

spring model. The two beads within this model consisted of type  

1 – unfunctionalized units in a good solvent, and type 2 – functionalised units in a bad 

solvent. The most compact conformation of the polymer structure is possible with a random 

distribution of functional group along the polymer backbone as this leads to stronger 

interactions between adjacent functional groups than those split evenly at either end of the 

backbone. 
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1.8 Effect of other external factors on micelles 

Although it has been demonstrated how factors such as temperature and pressure can alter 

micellar size and shape, it is important to recognise that the addition of salt and additives 

should not be overlooked. It has already been discussed previously that researchers may 

often add small quantities of salt to a system to aid with micellization. Salt is very effective 

at “screening” charges between headgroups – allowing for surfactant molecules to pack 

closer together and micellize. Additionally, salt or alcohol can induce structural changes 

from spherical, to elongated micelles – also because of screening headgroup charges. This 

is seen to be true when micellizing the zwitterionic surfactant lecithin with the anionic bile 

salt sodium deoxycholate with no added water (Figure 1.11)95 and the addition of an 

alcohol to reverse spherical lecithin/CaCl2 micelles induce a shape transition to cylindrical 

micelles.174 The promotion of growth to form long cylindrical/wormlike micelles can be 

explained in terms of the molecular geometry and how the surfactants pack together. 

Originally, with no bile salt present, the lecithin surfactant may be represented as cone 

shaped – meaning that these molecules pack together forming spherical reversed micelles. 

Adding salt has a stronger affinity to the polar/charged headgroups, altering the effective 

headgroup area, and elongating the micelle to form rodlike/wormlike micelles as can be 

seen in Figure 1.11. This change is reflected in the viscosity increase as the wormlike 

micelles become entangled. Yang et al.175 saw similar effects with the micellar size of AOT 

increasing by a factor of two and six after a bile salt (5 mM NaTC), and 10 mM CHAPS 

were added.  
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Figure 1.11: Depiction of how the addition of bile salt within a lecithin reverse micellar 

system can affect the effective headgroup area, alter the geometry of the surfactant from 

cone to truncated cone, that then induces the spherical to cylindrical micellar transition.95 

 

Hydrotropes are a family of primitive amphiphiles which, in aqueous systems, aid with the 

solubilisation of hydrophobic molecules. However, in non-aqueous solvents, hydrotropes 

are effective at inducing sphere-to-cylinder transitions of reversed micelles.176–179 Like the 

salts, hydrotropes insert between the headgroups and “shield” the charges which alter 

surfactant packing and ultimately, the micellar shape. Hatzopoulos et al.180 looked into 

various factors that can alter the effectiveness of hydrotropes as a result of subtle changes 

when combined with the surfactant NaAOT.176–179 McCoy et al.181 also studied the effect 

of introducing a small quantity of an organic additive to the betaine wormlike micellar 

fluids consisting of zwitterionic surfactant OAPB. It was found that by introducing a  

non-polar additive such as heptane caused the wormlike aggregates to transition into 

spherical micelles with diameter of 77 Å, whereas polar additives such as cyclohexanol did 

not appear to cause any change to the wormlike structure but instead influenced the system 

rheology. The effect of hydrotrope-induced micellar growth in deep eutectic solvents has 

also been investigated by Sanchez-Fernandez et al.182 when looking into the introduction 

of choline salicylate to the micellar system of C16TAC in a 1:2 choline chloride:glycerol 

media, discovering the formation of wormlike micelles with tuneable morphology. 
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A spherical to cylindrical reversed micellar transition can also be achieved by substituting 

the counterion of the surfactant. Eastoe et al.59,183 explored the substitution of the sodium 

counterion in NaAOT with different divalent metals which induced the micellar shape 

change from spheres to cylinders. They found that the larger hydrated counterions e.g. 

[Co(H2O)6]2+ are unable to reach the SO3
- headgroups on the AOT surfactant as effectively 

as the Na+ ion. As a result, there is less repulsion interaction screening between the  

SO3
- ↔ SO3

- headgroups, resulting in less curvature, therefore affecting the packing 

parameter, and thus promoting the formation of cylindrical micelles. It was found that the 

charge of the counterion had less of an effect upon the micellar shape – it more relied on 

the identity of the counterion and the extent of hydration. Transition metal ions such as Ni2+ 

and Co2+ favoured the formation of cylindrical/rodlike micelles, whereas alkali metals 

favoured spherical micelles, as seen by both Ca2+ and Na+.183,184 This can also be explained 

in terms of Lewis acids/bases. The SO3
- ion is considered a hard Lewis base, while Na+ and 

Ca2+ are hard Lewis acids. Metal cations such as Co2+ and Ni2+ are softer Lewis acids, 

resulting in less favourable interactions between these cations and the SO3
-, and therefore 

less efficient repulsion shielding is present between the headgroups. A similar case was 

observed by Steytler et al.185 when researching the metal salt derivatives formed from 

HDEHP i.e., Mn+(DEHP-)n in cyclohexane. Using SANS and viscosity measurements, the 

reversed micellar structures of a range of divalent and trivalent metal counterions  

(Mn+ = Ca2+, Co2+, Ni2+, Cu2+, Mn2+, Al3+ and Cr3+) were examined. Spherical and rod-like 

micelles were seen to be present depending upon the identity of the counterion rather than 

the concentration (bar Cu(DEHP)2). SANS data for Al(DEHP)3 fitted best to a spherical 

model, although the low aggregation number hinted that the metal ion with the surrounding 

DEHP anions formed a symmetrical globular structure. Ni(DEHP)2 offered the possibility 

of both spherical and rod-like micelles depending on the water content present – much like 

Ni(AOT)2.59,186 
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Like salts, water is often added to reversed micellar systems to help initiate micellization 

in non-aqueous media. By varying the water content in some cases, the size and shape of 

the micelles can be altered. An example of this is the cationic, double chained DDAB 

surfactant in an oily media, a shape transition from cylindrical to spherical is exhibited 

when w is increased from 5 to 10.97,98 The curvature of the surfactant film is proportional 

to the amount of water present in the system so the more water, the greater the curvature 

and thus there is a shape transition from cylindrical to spherical micelles.  

1.9 Conclusions 

This review has aimed to provide an overview of studies exploring the various ways in 

which temperature, pressure, and shear affect micellar systems that are in aqueous vs non-

aqueous media. With water as the medium, the aggregation of surfactant molecules is 

heavily dictated by the hydrophobic effect.14,72–78 As temperature affects the hydrogen 

bonding of the aqueous solvent, this then impacts the CMC, aggregation number and 

therefore, the size and shape of the micelles i.e., as temperature is increased, the CMC 

exhibits a minimum and aggregation number decreases.18–27,30,94,107–109,111–113,115–120 A 

number of structural transitions have also been observed; sphere-to-vesicle,  

vesicle-to-sphere, vesicle-to-cylindrical depending on the surfactant type.26,27,94,115,116,118,119  

For systems in non-aqueous media, the hydrophobic effect is no longer applicable and the 

solvophobic effect now dictates micellization, as such the situation is more delicate owing 

to weaker forces acting.15,92,93 The subtle interactions between the solvent molecules, and 

between the solvent/surfactant molecules result in a diverse range of micellar sizes and 

shapes, which can be altered by variation in temperature, pressure, or shear. For example, 

CMCs have been recorded to increase29 and decrease128,129 as temperature is increased – 

depending on the systems studied. Similarly to aqueous systems, various shape transitions 

are available as temperature is increased,30,94 and changes to the phase boundaries are also 

observed.28,127 
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Applying pressure to micellar systems in aqueous media generally leads to a decrease in 

micellar sizes and aggregation numbers as a result of the hydrophobic molecules being 

driven out of the water phase and the hydration of micelles decreasing.36–39,132–135 In non-

aqueous media, as pressure strongly impacts the density of the oil and the stability of 

reversed micelles and microemulsions is altered – sometimes even forming plastic-crystal 

phases.41 This article has also discussed the possibility of the Theory of Corresponding 

States being applied to liquid systems. The prospect of drawing parallels between high 

pressure experiments with a high vs low molecular weight alkane could impact how future 

high-pressure experiments are conducted and even possibly how industrial processes are 

conducted.  

Applying shear to systems of aqueous and non-aqueous systems has come far over the 

years, from the studies of Penfold, Hayter and Hoffmann2,3,6–8,11,146–153,158,160,161 to MD 

simulations171–173,187 – trying to gain an insight into how surfactant monomers and micelles 

arrange themselves when subject to shear. Results as a function of shear can aid with the 

development of drag reducers – a pivotal component of many industrial processes, whether 

that be oil recovery or internal combustion engines. Under shear, micelles align in the 

direction of shear flow, spherical micelles indicate various degrees of anisotropy. It is 

important to remember that there are other forces at play within a sheared system which 

adds to the complexity. At high shear rates, turbulence and polydispersity have an 

impacting role towards the degree of alignment, and at low shear rates, the hindered rotation 

of the micelles dominates. Cylindrical micelles also align in the direction of the shear flow, 

the longer the micelles, the stronger the alignment.11,12,160 In systems having high viscosities 

i.e., tangled wormlike micelles with minimal branching experience shear thinning whereby 

the micelles align and untangle.167 Branched wormlike micelles experience a shear 

thickening effect where the application of shear promotes further entanglement.62,152 

As outlined in this chapter, the characteristics of microemulsions and micelles are affected 

largely by changes in temperature, pressure, and shear, which are particularly important 
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industrially. For example, aqueous systems within a waterworks treatment plant, systems 

are exposed to high pressure and shear within waterpipes. In terms of non-aqueous media, 

oil recovery and car engine lubricants are examples in which reversed micelles are prone 

to high temperature, pressure, and shear. It may be wise to aim future shear-related 

experiments towards reversed micellar systems as this is still an underexplored area. 

Gaining insight to the possible changes to micelle shape, size, CMC, aggregation number 

etc could help guide the selection of surfactants when trying to optimise many processes. 
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Chapter 2 

Methods of obtaining reverse micellar shape 

transitions 

2.1  Introduction 

Approximately 27% of global energy consumption is lost through transportation, with 

frictional losses within a typical passenger car reaching as high as ~ 33%.1 Hence, there is 

a search for new super-efficient oil lubricants with the aim of reducing friction, reducing 

fuel consumption, and therefore reducing CO2 emission release, which is recognized as the 

most significant contributor to global warming.2–5 As reverse micelles are now known to 

act as lubricant agents in oily media, this poses an interesting question with regards to 

whether the micellar structure (spherical vs cylindrical) has any effect on friction 

reduction.6–9 

The transition from spherical to cylindrical and wormlike micelles is an important aspect 

to understand as it greatly alters the system rheology, in extreme cases generating high 

viscosities, and even viscoelastic phases.10 The attraction of using cylindrical and wormlike 

micellar properties within an internal combustion engine (ICE) is the ability to form a 

viscous fluid as these micelles entangle, that act akin to covalently bonded polymeric 

systems. The bonus is its capability of micellar scission that is not available to molecular 
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polymers. This ability is what lends itself to the rheological properties of the system. A 

system that is viscous under static conditions but shear-thins in the direction of the shear 

flow are characteristics that make them attractive for use as drag reducing agents in fields 

such as ICEs and oil recovery.11,12 

Inducing a spherical-to-cylindrical micellar transition can be achieved through various 

methods as has been briefly discussed in Chapter 1. Altering the water content of the system 

is seen to axially elongate micelles, an example of which is a system of the di-chain cationic 

surfactant didodecyldimethylammonium bromide (DDAB), where decreasing the w value 

from 10 to 5 lengthens micelles,13–15 or the naturally occurring phospholipid, lecithin where 

small additions of water promoted micellar axial elongation.16–18 

Another approach is by substituting the counterion of the surfactant. By exchanging a 

smaller counterion for a larger counterion, this can induce a spherical to cylindrical 

transition. A good example of this is the replacement of Na+ in NaAOT with a divalent 

metal counterion M2+ e.g., cobalt, nickel, or magnesium. Studies have shown that in 

cyclohexane, there is a spherical to cylindrical shape change.19–21 

And thirdly, a transition can also be induced by introducing an additive called a hydrotrope 

into the system. Hydrotropes are primitive amphiphiles, and in aqueous systems are 

commonly used to aid solubility of hydrophobic molecules but in non-aqueous media, 

hydrotropes are very effective at inducing a sphere-to-cylinder transition.  

Hopkins-Hatzopoulos et al.22–26 demonstrated this shape transition through studies of 

hydrotrope introduction to NaAOT reverse micelles. 

There are various explanations as to why these micellar transitions take place. A popular 

idea is the consideration of the packing parameter and how changing the surfactant 

geometry can alter the way the surfactant molecules pack together. By considering this, 

any changes that may affect the repulsive interactions between the headgroups i.e., changes 

in water content to effectively shield charges, headgroup charges, or the use of 
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additives/salts, alter the molecular geometry, how the molecules pack together, and 

therefore the micellar shape. 

An alternative rationalisation is to consider the interface curvature, an aspect first 

introduced by Frank27 with liquid crystals but was later applied to amphiphilic systems by 

Safran.28–30  Any changes to the micellar system that may affect the surfactant film radius 

of curvature/spontaneous radius of curvature through changes in globule volume fraction, 

or the splay and saddle-splay energy (affected marginally by surfactant chain length) can 

explain how phase transitions between spheres, cylinders, and lamellae can take place. 

In this chapter, the methods identified within literature to promote micellar axial elongation 

have been tested i.e., counterion exchange, water content, and hydrotrope doping using 

capillary viscometry to initially provide an indication of anisotropic micelle formation. 

SANS has been used to resolve these structures. Replicating a small percentage of initial 

work from literature with regards to surfactant/water/cyclohexane microemulsions ensured 

that structures were up-to-date and used as a basis for the rest of the project (work from 

literature dates from the 1990s, where SANS instruments have since improved in resolution 

and Q range). Previous work within literature with regards to hydrotrope doping has been 

carried out in heptane22–26. In this work, cyclohexane as an alternative solvent has been 

explored making this work novel. In addition to this, the effect of increasing hydrotrope 

content from x = 0 to x = 0.3 (x = [hydrotrope] / [surfactant]) has also been initially explored 

which has not previously been done within literature. 

2.2  Materials and methods 

2.2.1  Materials 

Table 2.1 lists the materials and their associated suppliers that were used throughout this 

project, either as precursors to surfactant/hydrotrope preparation, or used as is. Table 2.2 

shows the molecular structures and nomenclature for the surfactants and hydrotropes used.  
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Table 2.1: Materials used for this thesis and their suppliers. 

Chemical Supplier 

h12-cyclohexane Fisher Scientific, > 99% 

d12-cyclohexane 

Apollo Scientific, 99.5 atom % D / 

Goss Scientific (Cambridge Isotope 

Laboratories Inc, 99.5 atom % D) 

h26-n-dodecane Sigma Aldrich, ≥ 99% 

d26-n-dodecane Apollo Scientific, 98 atom % D 

H2O Milli-Q water purifier (18.2 MΩ cm) 

D2O Sigma Aldrich, 99.9 % D 

Sodium bis(2-ethylhexyl) sulfosuccinate 

(NaAOT) 
Sigma Aldrich, ≥ 97% 

Didodecyldimethylammonium bromide 

(DDAB) 
Acros Organics, 99% 

Cobalt(II) nitrate hexahydrate Acros Organics, 99% 

Nickel(II) nitrate hexahydrate VWR Chemicals, 99% 

Magnesium(II) nitrate hexahydrate Alfa Aesar, 98% 

Ethanol Sigma Aldrich ≥ 99.8% 

Diethyl ether Honeywell | Riedel-de Haën, ≥ 99.8% 

4-ethylbenzoic acid Sigma Aldrich, 99% 

4-butylbenzoic acid Sigma Aldrich, 99% 

4-hexylbenzoic acid Sigma Aldrich, 99% 

4-octylbenzoic acid Sigma Aldrich, 99% 

Sodium hydroxide Fisher Scientific, > 97% 
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Table 2.2: Structures of surfactants and hydrotropes used throughout this project. 

Surfactant/hydrotrope Structure 

Sodium bis(2-ethylhexyl) 

sulfosuccinate (NaAOT) 

 

Didodecyldimethylammonium 

bromide (DDAB) 
 

M2+(AOT)2 

 

Sodium 4-ethylbenzoate 

(NaC2) 

 

Sodium 4-butylbenzoate 

(NaC4) 
 

Sodium 4-hexylbenzoate 

(NaC6) 

 

Sodium 4-octylbenzoate 

(NaC8) 
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Surfactant modification: ion exchange method 

A saturated aqueous metal nitrate solution (250 mL) was filtered and added to a 1 L 

separating funnel containing 125 mL of a 1 mol dm-3 NaAOT in ethanol solution.  

Diethyl ether (50 mL) was added to the separating funnel and shaken, regularly releasing 

built-up pressure. The mixture then separated into two phases, the upper containing 

M2+(AOT)2 • 6H2O and the lower containing NaNO3 and excess M2+(NO3)2. The lower 

aqueous phase was removed, and the upper organic phase was washed repeatedly with 

water until the brown ring test confirmed no NO3
- ions were present. The brown ring test 

(also known as nitrate test) was performed by adding iron (II) sulfate to a small portion of 

the solution within a test tube, then slowly adding concentrated sulfuric acid. If there are 

still nitrate ions present, a brown ring forms – indicating that further washing of the organic 

layer is needed. Once the brown ring had disappeared from repeated washing, the organic 

phase containing the surfactant was then siphoned off and the solvent removed by rotary 

evaporation before being placed in a 60 ℃ oven for 72 hours.19,20 

 

Hydrotrope synthesis 

The parent acid (5 g) (Table 2.1) was dissolved in 300 – 400 mL ethanol. For the synthesis 

of sodium 4-octylbenzoate, 1 g in 400 mL ethanol was used. Sodium hydroxide pellets 

were crushed and added in a 1:1 molar ratio to the parent acid in a round-bottomed flask. 

In cases where an imbalance of molar ratios causes a gel formation, the addition of more 

ethanol dissolved this. The reaction scheme is shown in Figure 2.1. 

 

Figure 2.1: Reaction scheme for the synthesis of hydrotropes used in this thesis. 
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The reaction mixtures were refluxed with vigorous stirring for 5 - 8 hours. The longer the 

alkyl chain, the longer the reaction time needed. After the allotted time, the reaction mixture 

was taken off reflux, cooled, and dried on a rotary evaporator. 

The dry product was then dissolved in deionised water and poured into a 1 L separating 

funnel. Approximately 200 mL diethyl ether was added and shaken, as this dissolves any 

remaining precursor acid, regularly releasing any built-up pressure. The bottom aqueous 

layer was washed twice more with diethyl ether before the solvent was removed by rotary 

evaporation. The product was placed in an oven at approximately 60 ℃ for a minimum of 

12 hours.22,23 

Didodecyldimethylammonium bromide, (DDAB, Acros Organics, 99 %), h12-cyclohexane 

(Fisher Scientific, > 99 %) and d12-cyclohexane (Apollo Scientific, 99.5 % D / Goss 

Scientific; Cambridge Isotope Laboratories Inc, 99.5 % D) were used as received. 

2.2.2  Methods 

Capillary viscometry 

Viscosity measurements were conducted using a Cannon-Fenske viscometer, thermostatted 

at the desired temperature using a Townson & Mercer Ltd Bridge Control Series III 

circulatory bath. The viscometer was first calibrated with the pure solvent at the selected 

temperature before each set of measurements.  

The sample was added to the viscometer and the time taken for the fluid to run between 

two fixed points was recorded and compared to that of the pure solvent to determine the 

reduced viscosity via the following equation: 

𝜂𝑟𝑒𝑑 =  
𝑡− 𝑡0

𝑡0∗𝑐
     Equation 2.2 

Where 𝑡 is the time taken for the sample of interest to flow between two fixed points, 𝑡0 is 

the time taken for the pure solvent to flow between the two fixed points, and 𝑐 is the 
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concentration in g/cm3.  By plotting reduced viscosity against concentration, the intrinsic 

viscosity [𝜂] that is shape dependent, can be determined by extrapolating the curves to zero 

concentration i.e., the y intercept (Equation 2.3). For hard spheres, [𝜂] is approximately 

2.5 but for larger aggregates, this value is greater.31,32  

[𝜂] = ((𝜂𝑠𝑜𝑙𝑛 − 𝜂𝑠𝑜𝑙𝑣)/𝜂𝑠𝑜𝑙𝑣)/𝑐  Equation 2.3 

For cylindrical rod-like micelles, [𝜂] is related to the axial ratio 𝐽 by 

[𝜂] = 2.5 + 0.4075(𝐽 − 1)1.508  Equation 2.4 

As was determined by Simha et al.31 The aspect ratio 𝐽 is the ratio of length in both axis 

directions (as 𝐽 = r1 / r2 where r1 is the major axis, and r2 is the minor axis). 

Each sample was given ~ 10 minutes to equilibrate in the water bath before a measurement 

was taken. Between each measurement the viscometer was rinsed thoroughly with 

cyclohexane solvent, distilled water, and acetone before drying in a glass oven. 

Measurements were repeated three times, with the mean value and standard error of mean 

calculated. 

Small-angle neutron scattering (SANS) 

SANS measurements were performed on Larmor and SANS2D at the ISIS Neutron & 

Muon Facility (Rutherford Appleton Laboratories, Didcot, UK) and D11 at the Institut 

Laue-Langevin (ILL, Grenoble, France). Larmor offered a Q range of 0.003 – 0.7 Å-1, 

wavelengths of the neutrons were 0.9 - 13.5 Å, and sample-to-detector distance of 4.1 m. 

The final aperture was 6 mm wide by 8 mm high. SANS2D offers a Q range of  

0.004 - 0.6 Å-1, wavelengths of neutrons were in the range of 1.75 – 15.5 Å, the  

source-to-sample and sample-to-detector distance were both 4 m with the 1 m2 detector 

offset vertically 80 mm and sideways 100 mm. D11 used a neutron wavelength of 6 Å, a Q 

range of 0.00126 - 0.45291 Å-1 due to the three sample-to-detector distances used of 1.4, 8, 

and 39 m. In both instances, 2 mm rectangular quartz cells were used, at 25 °C. The empty 
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quartz cell and d-cyclohexane background scattering was subtracted from the raw SANS 

data and reduced using software available at the instrument. SANS analyses were carried 

out using SasView 4.2.2.  

2.3  Results and discussion 

2.3.1 Capillary viscometry 

As the viscosity of a fluid is sensitive to aggregate structure and to interactions occurring 

between them, studying these systems at infinite dilution i.e., where interactions are 

minimised, allows for the shape of the particles to be estimated. Figure 2.2 a) and b) shows 

the reduced viscosities of various surfactant systems as a function of mass concentration in 

cyclohexane solvent to display how altering factors such as surfactant counterion identity, 

water content, and the introduction of an additive such as a hydrotrope, can induce micellar 

shape transitions from spherical, low viscosity fluids, to more rod-like, higher viscosity 

fluids.  

 
Figure 2.2: a) Plot of reduced viscosity as a function of mass concentration for Mg(AOT)2 

w = 5, DDAB w = 5, DDAB w = 10, NaAOT w = 5 x = 0.1 of NaC2 hydrotrope, and 

NaAOT w = 5 x = 0, all within cyclohexane. b) An expansion of plot a) at low 

concentrations to visually see where lines may have crossed the y axis at zero concentration 

if extrapolated. 
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The viscosity behaviour of NaAOT w = 5, and DDAB w = 10 is indicative of spherical 

micelles with intrinsic viscosities that are close to that of 2.5 (Table 2.3).31,32 However, for 

the microemulsions containing NaAOT w = 5 x = 0.1 of NaC2 hydrotrope, DDAB w = 5, 

and Mg(AOT)2 w = 5, the intrinsic viscosities are much higher, ranging from 5.0 to 13.9 

which suggest the presence of anisotropic aggregates. NaAOT w = 10 has not been studied 

with capillary viscometry as there is no structural change from increasing water content for 

this system. The swelling law (Appendix B) just indicates an increase in micellar size. 

Calculating aspect ratios J (the ratio of length in both axis directions) using [η] and 

Equation 2.4 give a value of 1.4 (see Table 2.3) for both NaAOT w = 5 and DDAB  

w = 10. As this is close to 1, it indicates a minor difference between the ratio of length in 

both axis directions. 

The systems whose high intrinsic viscosities suggest anisotropic particles also have higher 

J values, ranging from 4.3 to 10.1 respectively (Table 2.3). The J values obtained through 

SANS model data fitting were calculated using JSANS = (L/2)/R. Literature also shows a 

variance between the J values calculated through SANS and capillary viscometry, which 

they attributed to micellar scission and reform ability, making it difficult to pinpoint an 

exact value.20  

Exchanging the counterion seemed to have the most dramatic increase in intrinsic viscosity, 

followed by decreasing water content DDAB, and finally the addition of hydrotrope to the 

NaAOT system. 

Table 2.3: Capillary viscometry parameters and results. 

Surfactant w value Hydrotrope x value [η] (cm3 g-1) Jvisc JSANS 

NaAOT 5 - - 2.60 1.40 ~1.0 

DDAB 10 - - 2.60 1.40 ~1.0 

DDAB 5 - - 9.90 7.80 12.7 

Mg(AOT)2 5 - - 13.9 10.1 8.4 

NaAOT 5 NaC2 0.1 5.00 4.30 3.6 
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Capillary viscometry is a useful technique to gain an impression of whether a system 

contains spherical or non-spherical micelles or droplets. Using it in conjunction with SANS 

as a complementary technique can aid with gauging the size of anisotropic micelles and 

selecting the appropriate structural model when fitting data. 

 

2.3.2  Small-angle neutron scattering 

Small-angle neutron scattering (SANS) has been utilized to complement the capillary 

viscometry technique and to investigate further into the factors (changing water content, 

counterion replacement, and hydrotrope addition) that can induce a micellar shape 

transition of various surfactants at 25 ℃. Measurements were carried out using a drop 

contrast; H2O as the micellar core, hydrogenated surfactant, and d-cyclohexane solvent, at 

two surfactant concentrations; 0.10 and 0.05 mol dm-3, the former of which can be found 

in Appendix D for most samples. There were no significant effects of concentration on 

micellar shape, and were in agreement with literature.13 

DDAB w = 10 has been confirmed to consist of spherical micelles through the 

consolidation of drop (H2O/h-surfactant/d-solvent) and shell contrast (D2O/h-surfactant/d-

solvent) SANS scattering profiles, as is seen in Figure 2.3 with the fitted parameters shown 

in Table 2.4. The drop contrast has a sticky hard sphere structure factor included which 

takes into account a narrow attractive potential well between particles and includes 

perturbation and “stickiness” parameters. The perturbation parameter is given by equation 

𝜏 =  ∆/(𝜎 + ∆) where ∆ is the width of the square well, and 𝜎 is the hard sphere diameter. 

It is related to stickiness by equation 𝜀 =  
1

12𝜏
exp (

𝑢0

𝑘𝑇
) where 𝑢0 is the depth of the square 

well.33–36 The shell contrast is in agreement with literature13 that describes a film thickness 

between 11 – 12 Å, compared to 13.2 Å found in this experiment. 



 

75 

 

 

Figure 2.3: Scattering profiles of 0.05 mol dm-3 DDAB w = 10 with two contrasts – shell 

(data from D33, ILL, France, using a sphere model fit) and drop (data from SANS2D, ISIS, 

UK, using a sticky hard sphere model fit). The backgrounds for these were set at 0.02 and 

0.09 respectively. T = 25 ℃. 

 

 

Table 2.4: SANS parameters from shell vs drop contrast for 0.05 mol dm-3 DDAB  

w = 10. Both contrasts have a polydispersity of 0.2. The perturbation and stickiness 

parameters are 0.100 and 0.096 respectively. These parameters are unitless. Φcalc is the 

calculated volume fraction and Φfit is the fitted volume fraction/scale parameter. 

Surfactant 

Conc  

(mol 

dm-3) 

Contrast 
w 

value 

Guinier Porod SasView 

RGuin 

(Å)  

Rg 

(Å)  

RPorod 

(Å) 

Model 
Rfit (Å) 

± 0.1 

Thick 

(Å)  

± 0.1 

Φfit  Φcalc 

DDAB 0.05 

Shell 10 30.4 39.2 39.2 

 

Sphere 

 

20.4 13.2 0.022 0.023 

Drop 10 27.3 35.3 25.6 

Sticky 

hard 

sphere 

26.5 - 0.027 0.033 

 

 

Table 2.4 shows the fitting parameters for the profiles shown in Figure 2.3 where Rg is the 

radius of gyration, RGuin  is the Guinier radius – each found via the Guinier analysis method. 

RPorod is the micellar radius found via the Porod method of analysis, Rfit is the radius of the 

micelles and thick is the thickness of the surfactant shell - both found via fitting the data to 

a specific mathematical model using SasView fitting software. Φcalc is the calculated 

volume fraction for the contrast of interest within the SANS experiments i.e., if shell/core 

0.001 0.01 0.1 1

0.01

0.1

1
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100  shell contrast

 drop contrast

I 
(Q

) 
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m
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)
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contrast were under investigation, it would be the volume fraction of the water core in 

relation to the whole system. 

With the shape of DDAB w = 10 confirmed to be spherical, by decreasing the water content 

to w = 5, a micellar transition from spheres to cylinders takes place which is consistent with 

literature findings. Eastoe et al.15 found DDAB w = 5 micelles had a radius of 17 Å and 

lengths of 230 Å, compared to the findings of this study in Table 2.5, which report a 

micellar radius of 15.7 Å and lengths of 400 Å. This is also consistent with the results found 

by capillary viscometry whereby decreasing the water content from w = 10 to w = 5 resulted 

in a higher intrinsic viscosity – indicating the formation of anisotropic micelles. 

Conversely, when considering the anionic surfactant NaAOT, decreasing water content 

from w = 10 to w = 5 saw a contraction of micellar radius from 27.0 to 24.9 Å but no 

change to the micellar shape. A comparison to these SANS profiles can be found in  

Figure 2.4 with the fitted parameters in Table 2.5. 

 

 
a) 

 
b) 

Figure 2.4: SANS profiles of a) 0.10 mol dm-3 DDAB in cyclohexane at w = 5 (rigid rod) 

and w = 10 (sticky hard sphere), data collected from SANS2D, ISIS, UK, and b) 0.10 mol 

dm-3 NaAOT in cyclohexane at w = 5 (sphere) and w = 10 (sphere), data collected from 

Larmor, ISIS, UK. T = 25 ℃. 
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Table 2.5: Parameters obtained from Guinier, Porod, and model fitting analyses on SANS 

data. The backgrounds were set as 0.044 and 0.040 for DDAB w = 5 and w = 10 

respectively, 0.02 and 0.03 for NaAOT w = 5 and w = 10 respectively. For DDAB w = 10, 

the perturbation parameter = 0.10, and stickiness parameter = 0.18. These are unitless 

parameters. The polydispersities were 0.20, 0.18, 0.20, 0.20 going down the table. Φcalc is 

the calculated volume fraction and Φfit is the fitted volume fraction/scale parameter. 

Surfactant 
Conc  

(mol dm-3) 

w 

value 

Guinier Porod SasView 

RGuin 

(Å) 

Rg 

(Å) 

RPorod 

(Å) 

Model 

Rfit 

(Å) 

± 0.1 

L 

(Å) 

± 10 

Φfit Φcalc 

DDAB 

0.10 

5 18.4 26.0 - Rigid rod 15.7 400 0.041 0.057 

10 27.7 35.8 27.7 

Sticky 

hard 

sphere 

27.0 - 0.053 0.065 

NaAOT 

5 22.1 28.5 29.9 Sphere 24.9 - 0.051 0.054 

10 25.6 33.1 32.3 Sphere 27.0 - 0.069 0.063 

 

Compared to the literature value20 of 17.1 Å, the radius of NaAOT w = 5 is larger (24.9 Å). 

The concentration used in literature was 0.075 mol dm-3 whereas in this experiment it was  

0.10 mol dm-3 which may have been the reason for this disparity, however compared to 

0.05 mol dm-3 data within Appendix E (20.1 Å in Figure E.1 b) and Table E.1), the radius 

is still larger than in literature. The SANS data from 0.05 mol dm-3 and 0.10 mol dm-3 for 

NaAOT w = 5 are both better fitted to a spherical model, indicating that concentration does 

not affect the shape of the micelle. This slight difference between literature20 and this work 

may instead be attributed to the preparation of NaAOT prior to SANS measurements. In 

literature, the surfactant may have been purified before use, however in this work the 

surfactant was used as received from the supplier. This may have resulted in potential 

residual sodium metabisulfite or sodium sulfite inorganic material from the synthesis 

process shielding headgroup repulsions and therefore resulted in a larger average micellar 

radius. 

Although within Table 2.5 the model specified for fitting 0.10 mol dm-3 DDAB w = 5 is 

“rigid rod”, within the SasView fitting software, it was the cylinder model selected. For 

clarity, rigid rod was specified throughout the thesis to describe the nature of the cylinders 
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and to allow distinction between these and flexible cylinders that arise later. L is the average 

micellar length. 

Exchanging the Na+ in NaAOT with a divalent metal counterion M2+ gives hexaaquo 

surfactant M(AOT)2·6H2O. When exchanging the Na+ for Mg2+, the capillary viscometry 

indicated a substantial change in the intrinsic viscosity and axial ratio, hinting at the 

formation of larger micellar species - this is reflected in the SANS profiles and fitted 

parameters which can be found in Figure 2.5 and Table 2.6. 

 

Figure 2.5: SANS profiles of 0.10 mol dm-3 NaAOT (sphere) and Mg(AOT)2 (rigid rod)  

w = 5. Data collected from Larmor, ISIS, UK. T = 25 ℃. 

 

 

Table 2.6: Parameters obtained from Guinier, Porod, and model fitting analyses on SANS 

data. The backgrounds were set as 0.02 and 0.04 respectively. The polydispersities were 

found to be 0.2 for both. Φcalc is the calculated volume fraction and Φfit is the fitted volume 

fraction/scale parameter. 
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w 
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Guinier Porod SasView 

RGuin 

(Å) 

Rg 

(Å) 
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(Å) 
Model 

Rfit 

(Å)  

± 0.1 

L 

(Å) 

± 0.1 

Φfit Φcalc 

NaAOT 

0.10 5 

22.1 24.9 29.9 Sphere 24.9 - 0.038 0.053 

Mg(AOT)2 13.7 19.4 - 
Rigid 
rod 

23.6 380 0.037 0.058 



 

79 

 

The micellar shape has transitioned from spheres to rigid rods, each having a similar 

micellar radius (24.9 and 23.6 Å for NaAOT and Mg(AOT)2 respectively), but an 

elongation of the hydrated Mg(AOT)2 gives lengths of 380 Å. In literature19 it was reported 

that Mg(AOT)2 was best modelled by rigid rod aggregates with micellar radii of 16 Å and 

lengths of 80 Å. 

Other hydrated divalent metal counterions Co(AOT)2·6H2O and Ni(AOT)2·6H2O were 

investigated as these too were shown in literature19–21 to produce large micellar aggregates. 

Figure 2.6 shows the SANS scattering profiles of 0.10 mol dm-3 of these surfactants with 

w = 10 as this w value has all systems transparent and homogenous (phase behaviour 

diagrams in Chapter 3). 

 

Figure 2.6: SANS profiles of 0.10 mol dm-3 NaAOT (sphere), Mg(AOT)2 (rigid rod), 

Co(AOT)2 (flexible cylinder), and Ni(AOT)2 (flexible cylinder) w = 10. Data collected from 

Larmor ISIS, UK. T = 25 ℃. 
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Table 2.7: Parameters obtained from Guinier, Porod, and model fitting analyses on SANS 

data. The backgrounds were each set as 0.03. The polydispersities were each found to be 

0.20. Φcalc is the calculated volume fraction and Φfit is the fitted volume fraction/scale 

parameter. 

 

SANS from Co(AOT)2 and Ni(AOT)2 can be modelled as flexible cylinders, with 

Ni(AOT)2 generating the longer micellar lengths out of the two. The Kuhn length can be 

described as the length along a flexible cylinder considered to be a rigid rod. Further 

explanation with regards to this can be found in Appendix A. The Kuhn lengths are shorter 

as well, showing a greater degree of flexibility for the micelles. The radii of these systems 

are similar showing that a simple change of counterion can vastly affect the micellar 

structure. 

The final factor that was considered was the introduction of a hydrotrope. Table 2.2 shows 

the various hydrotrope structures used throughout the project. To demonstrate the effect of 

hydrotrope addition, Figure 2.7 shows the SANS profiles of 0.10 mol dm-3 NaAOT with 

the introduction of the hydrotrope NaC2 at x = 0, 0.1, 0.2, and 0.3  

(x = [hydrotrope] / [surfactant]). The parameters are characterised in Table 2.8. Initially 

micelles with x = 0 existed as spheres with an average radius of 27 Å, as more hydrotrope 

was added in, the shape transitions to rigid rod cylinders, and then to flexible cylinders with 

greater lengths, and shorter Kuhn lengths – indicating a greater extent of flexibility along 

the length of the micelles. 

Surfactant 

Conc  

(mol 

dm-3) 

w 

value 

Guinier Porod SasView 

RGuin 

(Å) 

Rg 

(Å) 

RPorod 

(Å) 
Model 

Rfit 

(Å) 

± 

0.1 

Kuhn 

L (Å) 

± 0.5 

L (Å) 

± 10 
Φfit Φcalc 

NaAOT 

0.10 10 

25.6 33.1 32.3 Sphere 27.0 - - 0.069 0.062 

Mg(AOT)2 19.0 26.9 - Rigid rod 25.6 - 200 0.050 0.067 

Co(AOT)2 21.1 29.8 - 
Flexible 
cylinder 

29.4 120 1640 0.037 0.069 

Ni(AOT)2 20.1 28.4 - 
Flexible 
cylinder 

25.1 110 2350 0.044 0.069 
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Figure 2.7: SANS profiles of 0.10 mol dm-3 NaAOT w = 10 with increasing NaC2 

hydrotrope amount added into the system from x = 0 (sphere), x = 0.1 (rigid rod), x = 0.2 

(flexible cylinder), x = 0.3 (flexible cylinder). Data collected from Larmor, ISIS, UK. T = 

25 ℃. 

 

 

Table 2.8: Parameters obtained from carrying out Guinier, Porod, and model fitting 

analyses on SANS data. The backgrounds were each set as 0.03. Φcalc is the calculated 

volume fraction and Φfit is the fitted volume fraction/scale parameter.  

 

 

Figure 2.8 demonstrates the idea of how the addition of hydrotropes into surfactant systems 

can alter the surfactant geometry through consideration of the packing parameter. The 

hydrotropes insert within the surfactant layers, transforming the cone shape into a truncated 

cone which will then alter the resultant micellar shape. 
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Figure 2.8: Depiction of how the insertion of amphiphilic hydrotropes into the surfactant 

layers of micelles. 

 

This idea could also be applied to account for the micellar elongation as a result of 

counterion exchange from NaAOT to Mg(AOT)2, Co(AOT)2, and Ni(AOT)2. Counterions 

typically reside close to the headgroup of the surfactant. Mg2+, Co2+, and Ni2+ are all larger 

counterions than Na+, which alters the effective headgroup area of the surfactant, leading 

to a geometry change, and the formation of planar micellar structures. 

Eastoe et al.20 suggested an alternative aspect to the packing parameter theory when 

considering the formation of the Mg(AOT)2, Co(AOT)2 and Ni(AOT)2 anisotropic micelles. 

Instead, it may be attributed to the consideration of the metal counterion Lewis acid-base 

strength. A Lewis acid is defined as a good electron pair acceptor that will interact strongly 

with a good electron donor i.e., a hard Lewis acid will interact strongly with a hard Lewis 

base and conversely a soft Lewis acid will have more complementary interactions with a 

soft Lewis base. The polarizability of an acid or a base lends itself to its reactivity i.e., hard 

Lewis acids and bases are relatively small and less polarizable whereas soft  Lewis acids 

and bases have larger diffused electron distributions that are more polarizable. In relation 

to these examples, the Na+ ion is a hard Lewis acid whilst the SO3
- is a hard Lewis base. 

On this basis, the interactions between the Na+ and the SO3
- are favourable which in turn 

means that the repulsive Coulombic head-group interactions are screened, and thus a 

spherical shape is favoured. Conversely, the hydrated cations [Mg(H2O)6]2+, [Ni(H2O)6]2+, 

and [Co(H2O)6]2+ have greater polarizability when compared to the more weakly hydrated 
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Na+ and therefore are soft Lewis acids. The combination of these soft Lewis acids with the 

hard Lewis base that is SO3
- mean that the interactions between them are not as favourable, 

resulting in the head-group repulsion interactions not being as effectively shielded – 

therefore leading to more rod-like aggregates being formed as the volume per surfactant 

area tends towards planar/truncated cone rather than cone-shaped. 

Following on from this, [Co(H2O)6]2+ and [Ni(H2O)6]2+ produced similarly shaped micelles 

and structural parameters to each other when compared to [Mg(H2O)6]2+ and Na+. When 

looking at the theories behind why there is a difference in shape from changing between 

divalent counterions, [Mg(H2O)6]2+ is a slightly harder Lewis acid than [Co(H2O)6]2+ and 

[Ni(H2O)6]2+, and therefore has slightly more favourable interactions with the SO3
- portion 

of the surfactant.  

These ideas unfortunately do not explain why DDAB forms cylindrical micelles when less 

water is added into the system. It would be expected to be the opposite if considering that 

more water molecules present would shield headgroup repulsions and therefore form 

cylindrical micelles, however this is not the case. This transition can instead be explained 

by the bending energy model.37 By changing the volume fraction of the globules with 

increasing water, the surfactant film radius of curvature and spontaneous radius of 

curvature changes, resulting in a transition from cylinders to spheres. 

 

2.4  Conclusions 

As reverse micellar systems are known to aid as lubricant agents, understanding whether 

the micellar structure and shape can affect friction reduction is paramount.6–9 Here, three 

factors that make the transition between micellar shapes accessible have been identified 

and shown through capillary viscometry and small-angle neutron scattering (SANS) to 

resolve bulk structures. The factors identified are water content, surfactant counterion 

exchange, and hydrotrope addition. 
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Capillary viscometry confirmed the presence of spherical micelles for NaAOT w = 5 and 

DDAB w = 10 with intrinsic viscosities close to 2.5 (2.6). For Mg(AOT)2 w = 5, DDAB  

w = 5, and NaAOT w = 5 x = 0.1 NaC2, larger intrinsic viscosity values that ranged from 

5.0 to 13.9 postulated that these consist of highly anisotropic micelles. The J values echoed 

this, with anisotropic micelles giving the largest difference in axial ratios (1.1 for spherical 

micelles, and a range from 4.3 to 10.1 for anisotropic micelles, Table 2.3). 

SANS experiments on these systems confirmed that NaAOT w = 5 (24.9 Å compared to 

literature values20 of 17.1 Å) and DDAB w = 10 were spherical micelles, and by changing 

the water content saw a micellar shape transition from spheres to cylinders for DDAB  

(w = 5 reported micellar radius of  15.7 Å and lengths of 400 Å compared to literature15 

which reports radius of 17 Å and lengths of 230 Å) but only a slight change in micellar size 

for NaAOT (Table 2.5) – an indication of the swelling law (Appendix B). Changing the 

counterion of NaAOT to Mg(AOT)2 resulted in a micellar shape transition from spheres to 

rigid rod cylinders (Table 2.6) and a transition to flexible cylinders when investigating 

Co(AOT)2 and Ni(AOT)2. Interestingly, Ni(AOT)2 seemed to give the longer micellar 

lengths of 2350 Å compared to 1640 Å of Co(AOT)2 in Table 2.7. Mg(AOT)2 gave lengths 

of 380 Å compared to literature19 it was reported that Mg(AOT)2 was best modelled by 

rigid rod aggregates with micellar radii of 16 Å and lengths of 80 Å. 

By doping in a small amount of NaC2 hydrotrope to a NaAOT system, a gradual transition 

was seen from spheres with a radius of 27 Å to flexible cylinders as x  

increased from 0 to 0.3 (x = [hydrotrope] / [surfactant]) with radius of 23.5 Å, lengths of 

2100 Å, and Kuhn lengths of 179 Å – Table 2.8. 

This work has highlighted and compared the various methods within literature that can be 

used to achieve micellar shape transitions and their sensitivities to slight changes to the 

surfactant system. It has drawn attention to the various models in which micellar shape can 

be predicted (i.e., packing parameter, free energy of bending) and their application to the 

systems of study within this work. The free energy of bending model has its advantages in 
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reasoning DDAB’s behaviour when decreasing water content, however for the exchange 

of counterion, considering the packing parameter as a result of larger counterion altering 

the surfactant geometry is preferred. 

The SANS experiments of NaAOT, Mg(AOT)2, Co(AOT)2, and Ni(AOT)2 in cyclohexane 

were conducted within literature within the 1990s,19–21 and since then, the resolution and Q 

range that can be achieved by new SANS instruments has improved greatly. They were re-

examined within this thesis for updated structural resolution which will form the basis for 

new novel experiments to be built upon. In addition to this, previous work with regards to 

hydrotrope doping were previously carried out in heptane.22–26 In this project, the solvent 

of interest has been cyclohexane, enabling novelty as a different solvent medium is 

explored. Increasing the hydrotrope concentration within the surfactant system NaAOT 

from x = 0 to x = 0.3 has also been studied, which has not been done previously. This study 

aimed to begin the investigation into what extent various micellar shapes can affect friction 

reduction. By having an understanding on how slight changes to micellar systems can affect 

the size and shapes, more complex mixing of factors can be studied to see if micellar shapes 

and sizes can be further fine-tuned. 
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Chapter 3 

Combining methods of axial elongation and 

their effect on phase behaviour and micellar 

structure 

3.1 Introduction 

Microemulsions are clear liquid mixes of water and oil that are stabilized by surfactants. 

They could be considered as small-scale emulsions; however, emulsions are 

thermodynamically unstable, often with the average droplet size increasing over time and 

phase separating under gravity. Consequently, they are often opaque or translucent in 

appearance. Microemulsions are thermodynamically stable and do not phase separate, so 

appear transparent or translucent that does not change over time.1–5 

The phase stability of microemulsions has been described by Winsor with four types 

suggested:6  

- Type I: The system exists as a surfactant stabilized oil-in-water microemulsion 

with an upper excess oil phase. 

- Type II: The system exists as a surfactant stabilized water-in-oil microemulsion 

with excess water forming as a lower layer. 
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- Type III: The coexisting of three phases consisting of water, microemulsion, and 

oil. 

- Type IV: A single-phase isotropic system. 

Microemulsion stability can transition through these regions by changes to the system 

environment such as temperature, pressure, water content, surfactant type, or electrolyte 

concentration. Any alterations to these can impact the interfacial arrangement of surfactant 

molecules and therefore determine the overall stability. Phase maps of these regions can be 

simplified and plotted by keeping pressure and surfactant concentration constant  

(Chapter 1).7–11  

Nave et al.12 investigated the impact of branching NaAOT alkyl chain architecture on the 

phase stability of water-in-heptane microemulsions as a function of water content and 

temperature. Normal NaAOT stability is temperature sensitive with the phase diagram 

characterized by a stable, transparent funnel-shaped L2 region13. At lower temperatures, a 

Winsor II (L2-H2O) microemulsion exists which transitions to a single-phase  

L2-microemulsion at the solubilisation limit. This corresponds to the maximum water 

uptake at that specific temperature, with all the surfactant present within the w/o portion 

and the film at its natural radius of curvature. At higher temperatures, a transition through 

the haze boundary leads to a phase separation of an opaque surfactant-rich aqueous layer 

from essentially pure solvent. It was found that various levels of surfactant chain branching 

led to shifts in the L2-microemulsion stability to higher and lower temperatures, except for 

one that was temperature insensitive. This may have been due to the surfactant being 

insufficiently branched and resembling more of a linear surfactant, therefore incompletely 

stabilizing the interface curvature. These differences when compared to the other branched 

NaAOT surfactants in the series highlighted the impact of chain architecture on the phase 

stability. Another study conducted by Nave et al.14 looked into the phase behaviour of 

water-in-toluene microemulsions stabilized by phenyl-tipped surfactants. None of the 

aromatic surfactants formed a single microemulsion phase with heptane, despite this being 
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a good solvent for normal NaAOT. Instead, the aromatic surfactants stabilized  

NaAOT-toluene microemulsions, further highlighting the importance of favourable tail-

solvent interactions that is needed to promote low interfacial tensions for microemulsion 

formation.  

Hopkins-Hatzopoulos et al.15,16  examined the phase behaviour of NaAOT and hydrotrope 

stabilized water-in-heptane microemulsions as a function of water content and temperature. 

The systems of C4-Benz and C8-Benz (termed NaC4 and NaC8 within this thesis) had 

similar lower temperature boundaries to each other. The other hydrotropes under 

investigation also appeared to have the similar broad feature of stability at low w values 

with an abrupt cut off at higher temperatures. Some hydrotrope systems exhibited a 

temperature invariance at low temperatures and w values as seen by Nave et al.14 where 

phenyl-tipped NaAOT-oil incompatibility was attributed to less favourable oil/chain 

interactions. In this case, it would be the compatibility of the hydrotrope and the alkyl tails 

of the NaAOT surfactants that would be considered. At high w values and temperatures, 

NaAOT has a greater water solubility which causes the upturn in the phase stability 

diagram. However, at low w values, there was often a temperature invariance plateau that 

was attributed to the high concentration of hydrotrope at the interface, and as the hydrotrope 

is insoluble in the oil phase (meaning that the solubility of NaAOT within the water pools 

is even less), this is what governed the phase stability of the microemulsion.  

Eastoe et al.13 investigated the phase stability of M2+(AOT)2-water-cyclohexane systems as 

a function of water content and temperature. For Mg2+, Ca2+, Co2+, and Zn2+, only one phase 

boundary existed over the temperature range of 10 – 60 ℃, deeming them “temperature 

independent”. Each had a maximum solubilization limit, below which the system existed 

as an L2-microemulsion, and above (at higher w values), existed as a Winsor II (L2-H2O) 

system. The exception was Ni(AOT)2 which had two phase separations associated with it. 

The system existed as an L2-microemulsion at low w values until a point at which an  

L2-C6H12 system formed with a surfactant-rich phase coexisting with a surfactant-depleted 
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oil phase. Beyond this point at higher w values, the system reverted to an  

L2-microemulsion, until another threshold where an L2-H2O system formed. The 

insolubility of the M2+(AOT)2 surfactants in water cannot be enhanced by temperature 

(unlike normal NaAOT), resulting in the plateauing phase stability. 

The various methods discussed in Chapter 2 that can cause a spherical to 

cylindrical/flexible micellar transition (counterion exchange,13,17,18 water content,19–24 

hydrotrope addition, and hydrotrope identity15,16,25–27) are factors that can alter phase 

stability. In this chapter, a question with regards to whether these methods can be combined 

as a way of altering and tuning micellar shapes and lengths is raised, and the impact this 

has on the phase behaviour. Tuneability is an attractive trait to have control over when 

designing future super-efficient oil-based lubricants as various characteristics of these 

systems may prove advantageous over others. It is known that doping in a small quantity 

of hydrotrope in a NaAOT/H2O/heptane microemulsion axially elongates micelles from 

spheres to cylinders - as was demonstrated by Hopkins-Hatzopoulos et al.15,28 with the 

elongation of spherical NaAOT-water-heptane microemulsion droplets and by the work 

carried out in Chapter 2 with the NaAOT-water-cyclohexane microemulsions through the 

addition of NaC2 hydrotrope. So with knowledge that the introduction of a hydrotrope into 

a spherical micellar system induces a shape transition to rigid rods, does the introduction 

of a hydrotrope to a micellar system of already cylindrical shapes such as Mg(AOT)2 

elongate these further towards potentially flexible cylinders that can be resolved through 

SANS experiments. How does combining these species influence the phase stability? Also, 

what is the effect of combining species of opposing charges i.e., a cationic surfactant 

(DDAB) with an anionic hydrotrope.  

Phase behaviour of NaAOT, Mg(AOT)2, Co(AOT)2, and Ni(AOT)2, and DDAB with x = 

0.1 of hydrotropes of increasing alkyl chain length has also been investigated and has not 

been done previously. By conducting a phase behaviour study on these systems, regions of 

thermodynamic stability can be determined, and can give an indication with regards to 
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whether the hydrotropes reside within the micellar water pools or at the interface. Due to 

the ternary nature of the surfactant-oil-water microemulsion phase behaviour, by limiting 

a factor i.e., by keeping the surfactant concentration and pressure constant, the phase 

boundaries can be determined as a function of temperature and w value. Within this chapter, 

the effects of increasing hydrotrope concentration from x = 0 to  

x = 0.3 (x = [hydrotrope] / [surfactant]) within the surfactant systems of NaAOT, 

Mg(AOT)2, Co(AOT)2, and Ni(AOT)2 in cyclohexane has been investigated using SANS 

to resolve structures and observe any micellar shape transitions - this has not been done 

previously in literature and is novel. In addition to this, investigations with regards to 

altering hydrotrope alkyl chain length (NaC2, NaC4, NaC6, NaC8) on the micellar 

shape/size/length/flexibility has also been investigated through SANS experiments. 

Previous work has focused on heptane as the solvent medium but in these novel 

experiments, cyclohexane is the solvent of choice.  

 

3.2 Materials and methods 

3.2.1 Materials 

The preparation of M2+(AOT)2 where M2+ = Mg2+, Ni2+, and Co2+ has been described in  

Chapter 2 and in literature. NaAOT of purity ≥ 97% was obtained from Sigma Aldrich and 

converted into M2+(AOT)2 via an ion exchange method with the relevant divalent metal 

nitrate. The hydrotrope synthesis has also been described in Chapter 2 and in literature.16,25 

The parent acids were converted to hydrotropes by reaction with a 1:1 stoichiometric 

amount of sodium hydroxide, and washed with diethyl ether to remove any residual 

unreacted parent acid. 

Didodecyldimethylammonium bromide, (DDAB, Acros Organics, 99 %), h12-cyclohexane 

(Fisher Scientific, > 99 %) and d12-cyclohexane (Apollo Scientific, 99.5 % D / Goss 

Scientific; Cambridge Isotope Laboratories Inc, 99.5 % D) were used as received. 
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3.2.2 Methods 

Phase behaviour 

Phase behaviour measurements were taken by visually inspecting 1 cm3 samples placed 

into a Grant LTD6G thermostatted bath. A series of 1 mL samples were equilibrated at the 

desired temperature for approximately 15 minutes between each visual examination. The 

concentration of NaAOT was maintained at 0.05 mol dm-3 with a range of w values from 0 

to 50.  

The phase behaviour of purified and crude NaAOT was investigated and compared. While 

the crude NaAOT was used as received from the supplier, the purified NaAOT was made 

by dissolving the surfactant in methanol and left to stand for approximately 1 week. 

Inorganic salts precipitated and the supernatant solution was removed and centrifuged at 

8000 rpm for 50 minutes. The supernatant solution from this was removed and dried by 

rotary evaporation before undergoing the same process again to make sure there were no 

residual inorganic salts remaining. To ensure complete dryness after the second rotary 

evaporation, the surfactant was placed into a 60 ℃ oven for two days. 

Small-angle neutron scattering (SANS) 

SANS measurements were performed on Larmor and SANS2D at the ISIS Neutron & 

Muon Facility (Rutherford Appleton Laboratories, Didcot, UK), D11, and D33 at the 

Institut Laue-Langevin (ILL, Grenoble, France). Larmor offered a Q range of  

0.00416 – 0.67136 Å-1, wavelengths of the neutrons were 0.90 - 13.5 Å, and the  

sample-to-detector distance was 4.1 m. The final aperture was 6 mm wide by 8 mm high. 

SANS2D offers a Q range of 0.004 - 0.6 Å-1, wavelengths of neutrons were in the range of 

1.75 – 15.5 Å, the source-to-sample and sample-to-detector distances were both 4 m with 

the 1 m2 detector offset vertically 80 mm and sideways 100 mm. D33 used a neutron 

wavelength of 4.6 Å and a Q range of 0.006 – 0.6 Å with one sample-to-detector distance 

of 8 m. D11 used a neutron wavelength of 6 Å, a Q range of 0.00126 - 0.45291 Å-1 due to 
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the three sample-to-detector distances of 1.4, 8, and 39 m. In all instances, 2 mm rectangular 

quartz cells were used, at 25 °C. The empty quartz cell and d-cyclohexane background 

scattering were subtracted from the raw SANS data and reduced using software available 

at the instrument. SANS analyses were conducted using SasView 4.2.2.  

 

3.3  Results and discussion 

3.3.1 Phase behaviour of surfactants 

The phase behaviour of purified and crude 0.05 mol dm-3 NaAOT in cyclohexane with 

increasing water content and temperature is shown in Figure 3.1. This experiment 

highlights the impact on the phase stability of residual inorganic salt (mainly excess sodium 

salts from the sulfonation step) left in the system after the manufacturing stage. The purified 

version is clearly temperature dependent with the typical bottle-neck L2-microemulsion (L2 

refers to a Windsor II system) shape which is consistent with literature of NaAOT 

systems.12,13 The system of x = 0 was replicated from literature to ensure reliability and 

correct interpretation of the phases due to the arguably ambiguous nature of interpreting 

results using the naked eye. At low temperatures, the system exists as a transparent, stable 

microemulsion until the amount of water within the system has exceeded the solubilisation 

limit (TL). At this point, any excess water present phase separates to create a lower aqueous 

layer. Beyond TL, an L2-microemulsion exists, until the haze point (TU) is reached. Here, 

strong interdroplet attractions between the micelles drives a phase separation with an 

opaque surfactant-rich aqueous phase and a surfactant-poor cyclohexane phase. The phase 

stability diagram for unpurified NaAOT is also plotted on Figure 3.1 and shows there is 

no clear transition from L2-H2O to L2-microemulsion to [AOT•H2O]•C6H12 via the TL and 

TU boundaries. The upper phase beyond L2-microemulsion transitions straight from L2-H2O 

to [AOT•H2O]•C6H12 as temperature increases. 
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Figure 3.1: Stability diagrams of purified and crude 0.05 mol dm-3 

NaAOT/H2O/cyclohexane microemulsion system as a function of temperature and w value. 

The coloured boxes refer to the specific system they correspond to. No box signifies that 

the phase is the same for all systems in that region. 

 

 

Electrolyte impurities (in this case, excess sodium salts from the sulfonation step of the 

synthesis) are known to dramatically alter the phase behaviour of microemulsions.29 

Throughout this project, crude NaAOT was used for experiments as the water contents of 

interest (w = 5 and w = 10) fell well within the L2-microemulsion region in both instances, 

however, it is important to remember the impact of impurities and additives have on the 

stability and properties of microemulsions. L2 refers to a Windsor II system. 

Figures 3.2 a), b), and c) shows the phase stabilities of 0.05 mol dm-3 crude NaAOT with 

x = 0 and x = 0.1 (x = [hydrotrope] / [surfactant]) of hydrotropes with increasing alkyl chain 

length NaC2, NaC4, NaC6, and NaC8. 
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a)  

 

b) 

  

 

 

 

 

 

 

 

 

 



 

99 

 

c) 

 

Figure 3.2: Phase diagrams of 0.05 mol dm-3 crude NaAOT/H2O/cyclohexane over a range 

of temperatures and w values with a) x = 0.1 of NaC2 hydrotrope, b) x = 0.1 of NaC4, and 

NaC6 hydrotropes, and c) x = 0.1 of NaC8 hydrotrope. 

 

 

Systems of NaAOT with hydrotropes NaC2, NaC4, NaC6, and NaC8 in cyclohexane has 

not been done previously within literature. Each follow a similar phase stability profile to 

that of hydrotrope-free crude NaAOT with the lacking bottle-neck shape. As hydrotrope 

alkyl length increases from NaC2 to NaC4 and NaC6, (Figure 3.2 a) and b)) a higher water 

solubilisation capacity is exhibited with a large, stable L2 w/o transparent microemulsion 

existing across a broad range of temperatures, an observation that is similar to the NaAOT-

hydrotrope-heptane microemulsions in literature.16 Above this threshold for NaC2 and 

NaC8, the system exists as an L2-H2O phase at low temperatures that transitions to a 

[AOT•H2O]•C6H12 phase at higher temperatures which is similar to that of hydrotrope-free 

crude NaAOT in Figure 3.1.  However, for NaC4 and NaC6, the transition at high w values 

and low temperature goes straight to [AOT•H2O]•C6H12. This behaviour is unexpected due 

to the compatibilities of hydrotrope with water, and NaAOT with the oil phase. As phase 

behaviour is determined through the interfacial competition of the surfactant/hydrotrope, it 
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could potentially be the higher concentration of hydrotrope within the water pools and at 

the interface that causes excess AOT to separate into the aqueous phase. 

The phase behaviour similarity between the longer chained hydrotrope NaAOT/NaC8 

system and that of hydrotrope-free crude NaAOT may be due to the additive becoming 

more “alkyl”-like which has a stronger positive interaction with the NaAOT. These 

observations regarding the similarity between the longer chained alkyl hydrotrope and 

hydrotrope-free NaAOT echo that in literature for NaAOT-linear chain hydrotrope-heptane 

microemulsions.16  

The M2+(AOT)2 hydrotrope-free phase diagrams demonstrate vastly different behaviour to 

that of purified NaAOT. For the divalent metal surfactants Mg(AOT)2 and Co(AOT)2, only 

one phase boundary exists at wmax with a region of stable L2-microemulsion below, and  

L2-H2O region above. These phase diagrams can be seen in Figure 3.3 a), and  

Figure 3.4 a). The wmax values experimentally determined for Mg(AOT)2 and Co(AOT)2 

were 21 and 17 respectively compared to the literature values13 of 27 and 50. Ni(AOT)2 

phase behaviour is similar to Mg(AOT)2 and Co(AOT)2 with regards to the temperature 

invariance, however, two phase separations are seen instead. Figure 3.5 a) shows this, a 

homogenous L2-microemulsion is observed up to w = 4.5 where the addition of water 

separates the system into a surfactant-rich phase that coexists with a surfactant-depleted 

oil-based phase (L2-C6H12) up until w = 7.5 where the system reverts to a L2-microemulsion 

up to w = 17.5. Beyond this point, excess water phase separates from the surfactant-

containing L2-microemulsion (L2-H2O). These findings are consistent with literature,13,30 

with only a small variance in w value thresholds i.e., the phase boundaries were reported 

to be at w = 8, 13, and 25.13 The systems with x = 0 were repeated from literature to ensure 

reliability and reproducibility as this work was conducted ~30 years ago, and the nature of 

using the naked eye to interpret results can be ambiguous. The systems ox x = 0.1 of NaC2, 

NaC4, NaC6, NaC8 in NaAOT, Mg(AOT)2, Co(AOT)2, Ni(AOT)2, and DDAB in 

cyclohexane has not been done before and is novel work. 
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a) 

 
 

b) 

 
Figure 3.3: Phase diagram of 0.05 mol dm-3 Mg(AOT)2/H2O/cyclohexane over a range of 

temperatures and w values with a) x = 0, x = 0.1 of NaC2, and x = 0.1 of NaC4, and b) x 

= 0.1 of NaC6, and x = 0.1 of NaC8. The coloured boxes correspond to the type of phase 

of that specific system. No box signifies that the phase is the same for all systems in that 

region. 

 

As the hydrotrope NaC2 (Figure 3.3 a)) is added into the system, two phase boundaries 

are observed, with an L2-C6H12 phase at low w values until w = 9 where it transitions to a  

L2-microemulsion until w = 29 where a [AOT•H2O]•C6H12 phase then exists. Increasing 

the alkyl length of the hydrotrope from NaC2 to NaC4 and NaC6 sees the beginning of 

phase stability temperature dependency. Still with a L2-C6H12 phase separation at low w 

values (up until w = 9) that is still temperature independent, beyond this threshold the 

system exists as an L2-microemulsion until the upper phase boundary that is more 
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temperature dependent. Beyond this threshold, the system exists as a L2-H2O system at low 

temperatures, that transitions to [AOT•H2O]•C6H12 at elevated temperatures. With NaC8, 

the region of stable L2-microemulsion contracts – a similar finding to that of NaAOT/NaC8 

in Figure 3.2 c). Still with temperature invariance at w = 9, below which the system exists 

as a L2-C6H12, the area surrounding the upper boundary is an L2-H2O system with no excess 

surfactant separating into the aqueous phase. This exhibits positive compatibility between 

the long alkyl chain length of the hydrotrope and the surfactant tail which ensures no 

surfactant insolubilizes within the water phase. The observed plateaus at low w values and 

temperatures are similar to the observations made by Nave et al.14 with the phenyl-tipped 

AOT-oil microemulsions, and the work of Hopkins-Hatzopoulos et al.15 investigating 

AOT-hydrotrope-oil systems. In both cases, the temperature invariances were attributed to 

unfavourable surfactant-oil interactions (if the AOT tails are seen as an ‘oil’ phase), the 

hydrotrope present accounts for a small amount of temperature variance as there is only a 

small portion present within the system. 

Figures 3.4 a), b), c), and d) shows the phase stabilities of 0.05 mol dm-3 Co(AOT)2 with 

x = 0 and x = 0.1 (x = [hydrotrope] / [surfactant]) of hydrotropes with increasing alkyl chain 

length NaC2, NaC4, NaC6, and NaC8. 
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a) 

 
b) 

 
c) 
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d) 

 
Figure 3.4: Phase diagram of 0.05 mol dm-3 Co(AOT)2/H2O/cyclohexane over a range of 

temperatures and w values of a) x = 0 and x = 0.1 of NaC2 hydrotrope, b) x = 0.1 of NaC4 

hydrotrope, c) x = 0.1 of NaC6 hydrotrope, and d) x = 0.1 of NaC8 hydrotrope. The 

coloured boxes correspond to the type of phase of that specific system. No box signifies 

that the phase is the same for all systems in that region. 

 

 

As hydrotropes NaC2, NaC4 or NaC6 are added into the system of Co(AOT)2, the phase 

behaviour looks similar to that of hydrotrope-free Ni(AOT)2 (Figure 3.5 a)) with an  

L2-microemulsion phase at low w values that transitions into L2-C6H12 phase (a more dense 

surfactant-rich phase coexisting with a surfactant-poor oil phase) then back to a  

L2-miroemulsion. At higher w values a L2-H2O phase (excess water coexisting with an  

L2-microemulsion phase) transitions to a [AOT•H2O]•C6H12 phase (opaque surfactant-rich 

aqueous phase separates out from essentially pure solvent) at higher temperatures. The 

NaAOT/NaC2 system exists as an L2-microemulsion at low w values until w = 3 at low 

temperatures and w = 5 at higher temperatures where the system transitions into a L2-C6H12 

phase. This phase exists up to w = 7, beyond which the system reverts to a  

L2-microemulsion until the higher phase boundary that is temperature dependent. Beyond 

this, the system exists as a [AOT•H2O]•C6H12 phase. At higher temperatures, the system 

becomes increasingly unstable. For the NaAOT/NaC4 system, this behaviour is reflected, 

again with a low w value temperature invariance, with boundaries existing at w = 3 and  
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w = 5. For the system of NaAOT/NaC6, these lower boundaries are w = 3 that increases to 

w = 5 at higher temperatures, and w = 5 that increases to w = 7 at higher temperatures, with 

an upper boundary at w = 21 that decreases to w = 9 at higher temperatures. Both these 

systems exhibit temperature variance at higher w values however the system containing 

NaC4 exists as [AOT•H2O]•C6H12 phase over the range of temperatures, whereas NaC6 

exists as a L2-H2O that transitions into a [AOT•H2O]•C6H12 as the temperatures increases, 

with a contraction of the L2-microemulsion phase sandwiched between these phase 

separations. 

The region of stable L2-microemulsion seems to then expand with the NaC8 hydrotrope 

added into the system, with instead the L2-C6H12 phase emerging only at higher 

temperatures, and at lower temperatures exhibit a stable L2-microemulsion. 

Figures 3.5 a) and b) shows the phase stabilities of 0.05 mol dm-3 Ni(AOT)2 with x = 0 

and x = 0.1 (x = [hydrotrope] / [surfactant]) of hydrotropes with increasing alkyl chain 

length NaC2, NaC4, NaC6. The phase stability diagram for Ni(AOT)2 with NaC8 is not 

shown because there were no w values or temperatures that were stable. 
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a) 

 
b) 

  
Figure 3.5: Phase diagram of 0.05 mol dm-3 Ni(AOT)2/H2O/cyclohexane over a range of 

temperatures and w values for a) x = 0, x = 0.1 of NaC2 hydrotrope, and b) x = 0.1 of 

NaC4 hydrotrope and x = 0.1 of NaC6 hydrotrope. The coloured boxes correspond to the 

type of phase of that specific system. No box signifies that the phase is the same for all 

systems in that region. 

 

For Ni(AOT)2/NaC2, a L2-C6H12 phase (a more dense surfactant-rich phase coexisting with 

a surfactant-poor oil phase) exists until a phase boundary at w = 7 at low temperatures and 

w = 9 at slightly higher temperatures, whereupon the system becomes an L2-microemulsion 

phase until a higher boundary. Beyond this the system exists as an L2-H2O phase (excess 

water coexisting with an L2-microemulsion phase). Similar observations were seen for 

systems containing NaC4, and NaC6 hydrotropes, where temperature invariance is 

observed at low w values (w = 9 for both) which echo that of the Mg(AOT)2 and Co(AOT)2 
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systems, beyond which an L2-microemulsion exists and beyond here, an [AOT•H2O]•C6H12 

phase is seen (opaque surfactant-rich aqueous phase separates out from essentially pure 

solvent). The region of L2-microemulsion contracts as the alkyl chain of the hydrotrope 

lengthens, until it disappears with NaC8. 

 

Figure 3.6: Phase diagrams of 0.05 mol dm-3 DDAB/H2O/cyclohexane over a range of 

temperatures and w values, with x = 0 and x = 0.1 of a hydrotrope with increasing alkyl 

chain length, NaC2, NaC4, NaC6, and NaC8. The coloured boxes correspond to the type 

of phase of that specific system. No box signifies that the phase is the same for all systems 

in that region. 

 

Figure 3.6 shows the phase stability diagram for 0.05 mol dm-3 DDAB over a range of w 

values and temperatures with x = 0 and x = 0.1 of hydrotrope with increasing alkyl chain 

length NaC2, NaC4, NaC6, and NaC8. The diagram with no hydrotrope present as a region 

of instability from w = 3 to w = 7 which appears as a L2-C6H12 phase (a more dense 

surfactant-rich phase coexisting with a surfactant-poor oil phase), an observation that is 

consistent with literature.21 Once a hydrotrope is added, this region of instability is 

resolved. NaC2 gives the largest solubilisation capacity – indicating that NaC2 appears to 

stabilise the interface of DDAB, the hydrotropes with longer alkyl lengths seem to produce 

higher phase boundaries similar to that of no hydrotrope present. They all form a L2-H2O 

phase (excess water coexisting with an L2-microemulsion phase) beyond this boundary at 

low temperatures which transitions to [DDAB•H2O]•C6H12 phase (opaque surfactant-rich 
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aqueous phase separates out from essentially pure solvent) at higher temperatures. The 

larger regions of stability observed with a hydrotrope present implies a favourable and  

non-competitive interaction between the DDAB and hydrotropes, and the similarity in 

phase behaviour profiles as the hydrotrope alkyl-chain length increases with the 

hydrotrope-free DDAB phase diagram also implies that the phase stability is still under the 

influence of the dominant DDAB surfactant at the interface. 

 

3.3.2 Small-angle neutron scattering 

SANS was used to investigate the effects of the increasing the concentration of hydrotrope 

NaC2 from x = 0 to x = 0.3 (x = [hydrotrope] / [surfactant]) at different concentrations 

(0.10 and 0.05 mol dm-3), and occasionally different w values (for example DDAB w = 5 

and w = 10) on the surfactant systems of NaAOT, DDAB, Mg(AOT)2, Co(AOT)2, and 

Ni(AOT)2. NaC2 was used for this study due to its ease of synthesis and therefore 

abundance compared to the other hydrotropes. The effects of increasing the hydrotrope 

alkyl chain length from NaC2 to NaC8 (see Chapter 2 Table 2.2 for structures) while 

maintaining x = 0.1 were also investigated. Temperatures were maintained at 25 ℃ 

throughout both investigations and SANS measurements were conducted using a drop 

contrast; H2O as the micellar core, hydrogenated surfactant, and d-cyclohexane solvent. 

This section has been divided into subsections for each surfactant. 
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NaAOT: 

Increasing x value: 

Figure 3.7 shows the scattering profiles for 0.10 mol dm-3 NaAOT w = 5 with x increasing 

from x = 0 to 0.3 of NaC2. A clear micellar transition is seen from spheres to rigid rods, to 

flexible cylinders as more NaC2 hydrotrope is introduced to the system, which is reflected 

in the fitting parameters seen in Table 3.1. 

 

Figure 3.7: SANS profiles of 0.10 mol dm-3 NaAOT w = 5 with increasing x value of 

hydrotrope NaC2 from x = 0 (sphere), x = 0.1 (rigid rod), x = 0.2 (flexible cylinder), and 

x = 0.3 (flexible cylinder). Measurements taken on Larmor, ISIS, UK. T = 25°C. 
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Table 3.1: Parameters obtained from Guinier, Porod, and model fitting analyses on SANS 

data of 0.10 mol dm-3 NaAOT w = 5 with increasing x value of NaC2 hydrotrope from  

x = 0 to 0.3. The backgrounds were each set as 0.03 and polydispersities were found to be 

0.20, 0.20, 0.20, and 0.26 going down the table. Φcalc is the calculated volume fraction and 

Φfit is the fitted volume fraction/scale parameter. *Note: there is no resolution at these 

length scales so must be considered “effective” values. 

 

The values that are of “effective” values do not exhibit a clear turnover at low Q so there 

is no definitive value for length, only that they are longer than that presented in the table. 

The micellar radii are observed to decrease slightly from 24.9 Å to 19.2 Å as NaC2 

hydrotrope is introduced from x = 0 to x = 0.1 but remain the same as the x increases to 

0.3. The elongation and degree of flexibility are the parameters that are affected the most 

as the concentration of x increases to x = 0.3. From rigid rods with lengths of 140 Å at  

x = 0.1 to flexible cylinders with lengths of ~ 3700 Å and Kuhn lengths of  

220 Å for x = 0.2, and ~ 3000 Å with Kuhn lengths of 190 Å for x = 0.3. A description of 

Kuhn length can be found in Appendix A. Although the fits for x = 0.2 of the hydrotrope 

show longer lengths than x = 0.3, exactly determining micellar lengths is difficult due to 

the lack of turnover at low Q. These observations echo that of 0.10 mol dm-3 NaAOT  

w = 10 system that was seen in Chapter 2 (Figure 2.7 and Table 2.8), where the micellar 

radii decreased when hydrotrope was added in, but remained the same as x increased, along 

with the elongation and transition of micellar shape from spheres to rigid rods to flexible 

cylinders. The w = 10 cylindrical micelles were shorter and wider than at w = 5, for 

example, w = 10 x = 0.3 gave flexible cylinders with radius of 23.5 Å, lengths of ~ 2100 Å 

and Kuhn lengths of ~ 180 Å. 

Surfactant x value 

Guinier Porod SasView 

RGuin 

(Å) 

Rg 

(Å) 

RPorod 

(Å) 

Model 

Rfit 

(Å)  

± 0.1  

Kuhn 

L (Å) 

± 1 

L (Å) Φfit Φcalc 

NaAOT 

0 28.5 22.1 29.9 Sphere 24.9 - - 0.038 0.053 

0.1 15.7 22.3 - Rigid rod 19.2 - 140 ± 1 0.039 0.056 

0.2 15.9 22.5 - Flexible cylinder 20.3 220 
>3700* 

± 55 
0.039 0.057 

0.3 15.4 21.8 - Flexible cylinder 19.2 190 
>3000* 

± 11  
0.040 0.059 
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Increasing hydrotrope alkyl chain length: 

 

Figure 3.8: SANS profiles of 0.10 mol dm-3 NaAOT w = 5 from no hydrotrope present 

(sphere) to x = 0.1 of NaC2 (rigid rod), NaC6 (rigid rod), and NaC8 (rigid rod). 

Measurements taken on D33, ILL, France. NaC4 was not measured due to misaligned 

beam. T = 25°C. 

 

Table 3.2: Parameters obtained from Guinier, Porod, and model fitting analyses on SANS 

data of 0.10 mol dm-3 NaAOT w = 5 x = 0 (“None”) and 0.1 with increasing hydrotrope 

alkyl chain length. Backgrounds were set as 0.03 for all samples. Polydispersities were set 

for the following; None = 0.10, NaC2 = 0.20, NaC6 = 0.10 in radius, 0.23 in length,  

NaC8 = 0.06 in radius, 0.20 in length. Φcalc is the calculated volume fraction and Φfit is the 

fitted volume fraction/scale parameter. 

 

 

NaC4 could not be measured due to a fault in the moving stage of the instrument which 

resulted in an offset neutron beam. Increasing the hydrotrope concentration from  

x = 0 to x = 0.1 of any hydrotrope saw minimal change of micellar radius but a shape 

transition from spheres to rigid rods. Lengthening the hydrotrope alkyl chain did not 
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influence the micellar shape or size further from becoming rigid rods, unlike the trend that 

was observed from increasing the hydrotrope concentration from x = 0.1 to x = 0.3 of NaC2. 

 

 

Figure 3.9: SANS profiles of 0.10 mol dm-3 NaAOT w = 10, x = 0 (sphere) and x = 0.1 of 

NaC2 (rigid rod), NaC6 (rigid rod), and NaC8 (rigid rod). T = 25°C. Measurements taken 

on D33, ILL, France. NaC4 was not measured due to misaligned beam. 

 

 

Table 3.3: Parameters obtained from Guinier, Porod, and model fitting analyses on SANS 

data of 0.10 mol dm-3 NaAOT w = 10 x = 0 and x = 0.1 of hydrotrope with increasing alkyl 

chain length. Backgrounds were set as 0.03, 0.03, 0.04 and 0.04 going down the table. 

Polydispersities were set for the following; None = 0.20, NaC2 = 0.10 radius and 0.21 

length, NaC6 = 0.11 radius, NaC8 = 0.10 radius. Φcalc is the calculated volume fraction 

and Φfit is the fitted volume fraction/scale parameter. 

 

 

A similar trend was observed for w = 10, a transition from spheres to rigid rods once a 

hydrotrope is introduced, but no drastic change in micellar size or shape when using 
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hydrotropes with longer alkyl chains. The average micellar length of the rigid rods for  

w = 10 were longer than w = 5 (~ 60 Å compared to ~ 45 Å), which is the opposite to what 

was observed when comparing the micellar lengths of the w = 5 and w = 10 when x 

increased from 0.1 to 0.3 of NaC2 (w = 5 produced lengths of 3700 Å whereas w = 10 

produced lengths of up to 45.8 Å). Hopkins Hatzopoulos et al.15 found that for  

0.10 mol dm-3 NaAOT/hydrotrope/n-heptane/D2O reverse micellar systems with w = 10, 

the radii of the cores were also similar to each other as the hydrotrope alkyl length used 

increased; 16.4 Å for NaC2, 15.2 Å for NaC4, and 18.1 Å for NaC8. The lengths of the 

cylinders were longer than that observed in this investigation, but they too were akin to 

each other; 474 Å for NaC2, 582 Å for NaC4, and 468 Å for NaC8. 

 

 
Figure 3.10: SANS profiles of 0.05 mol dm-3 NaAOT w = 5 x = 0 (sphere) and x = 0.1 of 

NaC2 (rigid rod), NaC4 (rigid rod), and NaC6 (rigid rod). Measurements taken on D33, 

ILL, France. T = 25°C. NaC8 was not measured due to misaligned beam.  
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Table 3.4: Parameters obtained from Guinier, Porod, and model fitting analyses on SANS 

data of 0.05 mol dm-3 NaAOT w = 5 without and with x = 0.1 of hydrotrope with increasing 

alkyl chain length. The polydispersities were the following: None = 0.12, NaC2 = 0.06 

radius and 0.20 length, NaC4 = 0.24 length, NaC6 = 0.03 radius and 0.30 length. 

Backgrounds were set as 0.012, 0.013, and 0.015 for samples going down table. Φcalc is the 

calculated volume fraction and Φfit is the fitted volume fraction/scale parameter. 

 

Decreasing the concentration from 0.10 mol dm-3 to 0.05 mol dm-3 for w = 5 NaAOT system 

with x = 0.1 of hydrotrope with increasing alkyl length did not affect the micellar radii, 

there was still a contraction observed when going from x = 0 to x = 0.1, but from there, 

remained within the range of 17 – 18 Å. The lengths of the micelles were also of relative 

similarity to that of the 0.10 mol dm-3 systems, but with more of a breadth of lengths ranging 

from 48 – 61 Å, compared to 43 – 46 Å. 

 

 

 

Surfactant Hydrotrope 

Guinier Porod SasView 

RGuin 

(Å) 
Rg (Å) RPorod (Å) Model 

Rfit (Å) 

± 0.1 

L (Å) 

± 1 
Φfit Φcalc 

NaAOT 

None 17.0 21.9 21.4 Sphere 20.1 - 0.017 0.027 

NaC2 11.9 16.8 - Rigid rod 17.3 54.6 0.018 0.028 

NaC4 13.4 17.2 - Rigid rod 17.9 47.7 0.019 0.028 

NaC6 14.7 18.9 - Rigid rod 17.4 61.4 0.018 0.028 
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Figure 3.11: SANS profiles of 0.05 mol dm-3 NaAOT w = 10 x = 0 (sphere) and x = 0.1 of 

hydrotropes NaC2 (rigid rod), NaC4 (rigid rod), NaC6 (rigid rod), and NaC8 (rigid rod). 

Measurements taken on D33, ILL, France. T = 25°C. 

 

 

Table 3.5: Parameters obtained from Guinier, Porod, and model fitting analyses on SANS 

data of 0.05 mol dm-3 NaAOT w = 10 x = 0 and x = 0.1 of hydrotropes with increasing 

alkyl chain length NaC2, NaC4, NaC6, and NaC8. The backgrounds were set as 0.010, 

0.017, 0.013, 0.018, and 0.017 going down the table. The polydispersities were the 

following: None = 0.15 radius, NaC2 = 0.12 radius and 0.10 length, NaC4 = 0.10 radius, 

NaC6 = 0.11 radius, NaC8 = 0.08 radius. Φcalc is the calculated volume fraction and Φfit 

is the fitted volume fraction/scale parameter. 

 

The effects of concentration were also minimal for the NaAOT w = 10 system going from 

0.05 mol dm-3 to 0.10 mol dm-3. A spherical to cylindrical micellar transition is still 

observed when going from x = 0 to x = 0.1 of any hydrotrope. There is slightly more 

variance in the lengths across the board for each hydrotrope but overall are similar to each 

other. 
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Mg(AOT)2 

Increasing x value: 

 

Figure 3.12: SANS profiles of 0.10 mol dm-3 Mg(AOT)2 w = 10 x = 0 (rigid rod), 0.1 

(flexible cylinder), 0.2 (flexible cylinder) and 0.3 (flexible cylinder) of NaC2 hydrotrope. 

Measurements taken on Larmor, ISIS, UK. T = 25°C.  

 

 

Table 3.6: Parameters obtained from Guinier, Porod, and model fitting analyses on SANS 

data of 0.10 mol dm-3 Mg(AOT)2 w = 10 x = 0, 0.1, 0.2, and 0.3 of NaC2 hydrotrope.  

x = 0 is data that can also be seen in Chapter 2 Figure 2.6 and Table 2.7 and are shown 

here for comparison. Backgrounds were each set as 0.03, and the polydispersity in radius 

was 0.20 for all. Φcalc is the calculated volume fraction and Φfit is the fitted volume 

fraction/scale parameter. 

 

 

For 0.10 mol dm-3 Mg(AOT)2 w = 10, introducing NaC2 hydrotrope saw a transition from 

rigid rods at x = 0 to flexible cylinders at x = 0.1, an elongation which echoed that observed 

for the spherical to rigid rod transitions of NaAOT/hydrotrope systems. As more 
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hydrotrope is added, the micellar lengths increased from > 1000 Å to > 3000 Å with a 

greater degree of flexibility as Kuhn lengths decreased from 650 Å to 100 Å. 

 

Figure 3.13: SANS profiles of 0.05 mol dm-3 Mg(AOT)2 w = 10 x = 0 (rigid rod), 0.1 

(flexible cylinder), 0.2 (flexible cylinder) and 0.3 (flexible cylinder) of NaC2 hydrotrope. 

Measurements taken on Larmor, ISIS, UK. T = 25°C.  

 

 

Table 3.7: Parameters obtained from Guinier, Porod, and model fitting analyses on SANS 

data of 0.05 mol dm-3 Mg(AOT)2 w = 10 x = 0, 0.1, 0.2, and 0.3 of NaC2 hydrotrope.  

x = 0 is data that can be found in Appendix E, Figure E.2 and Table E.2 and are shown 

here for comparison. Backgrounds were set as 0.02 for samples, and the polydispersity in 

radius was 0.20 for all. Φcalc is the calculated volume fraction and Φfit is the fitted volume 

fraction/scale parameter. *Note: there is no resolution at these length scales so must be 

considered “effective” values. 

 

 

Decreasing the concentration of the system from 0.10 to 0.05 mol dm-3 Mg(AOT)2 did not 

alter the trend that was observed - micellar shape still transitioned from rigid rods at x = 0 

to flexible cylinders at x = 0.1. The lengths of the flexible cylinders also increased to  
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> 10000 Å at x = 0.3 from 4350 Å at x = 0.1, although it is difficult to determine exactly 

the lengths of micelles due to the absence of a turnover at low Q. The lower concentration 

obtains longer micellar lengths than 0.10 mol dm-3 e.g., for x = 0.3, 0.10 mol dm-3 produced 

lengths of > 3000 Å compared to 0.05 mol dm-3 which produced lengths of > 10000 Å.  

 

Increasing hydrotrope alkyl chain length: 

 

Figure 3.14: SANS profiles of 0.05 mol dm-3 Mg(AOT)2 w = 10 x = 0 (rigid rod) and x = 

0.1 of NaC2 (flexible cylinder), NaC4 (flexible cylinder), NaC6 (flexible cylinder) to NaC8 

(flexible cylinder) hydrotrope. Measurements taken on D11, ILL, France apart from 

“None” which was collected from Larmor, ISIS, UK and is shown here for comparison. T 

= 25°C.  
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Table 3.8: Parameters obtained from Guinier, Porod, and model fitting analyses on SANS 

data of 0.05 mol dm-3 Mg(AOT)2 w = 10 x = 0, 0.1, 0.2, and 0.3 of NaC2. x = 0 (“None”) 

is data that can be found in Appendix E, Figure E.2 and Table E.2 and shown here for 

comparison. Backgrounds were set as 0.02 for no hydrotrope, and 0.03 for the rest down 

the table, and the polydispersity in radius was 0.20 for all. Φcalc is the calculated volume 

fraction and Φfit is the fitted volume fraction/scale parameter. *Note: there is no resolution 

at these length scales so must be considered “effective” values. 

 

 

Going from x = 0 to x = 0.1 of a hydrotrope of any alkyl length saw a drastic change in 

micellar length from rigid rods with lengths of 300 Å, to flexible cylinders of lengths 

greater than 10000 Å. Micellar radii from x = 0 to x = 0.1 remained approximately the same 

between the range of 23 – 25 Å. The Kuhn lengths seemed to vary, providing no clear trend. 
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Co(AOT)2 

Increasing x value: 

 

Figure 3.15: SANS profiles of 0.10 mol dm-3 Co(AOT)2 w = 10 x = 0, 0.1, 0.2, and 0.3 of 

NaC2 hydrotrope. All fitted using a flexible cylinder model. Measurements taken on 

Larmor, ISIS, UK. T = 25°C.  

 

 

Table 3.9: Parameters obtained from Guinier, Porod, and model fitting analyses on SANS 

data of 0.10 mol dm-3 Co(AOT)2 w = 10 x = 0 to 0.3 of NaC2 hydrotrope. x = 0 is data that 

can also be viewed in Chapter 2 Figure 2.6 and Table 2.7 and are shown here for 

comparison. Backgrounds were set as 0.030 for no hydrotrope, 0.035 for x = 0.1 and 0.040 

for x = 0.2 and x = 0.3. The polydispersity in radius was set as 0.2 for all samples. Φcalc is 

the calculated volume fraction and Φfit is the fitted volume fraction/scale parameter. 
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270 Å, but with micellar radius decreasing from 29.4 Å at x = 0 to 25.7 Å at x = 0.1. This 

then does not alter as more hydrotrope is added into the system and maintains at 25.6 Å. 

These values in radii and length are similar to that determined from 0.10 mol dm-3 

Mg(AOT)2 w = 10 as seen in Table 3.6. 

 

Increasing hydrotrope alkyl chain length: 

 

Figure 3.16: SANS profiles of 0.10 mol dm-3 Co(AOT)2 w = 10 x = 0 and x = 0.1 of NaC2, 

NaC4, NaC6, and NaC8 hydrotrope. Measurements for “None” taken from Larmor, ISIS, 

UK. NaC2, NaC6, NaC4 and NaC8 measurements taken from D11, ILL, France. T = 25°C. 

All fitted using a flexible cylinder model. 
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Table 3.10: Parameters obtained from Guinier, Porod, and model fitting analyses on SANS 

data of 0.10 mol dm-3 Co(AOT)2 w = 10 with x = 0 and x = 0.1 of hydrotropes NaC2, NaC4, 

NaC6, and NaC8. “None” is data that can be found in Chapter 2 Figure 2.6 and Table 2.7 

and are shown here for comparison. Backgrounds were set as 0.03 for no hydrotrope and 

0.06 for the others. Polydispersity in radius was set as 0.20 for all samples. Φcalc is the 

calculated volume fraction and Φfit is the fitted volume fraction/scale parameter. 

 

 

 

Figure 3.17: SANS profiles of 0.05 mol dm-3 Co(AOT)2 w = 10 x = 0 and x = 0.1 of NaC2, 

NaC4, NaC6, and NaC8 hydrotrope. Measurements for “None” taken on Larmor, ISIS, 

UK. NaC2, NaC4, NaC6, and NaC8 measurements taken on D11, ILL, France. T = 25°C. 

All fitted using a flexible cylinder model.  
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Table 3.11: Parameters obtained from Guinier, Porod, and model fitting analyses on SANS 

data of 0.05 mol dm-3 Co(AOT)2 w = 10 with hydrotropes of increasing chain length. 

“None” is data that can be found in Appendix E Figure E.2 and Table E.2 and are shown 

here for comparison. Backgrounds were set as 0.02 for no hydrotrope and 0.03 for the rest. 

Polydispersity in radius was set as 0.20 for all samples. Φcalc is the calculated volume 

fraction and Φfit is the fitted volume fraction/scale parameter. *Note: there is no resolution 

at these length scales so must be considered “effective” values. 

 

Increasing the hydrotrope alkyl length saw an increase in micellar length of Co(AOT)2  

w = 10 at both 0.10 and 0.05 mol dm-3. 0.05 mol dm-3 seemed to produce micellar lengths 

longer than the more concentrated versions for example, no hydrotrope present at  

0.05 mol dm-3 gave lengths of > 12000 Å whereas for 0.10 mol dm-3 produced lengths of 

1640 Å. Micellar radii were the same regardless of the concentration. 0.05 mol dm-3 seemed 

to give shorter Kuhn lengths, meaning a greater degree of flexibility was seen. 

Some micellar lengths do not have errors attached due to the lack of turnover at low Q 

meaning values obtained by fitting data to models gave unrealistic values (for example in 

one case, a value on the order of 1025). Restrictions to these lengths had to be made to get 

an approximate so it is important to note that values of >20000 is not a real number (within 

the scope of SANS) and instead indicate the extremely large nature of these micelles. 
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Ni(AOT)2: 

Increasing x value: 

 

Figure 3.18: SANS profiles of 0.10 mol dm-3 Ni(AOT)2 w = 10 x = 0 to x = 0.3 of NaC2 

hydrotrope. Measurements taken on Larmor, ISIS, UK. T = 25°C. All fitted using a flexible 

cylinder model. 

 

 

Table 3.12: Parameters obtained from Guinier, Porod, and model fitting analyses on SANS 

data of 0.10 mol dm-3 Ni(AOT)2 w = 10 x = 0 to x = 0.3 of NaC2 hydrotrope. x = 0 is data 

that can be found in Chapter 2 Figure 2.6 and Table 2.7 and are also shown here for 

comparison. Backgrounds were set as 0.03 and the polydispersity in radius was set as 0.20 

for all samples. Φcalc is the calculated volume fraction and Φfit is the fitted volume 

fraction/scale parameter. 
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Figure 3.19: SANS profiles of 0.05 mol dm-3 Ni(AOT)2 w = 10 x = 0. 0.1, 0.2, and 0.3 of 

NaC2 hydrotrope. Measurements taken on Larmor, ISIS, UK. T = 25°C. All fitted using a 

flexible cylinder model. 

 

 

Table 3.13: Parameters obtained from Guinier, Porod, and model fitting analyses on SANS 

data of 0.05 mol dm-3 Ni(AOT)2 w = 10 x = 0, 0.1, 0.2, and 0.3 of NaC2 hydrotrope. x = 0 

is data that can be found in the Appendix E Figure E.2 and Table E.2 and are shown here 

for comparison. Backgrounds were set as 0.020 for x = 0 and 0.015 for the rest of the 

samples. The polydispersity in radius was set as 0.20 for all samples. Φcalc is the calculated 

volume fraction and Φfit is the fitted volume fraction/scale parameter. *Note: there is no 

resolution at these length scales so must be considered “effective” values. 
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lengths decrease as the systems are diluted. The micellar lengths at both concentrations also 

appear to decrease as more hydrotrope is added into the systems, however determination 

of exact micellar lengths is difficult due to the absence of turnover at low Q.  
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Increasing hydrotrope alkyl chain length: 

 

Figure 3.20: SANS profiles of 0.10 mol dm-3 Ni(AOT)2 w = 10 x = 0 and 0.1 of NaC2, 

NaC4, and NaC6 hydrotrope. Measurements taken on D11, ILL, France apart from 

“None” which was taken on Larmor, ISIS, UK. T = 25°C. All fitted using a flexible cylinder 

model. 

 

 

Table 3.14: Parameters obtained from Guinier, Porod, and model fitting analyses on SANS 

data of 0.10 mol dm-3 Ni(AOT)2 w = 10 x = 0 (“None”) and x = 0.1 of NaC2, NaC4, and 

NaC6 hydrotropes. x = 0 (“None”) is data that can be found in Chapter 2 Figure 2.6 and 

Table 2.7 and are also shown here for comparison. Backgrounds were set as 0.030, 0.061, 

0.066, and 0.057 going down the table. Polydispersity in radius was set as 0.20 for all 

samples. Φcalc is the calculated volume fraction and Φfit is the fitted volume fraction/scale 

parameter. 
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Figure 3.21: SANS profiles of 0.05 mol dm-3 Ni(AOT)2 w = 10 x = 0 and x = 0.1 of NaC2, 

NaC4, and NaC6 hydrotrope. All measurements except from “None” which was taken on 

Larmor, ISIS, UK, were taken on D11, ILL, France. T = 25°C. All fitted using a flexible 

cylinder model. 

 

 

Table 3.15: Parameters obtained from Guinier, Porod, and model fitting analyses on SANS 

data of 0.05 mol dm-3 Ni(AOT)2 w = 10 x = 0 and x = 0.1 of NaC2, NaC4, and NaC6 

hydrotropes. x = 0 (“None”) is data that can be found in Appendix E Figure E.2 and Table 

E.2 and are also shown here for comparison. Backgrounds were set as 0.02, 0.03, 0.04, 

and 0.03 going down the table. Polydispersity in radius was set as 0.20 for all samples. 

Φcalc is the calculated volume fraction and Φfit is the fitted volume fraction/scale parameter. 

*Note: there is no resolution at these length scales so must be considered “effective” 

values. 
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0.05 mol dm-3. Micellar radii across both concentrations and with the inclusion of 

hydrotropes with increasing alkyl lengths were similar. 

The combination of the anionic surfactants NaAOT, Mg(AOT)2, Co(AOT)2, and Ni(AOT)2 

with the hydrotropes used within this work induced micellar shape transitions for NaAOT 

and Mg(AOT)2 and axial elongations, especially for the investigation with regards to the 

increasing concentration of hydrotrope NaC2. As has been discussed previously in Chapter 

2, this elongation may be attributed to the insertion of hydrotropes within the micelles, 

altering the surfactant headgroup area and therefore the resultant micellar shape. 

The surfactants NaAOT and Mg(AOT)2 transition towards to flexible cylinders as more 

hydrotrope is added possibly due to the same reason mentioned above of the hydrotrope 

inserting itself within the surfactant layer, altering the effective surfactant headgroup area 

and therefore the micellar shape. Na+ and Mg2+ are smaller counterions compared to Co2+ 

and Ni2+ meaning they can pack closer to the surfactant headgroups, resulting in a greater 

curvature that is altered more drastically through the addition of a hydrotrope. For 

Co(AOT)2 and Ni(AOT)2, these large counterions cannot as effectively pack closer to the 

surfactant headgroups – resulting in the initial existence of flexible cylinders. The already 

planar geometry means that the addition of hydrotrope does not change the micellar shapes 

any further. Instead, it arguably increases the micellar lengths, but these often fall outside 

the scope of SANS so cannot be confidently defined. 

Micellar radii generally did not alter as a result of this nor by increasing the alkyl chain 

length of the hydrotrope used within the system. Decreasing the concentration of the 

surfactant from 0.10 to 0.05 mol dm-3 did not appear to have any drastic effect upon the 

shapes of micelles. It was especially difficult to find the exact length of the long cylindrical 

micelles seen from Co(AOT)2 and Ni(AOT)2 due to the lack of turnover at low Q (i.e., the 

Guinier range). 
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DDAB: 

Increasing x value: 

Figure 3.22 shows the SANS scattering profile for 0.10 mol dm-3 DDAB w = 5 x = 0.1 and 

0.3 of NaC2. Unfortunately, x = 0.2 was not recorded due to a misaligned instrument 

resulting in no scattering. 

 

Figure 3.22: SANS profiles of 0.10 mol dm-3 DDAB w = 5 x = 0, 0.1, and 0.3 of NaC2 

hydrotrope. Measurements taken on D33, ILL, France apart from x = 0 which was 

measured on SANS2D, ISIS, UK. The instrument was misaligned, so x = 0.2 is not shown 

on the profile. T = 25°C. All fitted using a rigid rod/cylinder model. 
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Table 3.16: Parameters obtained from Guinier, Porod, and model fitting analyses on SANS 

data of 0.10 mol dm-3 DDAB w = 5 x = 0, 0.1, and 0.3 of NaC2 hydrotrope. x = 0 is data 

that also be seen in Chapter 2 Figure 2.4 a) and Table 2.5 and are shown here for 

comparison. The backgrounds were set at 0.04, 0.05, and 0.05 going down the table. The 

polydispersities were found to be 0.20 for x = 0, 0.09 in radius and 0.20 in length for x = 

0.1, and 0.05 in radius and 0.28 in length for x = 0.3. Φcalc is the calculated volume fraction 

and Φfit is the fitted volume fraction/scale parameter. 

 

DDAB saw an opposite response to the introduction of hydrotropes. Although the shape of 

the micelles still maintained and did not change, as more hydrotrope was added in, the 

shorter the cylindrical micelles became from 400 to 180 Å. The radius however, remained 

essentially the same size as x increased. 

 

 

Figure 3.23: SANS profiles of 0.10 mol dm-3 DDAB w = 10 x = 0, 0.1, and 0.3 of NaC2 

hydrotrope. Measurements taken on D33, ILL, France apart from x = 0 which was 

measured on SANS2D, ISIS, UK. The instrument was misaligned so x = 0.2 is not shown. 

T = 25°C. All fitted using a sticky hard sphere model. 
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Table 3.17: Parameters obtained from Guinier, Porod, and model fitting analyses on SANS 

data of 0.10 mol dm-3 DDAB w = 10 x = 0, 0.1, and 0.3. The polydispersities were found 

to be 0.18 for x = 0, 0.02 for x = 0.1, and 0.02 for x = 0.3. Backgrounds set as 0.04 for  

x = 0 and 0.05 for x = 0.1 and 0.3. Φcalc is the calculated volume fraction and Φfit is the 

fitted volume fraction/scale parameter. 

 

For DDAB w = 10, increasing the concentration of hydrotrope within the system had 

minimal effect upon the micellar shape or micellar radii. However, the “stickiness” 

parameter increased from 0.18 for x = 0 to 0.55 for x = 0.3 indicating stronger attractions 

between micelles as a result of more hydrotrope added into the system. 

  

 

Figure 3.24: SANS profiles of 0.05 mol dm-3 DDAB w = 5 x = 0 (flexible cylinder), 0.1 

(rigid rod), and 0.3 (rigid rod) of NaC2 hydrotrope. Measurements taken on D33, ILL, 

France. The instrument was misaligned so x = 0.2 is not shown. T = 25°C.  
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Table 3.18: Parameters obtained from Guinier, Porod, and model fitting analyses on SANS 

data of 0.05 mol dm-3 DDAB w = 5 x = 0, 0.1, and 0.3 of NaC2 hydrotrope. The instrument 

was misaligned so x = 0.2 is not shown. The backgrounds were set as 0.02 for each. The 

polydispersities were found to be 0.08 radius for x = 0, 0.10 radius and 0.03 length for  

x = 0.1, and 0.08 radius and 0.10 length for x = 0.3. Φcalc is the calculated volume fraction 

and Φfit is the fitted volume fraction/scale parameter. 

 

 

Decreasing the concentration from 0.10 mol dm-3 to 0.05 mol dm-3 also saw a decrease in 

micellar length as more hydrotrope was added into the system. The radius for both 

concentrations were the same and neither varied as more hydrotrope was added in. 

 

 

Figure 3.25: SANS profiles of 0.05 mol dm-3 DDAB w = 10 x = 0, 0.1, 0.2 and 0.3 of NaC2 

hydrotrope. Measurements taken on D33, ILL, France. T = 25°C. All fitted using a sticky 

hard sphere model. 
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Table 3.19: Parameters obtained from Guinier, Porod, and model fitting analyses on SANS 

data of 0.05 mol dm-3 DDAB w = 10 x = 0, 0.1, 0.2, and 0.3 of NaC2 hydrotrope. The data 

for x = 0 can be found in Appendix E Figure E.1 a) and Table E.1 and are shown here for 

comparison. The backgrounds were each set as 0.02 for each. The polydispersities were 

0.19 for x = 0, 0.19 for x = 0.1, 0.18 for x = 0.1, and 0.19 for x = 0.3. Φcalc is the calculated 

volume fraction and Φfit is the fitted volume fraction/scale parameter. 

 

For 0.05 mol dm-3 DDAB w = 10, going from x = 0 to x = 0.1 saw a jump up to a higher 

“stickiness” value, indicating a higher level of attractive interactions between the 

microemulsion droplets. As the concentration of hydrotrope increased to x = 0.3 however, 

there was a gradual decrease in this parameter which then indicates a lower level of 

attractive interactions present.  
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Increasing hydrotrope alkyl chain length: 

 

Figure 3.26: SANS profiles of 0.10 mol dm-3 DDAB w = 5 with x = 0 and x = 0.1 of NaC2, 

NaC4, NaC6, and NaC8 hydrotrope. Measurements taken on D33, ILL, France apart from 

“None” which was measured on SANS2D, ISIS, UK. T = 25°C. All fitted using a rigid 

rod/cylinder model. 

 

Table 3.20: Parameters obtained from Guinier, Porod, and model fitting analyses on SANS 

data of 0.10 mol dm-3 DDAB w = 5 x = 0 and x = 0.1 of NaC2, NaC4, NaC6, and NaC8 

hydrotrope. Data for x = 0 (“None”) scattering is already shown in Chapter 2 Figure 2.4 

a) and Table 2.5 and are also shown here for comparison. The backgrounds were set as 

0.04 for no hydrotrope, and 0.05 for the systems with hydrotrope present. The 

polydispersities were found to be 0.20 for no hydrotrope, 0.08 for NaC2, 0.10 for NaC4, 

0.06 for NaC6, and 0.70 for NaC8. Φcalc is the calculated volume fraction and Φfit is the 

fitted volume fraction/scale parameter. 

 

By increasing the alkyl chain length of the hydrotrope doped into the system from NaC2 to 

NaC8 but keeping the amount of hydrotrope consistent throughout (x = 0.1), there was a 

slight decrease in the micellar lengths, but the micellar shapes of rigid rods still maintained.  
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Figure 3.27: SANS profiles of 0.10 mol dm-3 DDAB w = 10 with x = 0 (No hydrotrope 

present) and x = 0.1 of NaC2, NaC4, and NaC8 hydrotrope. The instrument was 

misaligned, so NaC6 is not shown on the profile. Measurements taken on D33, ILL, France 

apart from “None” which was taken on SANS2D, ISIS, UK. T = 25°C. All fitted using a 

sticky hard sphere model. 

 

 

Table 3.21: Parameters obtained from Guinier, Porod, and model fitting analyses on SANS 

data of 0.10 mol dm-3 DDAB w = 10 from x = 0 to x = 0.1 of NaC2, NaC4, and NaC8. The 

data of x = 0 is also shown in Chapter 2 Figure 2.4 a) and Table 2.5 and is shown here for 

comparison. The polydispersities were 0.20 for the systems with hydrotrope present and 

0.03 for no hydrotrope present. Backgrounds set as 0.040 for no hydrotrope and 0.05 for 

systems with hydrotrope present. Φcalc is the calculated volume fraction and Φfit is the fitted 

volume fraction/scale parameter. 
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Figure 3.28: SANS profiles of 0.05 mol dm-3 DDAB w = 5 x = 0 (flexible cylinder) and  

x = 0.1 of NaC2, NaC4, NaC6, and NaC8 hydrotrope (rigid rod). Measurements taken on 

D33, ILL, France. T = 25°C.  

 

 

Table 3.22: Parameters obtained from Guinier, Porod, and model fitting analyses on SANS 

data of 0.05 mol dm-3 DDAB w = 5 no hydrotrope and x = 0.1 of NaC2, NaC4, NaC6, and 

NaC8 hydrotropes. The polydispersities going down the table were found to be 0.08, 0.13, 

0.10, 0.07, and 0.06. Backgrounds were each set as 0.02. Φcalc is the calculated volume 

fraction and Φfit is the fitted volume fraction/scale parameter. 

 

Decreasing the concentration from 0.10 to 0.05 mol dm-3 saw a similar trend of decreasing 

micellar cylindrical length as the alkyl chain of the hydrotrope increased from NaC2 to 

NaC8. Micellar radii maintained the same at approximately 16 Å despite any changes in 

concentration, or with the addition of a hydrotrope of any length. 
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Figure 3.29: SANS profiles of 0.05 mol dm-3 DDAB w = 10 x = 0 and x = 0.1 of NaC2, 

NaC4, NaC6, and NaC8 hydrotrope. Measurements taken on D33, ILL, France apart from 

x = 0 (“None”) which was measured on SANS2D, ISIS, UK. T = 25°C. All fitted using a 

sticky hard sphere model. 

 

 

Table 3.23: Parameters obtained from Guinier, Porod, and model fitting analyses on SANS 

data of 0.05 mol dm-3 DDAB w = 10 x = 0 (none), x = 0.1 of NaC2, NaC4, NaC6, and 

NaC8. The data for x = 0 (“None”) is also shown in Appendix E Figure E.1 a) and Table 

E.1 and are shown here for comparison. The polydispersities were the following going 

down the table: 0.17, 0.18, 0.18, 0.19, 0.19. Backgrounds set as 0.020, 0.020, 0.026, 0.027 

and 0.021 going down the table. Φcalc is the calculated volume fraction and Φfit is the fitted 

volume fraction/scale parameter. 

 

The micellar radii for both 0.10 and 0.05 mol dm-3 w = 10 systems as hydrotrope was 

introduced and as the alkyl chain length increased from NaC2 to NaC8 was not seen to be 
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implying that the microemulsion droplet attractions increase as a hydrotrope with an 

increasingly more “alkyl”-like tail were used. This seems to be the opposite that was 

observed for the study of increasing x from x = 0 to x = 0.3 of NaC2 hydrotrope. 

The introduction of hydrotropes with increasing alkyl chain length into microemulsions 

containing the cationic DDAB surfactant generally saw a contraction in micellar length 

(when discussing w = 5 rigid rods) or an increase in microemulsion droplet attractions 

(when considering w = 10 sticky hard spheres). These observations cannot be accounted 

for by the packing parameter theory and are instead better suited to the theory introduced 

by Safran et al.31–33  where changes to the micellar system that affects the globule volume 

fraction then alters the surfactant film radius of curvature/spontaneous radius of curvature 

that pushes the micellar shape more towards that of spheres. 

3.4 Conclusions 

The phase behaviour of w/o microemulsions stabilised by the following surfactants 

NaAOT, Mg(AOT)2, Co(AOT)2, Ni(AOT)2, and DDAB, have been investigated within 

literature12,13,21,30 and replicated in this Chapter to gain up-to-date phase stability diagrams. 

Visual inspections can often be ambiguous so initial replication ensures observations are 

consistent and carried forward throughout the rest of the work, especially as more complex 

systems have been investigated as novel work within this chapter. The phase stability of 

purified and crude NaAOT has also been reported and compared as literature states that 

residual inorganic salt impurities are known to alter the microemulsion phase 

behaviour.12,29 The alteration in phase behaviour can be seen in Figure 3.1. Future studies 

with regards to NaAOT have used w values (w = 5 and w = 10) that are well within the 

transparent, stable, L2-microemulsion region. 

Previous work by Hopkins Hatzopoulos et al.15,28 looked into the effects of doping in a 

small quantity (x = 0.1 where x = [hydrotrope] / [surfactant]) of hydrotropes with various 

structural architectures into NaAOT/D2O/h-heptane microemulsions, and observed their 
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impact upon phase stability. Investigations on doping in hydrotropes with varying alkyl 

chain length into NaAOT/H2O/cyclohexane microemulsions, however, had not been done 

before, nor on systems containing different surfactants such as Mg(AOT)2, Co(AOT)2, 

Ni(AOT)2, or DDAB. These are novel experiments. 

The surfactant systems Mg(AOT)2, Co(AOT)2, and Ni(AOT)2 with and without 

hydrotropes saw low sensitivity to temperature at low w values, and a temperature variance 

at high w values. The area of L2-microemulsion stability was seen to generally contract for 

these surfactants as the hydrotrope alkyl length increased. However, for DDAB, this 

stability region and phase boundary remained near to that of the hydrotrope-free system, 

implying little competition at the interface between the DDAB and hydrotrope. 

Investigations into the effects of increasing the level of one particular hydrotrope (in this 

case NaC2) from x = 0 to x = 0.3 within a microemulsion had not been studied before in h-

surfactant/H2O/h-cyclohexane microemulsion systems with surfactants NaAOT, 

Mg(AOT)2, Co(AOT)2, Ni(AOT)2, or DDAB. The surfactants NaAOT and Mg(AOT)2 

experienced a micellar shape transition as x increased from x = 0 to x = 0.1 for example, 

NaAOT transitioned from spherical to rigid rod micelles, and Mg(AOT)2 transitioned from 

rigid rods to flexible cylinders. Micelles consisting of transition metal surfactants 

Co(AOT)2 and Ni(AOT)2 already existed as flexible cylinders, remaining that way as x was 

increased. For DDAB 0.05 mol dm-3 w = 5 there was also a shape transition from flexible 

cylinders to rigid rods as x increased from 0 to 0.1. As more hydrotrope was added to the 

anionic surfactants NaAOT, Mg(AOT)2, Co(AOT)2, and Ni(AOT)2, axial elongation was 

observed for all these cases. Conversely, for DDAB w = 5 systems, the opposite was 

observed with the rigid rod lengths shortening. 

Investigations with regards to the effects of increasing the alkyl chain length of the 

hydrotrope doped into microemulsion systems of NaAOT, Mg(AOT)2, Co(AOT)2, 

Ni(AOT)2, and DDAB were also conducted, which have also not been done previously. 

Although the phase stability for each surfactant system with a hydrotrope with increasing 
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alkyl chain length altered greatly, SANS parameters revealed little alteration to the size and 

shapes of the micelles. For example, NaAOT 0.10 mol dm-3 w = 10 rigid rods were each  

~ 60 Å, or for 0.05 mol dm-3 Co(AOT)2 and Ni(AOT)2 w = 10 were > 10000 Å. 

The aspect of tuneability may be achieved under careful consideration of the correct 

combination of surfactant identity, concentration, water content, hydrotrope presence, 

hydrotrope quantity, and hydrotrope identity. Cylindrical micelles can be pushed further to 

longer axial elongation through the combination of a divalent metal counterion AOT 

surfactant with a hydrotrope, and conversely, can be shortened using a cationic surfactant 

(DDAB) mixed with a hydrotrope. 

Specific environments and equipment within an ICE may benefit from a particular micellar 

shape or size within the lubricant, however, it is important to gain an understanding as to 

how these micellar systems may behave when at a metal interface, and how changes to the 

environment may affect micellar structure for example, the application of shear. 
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Chapter 4 

Investigations into the behaviour of reverse 

micellar systems after shearing, at the 

solid/liquid interface and the impact on 

friction. 

4.1 Introduction 

Tribology is the study of interacting surfaces under motion that encompasses friction, 

lubrication, adhesion, and wear.1 Each surface has an associated roughness that is 

characterised by its standard deviation, 𝜎, (the deviation of the actual surface from an 

ideal/flawless surface), and with a pair of surfaces, this allows the equivalent roughness to 

be defined. The average distance between two surfaces is defined by: 

ℎ̅ =  
ℎ

𝜎
     Equation 4.1 

Where ℎ is the distance between the averaged roughness of two surfaces. As a result, three 

lubrication regimes can be characterised depending on the value of ℎ̅:2 

• Boundary regime ℎ̅  ≤ 0.5 

• Mixed regime: 3 ≥ ℎ̅  > 0.5 
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• Hydrodynamic regime: ℎ̅ > 3 

The transitions from one regime to another can be represented by plotting friction 

coefficient as a function of velocity, as is shown in Figure 4.1, which is also known as the 

Stribeck curve.3 Occasionally the x axis may be also represented as a Hersey’s number 

which is a dimensionless characteristic that is calculated by the dynamic viscosity of the 

fluid multiplied by the speed, divided by the load per length of tribological contact. 

Essentially, the Stribeck curve shows how friction changes with increasing velocity. In the 

boundary regime, friction is high due to the high level of contact between the surfaces. 

Friction then reduces as speed increases into the mixed regime where hydrodynamic and 

contact pressure are coexisting. Finally, as speed increases further, the curve enters the 

hydrodynamic regime where the hydrodynamic pressure increases and the effect of surface 

roughness is no longer detectable, therefore, the friction coefficient increases linearly with 

speed due to the internal effects of friction coming into play.2 

 

Figure 4.1: The Stribeck curve with the associated 3 regimes: boundary, mixed, and 

hydrodynamic. 

Organic Friction Modifiers (OFMs) are species within an internal combustion engine (ICE) 

oil lubricant that help to reduce friction between the moving mechanical engine 

components within the boundary and mixed lubrication regimes.4,5 As a result of years of 

adsorption studies and tribological tests, it is now generally understood that OFMs adsorb 
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onto the metal surfaces via interactions between the polar head group and the metal surface, 

with the long alkyl chain pointing into the bulk hydrocarbon solvent.6 Consequently, as the 

metal surfaces begin to move in opposing directions, slip-planes are formed that reduce 

friction. Early research6–8 and more recent studies conducted using atomic force 

microscopy9–11 have suggested that OFMs form monolayer surfactant films that are 

sufficient enough to prevent metal/metal contact and thus, reduce friction. However, there 

have been other studies conducted that have revealed films at the metal surfaces of greater 

thicknesses than monolayer lengths indicating multilayers instead.12–15 

Understanding how OFMs assemble at interfaces and how their structure may change after 

the application of tribological conditions such as shear can give important information with 

regards to the mechanism behind friction modification.16 Small-angle neutron scattering 

combined with a tribological technique can provide in-depth information with regards to 

this. Armstrong et al.16 presented a novel neutron and X-ray reflectivity sample 

environment for the study of the surfactant glycerol monooleate (GMO) at the solid-liquid 

interface of an iron-coated silicon substrate under shear. Neutron reflectivity (NR) was 

successful in resolving the iron oxide-dodecane interface, and the structure of GMO when 

adsorbed onto the iron oxide-dodecane interface at a shear rate of 7.0 x 102 s-1. GMO was 

found to maintain a surface layer that was unaffected by shear with a thickness of  

~ 24.3 Å. 

As has been described in Chapter 1, understanding the effects of temperature, pressure, and 

shear upon micellar structure is an important aspect to cover when trying to replicate an 

ICE environment. Recent molecular dynamics (MD) simulations17 have played an 

important role in examining at the molecular level, what is occurring with self-assembled 

aggregates under shear both at surfaces, and in the bulk. Bradley-Shaw et al.18,19 examined 

glycerol monooleate mixtures in organic solvents and found that these systems formed 

reverse micelles within the bulk that broke up into smaller aggregates when shear was 

applied or became surface micelles. Therefore, work within this chapter aims to apply 
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experimental micellar systems to instruments/methods to gain information with regards to 

how these systems may typically behave when subject to shear, how they interact with a 

metal surface, and whether they can reduce friction when applied to industrial methods. 

In this chapter, systems that have been described over the last chapters were selected to be 

analysed on equipment made available by collaborating with research groups at other 

universities to bridge the gap between laboratory results and the conditions found within 

an ICE. These collaborations were established to try and resolve whether friction reduction 

can be influenced by the reverse micellar shape, or whether the chemical makeup of the 

micellar systems plays a more important role. These methods consisted of microfluidic 

shear studies, solid-liquid cell neutron reflectivity, and the use of a mini-traction machine. 

These studies were conducted through collaborations with the University of Leeds, 

University of Cambridge, and Infineum UK Ltd, respectively. As will be discussed in detail 

later, these techniques still have limitations for the surfactant systems developed, but offers 

as an initial step into gaining an understanding of how these systems may affect friction 

within an ICE. Applying the micellar systems of NaAOT, DDAB, and Mg(AOT)2 to a 

custom-built microfluidic rig has not been done previously. In addition to this, solid/liquid 

neutron reflectivity and the use of a mini-traction machine (a common instrument to use 

within the lubricant industry) to explore NaAOT in dodecane is novel.  

 

4.2 Materials and methods 

4.2.1 Materials 

The preparation of surfactant Mg(AOT)2 has been described in Chapter 2 and in 

literature.20,21 NaAOT of purity ≥ 97% was obtained from Sigma Aldrich and converted 

into Mg(AOT)2 via an ion exchange method with the relevant divalent metal nitrate. The 

hydrotrope synthesis has also been described in Chapter 2 and in literature.22,23 The parent 
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acids were converted to hydrotropes by reaction with a 1:1 stoichiometric amount of 

sodium hydroxide, and washed with diethyl ether to remove any residual unreacted parent 

acid. 

Didodecyldimethylammonium bromide, (DDAB, Acros Organics, 99 %),  

sodium bis(2-ethylhexyl) sulfosuccinate (NaAOT, Sigma Aldrich, ≥ 97 %),  

h12-cyclohexane (Fisher Scientific, > 99 %), d12-cyclohexane (Apollo Scientific, 99.5 % D 

/ Goss Scientific; Cambridge Isotope Laboratories Inc, 99.5 % D), h26-n-dodecane (Sigma 

Aldrich, ≥ 99 %), and d26-n-dodecane (Apollo Scientific, 98 atom % D) were used as 

received. 

4.2.2 Methods 

Microfluidic shearing 

A collaboration with Professor Nik Kapur and Dr Nicholas Warren’s research group at the 

University of Leeds was established, with a custom microfluidic rig designed and built by 

Larisa Onoufriadi – also an Infineum UK Ltd sponsored PhD student. This equipment was 

used in conjunction with DLS so domain sizes of the microemulsion droplets could be 

determined pre and post shearing. The flow rate used was 3 mL/min and a shear rate of  

5.1 x 105 s-1 was achieved after eight minutes.  

The setup of this equipment consisted of a Teledyne ISCO Model 500D syringe pump that 

could hold a capacity of approximately 500 mL, a pressure transducer, a microfluidic 

capillary made from fused silica coated polyether ether ketone (PEEK), and a Teledyne 

ISCO D-series pump controller connected to a PC unit. A photo of the experimental set up 

is shown in Figure 4.2. The sample fluid is pumped into the chamber by the syringe pump 

before the inlet is shut, and the outlet towards the microfluidic capillary is opened. The 

fluid is then pumped through the microfluidic capillary, with the sheared fluid collected 

straight into a synthetic quartz glass DLS cuvette. Through this, the instrument was able to 

deliver shear rates of up to 6.8 x 105 s-1 and pressures up to 258 bar. Each measurement 
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used 30 mL of sample. The experiments were carried out by Larisa, with assistance. To 

clean the rig, multiple washings of acetone were pumped through, followed by several 

washings of the pure solvent before the next measurement was taken. Pumping the 

surfactant fluid under pressure through the microfluidic capillary results in a shearing stress 

occurring at the capillary walls that deforms and shears the system. 

DLS measurements were taken on a Malvern Zetasizer Ultra Red pre and post shear to 

track any changes to the domain sizes of the microemulsion droplets. The elapsed time 

between shearing and the DLS measurement were approximately five to ten minutes due 

to the separate locations in which the two pieces of equipment were located. 

 

Figure 4.2: The microfluidic rig set up, with the microfluidic capillary. 

 

Concentrations of solutions are in wt % of surfactant in cyclohexane instead of mol dm-3 

that had previously been used for SANS experiments. Prior to this, Larisa Onoufriadi used 

Syringe pump 
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capillary 

Pump controller 

Pressure 
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wt % for her own research and as the concentrations used for SANS experiments  

(0.10 and 0.05 mol dm-3) did not have any drastic effect upon the micelles, it was decided 

to use wt % to ensure this collaboration was beneficial to both parties.  

Each solution (50 mL) of 10 wt % surfactant in cyclohexane with the appropriate amount 

of water to achieve the desired w value, and the appropriate hydrotrope in the quantity 

needed were made up. DLS measurements on a dilution series of each system were first 

carried out until failure of measurement to check for any changes of size prior to being 

sheared. 5 wt % concentrations of the solutions were selected to be sheared through the 

microfluidic rig before carrying out DLS measurements again to track any changes to 

domain sizes. Temperature was maintained at 25 ℃ throughout. Five measurements were 

taken each time and averaged before plotting. 

Small-angle neutron scattering (SANS) 

SANS measurements were performed on SANS2D at ISIS, UK. SANS2D has an available 

Q range of 0.004 - 0.6 Å-1, wavelengths of neutrons in the range of 1.75 – 15.5 Å, and the  

source-to-sample and sample-to-detector distance were both 4 m with the 1 m2 detector 

offset vertically 80 mm and sideways 100 mm. 2 mm rectangular quartz cells were used, at 

25 °C. The empty quartz cell and solvent background scattering were subtracted from the 

raw SANS data and reduced using software available at the instrument. SANS analyses 

were carried out using SasView 4.2.2.  

Solid-liquid cell neutron reflectivity 

A collaboration was set up with Professor Alex Routh’s research group at the University 

of Cambridge with experimental work carried out by Dr Alexander Armstrong on the 

instrument INTER, ISIS, UK. Three scattering angles of 0.7°, 1.2°, 2.3° were used, with a 

wavelength range of approximately 2 – 17 Å, and a Q range of 0.009 – 0.335 Å. These 

experiments were carried out at 25°C.  
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Surfactant solutions (4 mL) at the desired concentration, with the relevant water contents 

were made and pumped into the solid-liquid cell. The cell was placed horizontally on the 

sample table within the instrument with the substrate facing down onto the trough filled 

with the sample. The iron-coated silicon substrate that was used in this experiment was 

purchased from Pi-Kem, UK, with the following dimensions: 80 x 50 x 15 mm, and 55 x 

55 x 10 mm. They were polished to a 3 Å RMS roughness before being sputter-coated with 

an iron layer to a thickness of approximately 200 Å. The trough and substrate were sealed 

with an O-ring that was compressed by screwing a PTFE plate and an aluminium heating 

block down on the trough. The solid-liquid cell was used to characterise NaAOT with and 

without water at the iron oxide-dodecane interface under static conditions to determine 

layer thicknesses and to check for adsorption at the interface. Dodecane was the solvent of 

choice for this experiment for reasons explained later in the Chapter. Experiments started 

with the deuterated versions of the systems. To get h-contrasts, 10 mL of the sample in h-

solvent were made and pumped through to ensure good exchange from the deuterated 

equivalent without having to take apart the cell to clean and dry between contrasts. This 

was also done to see if any adsorption of the surfactant onto the substrate had occurred by 

comparing scattering profiles. Figure 4.3 shows the schematic set-up of the solid-liquid 

cell.  

 

Figure 4.3: Schematic diagram showing the solid-liquid cell set up. 
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The fitting of data was carried out with guidance from Dr Alexander Armstrong through 

ISIS Data Analysis as a Service (ISAaS) using a Jupyterlab notebook to simulate and fit 

the data. Details on this technique and the fitting process are outlined in Appendix A. 

 

Mini-Traction Machine (MTM) 

MTM measurements were carried out with assistance on a PCR Instruments MTM2 

instrument at Infineum UK Ltd by Elizabeth Mould. NaAOT microemulsions in dodecane 

were investigated in this experiment, for reasons explained later in the Chapter. 

The Mini-Traction Machine (MTM) is a tribological instrument often used in the lubricant 

industry as a means of measuring friction by determining the traction coefficient. It is a 

benchtop instrument that consists of a steel ball pressed against the face of a circular steel 

disc, which sits within a well – see Figure 4.4 a) b). These two components move 

independently from each other to create a variety of rolling and sliding motions across the 

three lubrication regimes associated with the Stribeck curve - boundary, mixed, and 

hydrodynamic. The latter two of which are significant for organic friction modifiers - 

surfactants. The frictional forces between the ball and the disc are then measured, and by 

using the equipment software, leads to the frictional properties of the sample to be 

determined. There is a range of parameters that can be specified for the running of a sample 

such as speed (U), contact load (W), slide-to-roll ratio (SRR = (Udisc – Uball) / U), and 

temperature (T). 
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a) 

 

 
 

 

 

b) 

Figure 4.4: a) A photo of the MTM with sample loaded into the well with the various 

components labelled. b) A schematic drawing of the MTM set-up. 

 

The MTM disk and ball were initially washed with iso-octane, acetone, and heptane to 

remove any residual oil or grease leftover from the manufacturing process, before being 

attached to the MTM. A pot filler was placed within the well so less material could be used 

for measurements. Approximately 10 mL of sample was loaded into the well (enough to 

cover the steel disk) with the ball lowered and placed against the face of the disc. MTM 

specific software was used where an MTM-specific experimental profile was uploaded 

containing configurations such as temperatures and rolling speeds. A metal and plastic lid 

were placed over the sample well to maintain temperature. The MTM was recalibrated 

every 20th run using Sigma Aldrich heavy mineral oil. To clean the machine, a tap to the 

side was opened to allow the liquid to run out. The pot filler and other parts were then 

cleaned using heptane and nitrogen gas until there was no residual oil left in the pan. Repeat 

measurements were taken to ensure reliability. 
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4.3 Results and discussion 

4.3.1 Microfluidic shearing 

The micellar systems for microfluidic shearing were selected to provide a variety of shapes, 

sizes, and surfactant types. Table 4.1 details the parameters of these systems and the SANS 

analyses results that were found when fitting 0.10 mol dm-3 droplet contrast data. The set 

of data at 0.10 mol dm-3 were the closest equivalent to the concentration of 5 wt % used in 

the microfluidic rig. The location of more in-depth SANS analyses has also been specified 

within the table. Concentrations in wt % were used and has previously been discussed it 

was for collaborative reasons. 

  



 

156 

 

Table 4.1: Details on systems used for microfluidic rig shearing. SANS model and 

parameters are based on results from 0.10 mol dm-3 analyses. For full SANS analyses, 

directions are given for the location of the data in this thesis. 

Surfactant 

w 

value 

Hydrotrope 

x 

value 

SANS 

model 

Radii 

(Å) 

Kuhn 

Length 

(Å) 

Length 

(Å) 

Analysis location 

in thesis 

NaAOT 

5 - - Sphere 24.9 - - 
Chapter 2: Figure 

2.4b) and Table 2.5 

5 NaC2 0.1 Rigid rod 19.2 - 140 

Chapter 3: 

Figure 3.7 and 

Table 3.1 

5 NaC2 0.2 

Flexible 

cylinder 
20.3 215 >3700 

Chapter 3: 

Figure 3.7 and 

Table 3.1 

5 NaC2 0.3 
Flexible 

cylinder 

19.2 194 >3000 

Chapter 3: 

Figure 3.7 and 

Table 3.1 

DDAB 

5 - - Rigid rod 15.7 - 400 

Chapter 2: Figure 

2.4a) and Table 2.5 

10 - - Sphere 27.0 - - 

Chapter 2: Figure 

2.4a) and Table 2.5 

Mg(AOT)2 10 - - Rigid rod 25.6 - 200 

Chapter 2: Figure 

2.6 and Table 2.7 
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NaAOT: 

The size distribution for the dilution series of 10 wt % and 5 wt % NaAOT w = 5 x = 0 is 

shown in Figure 4.5 Further dilutions of 2.5 wt % and 1 wt % were also made but 

unfortunately it was not possible to obtain a signal while carrying out DLS measurements, 

possibly due to these concentrations being too low. The maxima for the peak at smaller 

sizes for 10 wt % was found to be 4.5 nm and for 5 wt %, 5.3 nm. Decreasing the 

concentration from 10 wt % to 5 wt % incurred minimal difference to this peak, however, 

a second population maximum was observed at 894 nm. The origin of this second peak is 

unclear as this range of sizes was not accessed by the SANS experiments that had been 

carried out on this system.24 A possible explanation could be micelles clustering together 

to form larger aggregates.  

 

Figure 4.5: Size distribution profiles of NaAOT w = 5 x = 0 dilution series at 25 ℃. 

 

The size distribution for the dilution series of NaAOT w = 5 x = 0.1 of NaC2 hydrotrope is 

shown in Figure 4.6. A further dilution of 0.5 wt % was made and measured but 

unfortunately did not produce a signal. The sharp peak maximum altered minimally as 

concentration decreased as was shown for 10 wt % and 5 wt % as these were both found to 
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contain micellar sizes of 6.1 nm, and for 1 wt % was 5.3 nm. The second population at 

greater sizes had a maximum of 420 and 568 nm for 10 wt % and 5 wt % respectively. 

 

Figure 4.6: Size distribution profiles of NaAOT w = 5 x = 0.1 NaC2 hydrotrope dilution 

series at 25 ℃. 

 

The size distribution of NaAOT w = 5 x = 0.2 of NaC2 hydrotrope is shown in  

Figure 4.7. Measurements were attempted at 0.5 wt % but did not produce a signal. Peak 

maxima at the smaller sizes were found to be minimally altered by decreasing surfactant 

concentration (9.7 nm for 10 wt %, and 7.1 nm for 5 wt % and 1 wt %) however this peak 

did decrease in intensity and broaden, indicating a greater degree of polydispersity at lower 

concentrations. The maxima at greater sizes were found to be 311 nm, 198 nm, and  

311 nm for 10 wt %, 5 wt %, and 1 wt % respectively.  
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Figure 4.7: Size distribution profiles of NaAOT w = 5 x = 0.2 of NaC2 hydrotrope dilution 

series at 25 ℃. 

 

The size distribution of NaAOT w = 5 x = 0.3 of NaC2 hydrotrope dilution series is shown 

in Figure 4.8. Sizes were found to be 9.6 nm, 9.7 nm, and 8.3 nm for 10 wt %, 5 wt %, and 

2.5 wt % respectively showing that generally, concentration did not have a big effect upon 

these micellar sizes either. 

 

Figure 4.8: Size distribution profiles of NaAOT w = 5 x = 0.3 of NaC2 hydrotrope dilution 

series at 25 ℃. 

 

DLS measurements on the dilution series of NaAOT w = 5 of x = 0, 0.1, 0.2, and 0.3 of 

NaC2 hydrotrope generally showed little change in the sizes of the microemulsion droplets 
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as concentration of the surfactant decreased for the higher intensity peak between  

~ 6 - 9 nm. Shearing using the microfluidic rig were carried out at 5 wt %. Figure 4.9 

shows the pre and post shearing of 5 wt % NaAOT w = 5 x = 0. DLS measurements were 

also taken of the post shear sample 19 and 96 hours after the initial shear to check for 

changes in micellar domain sizes over time. 

 

Figure 4.9: Size distribution profiles of 5 wt % NaAOT w = 5 x = 0 pre- and post-shear. 

Further measurements were taken 19 and 94 hours after the initial shearing to compare 

size distributions over time. T = 25 ℃. 

 

The more intense peak is still within the range of 4.5 nm – 5.3 nm and is not significantly 

affected by shearing bar from a decrease in intensity. The difference between the size 

distributions pre- and post-shear are highlighted more in the broader peak at larger sizes. 

Post shearing observed a shift of this peak to smaller sizes which over time, began to revert 

to the original pre-shear profile. SANS analysis shown in Table 4.1 show that  

NaAOT w = 5 x = 0 exist as spherically shaped micelles, so it could be possible that this 

broad peak at larger sizes may be attributed to a collection of micelles that after shearing, 

break into smaller aggregates and that over time, begin to reform. 

The sample NaAOT w = 5 x = 0.1 of NaC2 hydrotrope (seen in Figure 4.10) shows a 

similar behaviour to that of x = 0 where a second peak of larger sizes is shifted to smaller 

sizes post shear. After 69 hours elapsed after the initial shearing, this peak seemingly begins 
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to revert to the original pre-shear profile. The SANS analysis of this system at  

0.10 mol dm-3 suggest rigid rod micelles, signifying that these and the spherical micelles 

are affected by shear. The initial peak of high intensity does not seem to shift once sheared.  

 

Figure 4.10: Size distribution profile of 5 wt % NaAOT w = 5 x = 0.1 of NaC2 hydrotrope 

pre- and post-shear. A further measurement was taken 69 hours after the initial shearing 

to compare size distributions over time. T = 25 ℃. 

 

The pre- and post-shearing of NaAOT w = 5 x = 0.2 of NaC2 hydrotrope, with a post 

shearing size distribution profile 26 hours after the initial shearing is shown in  

Figure 4.11. The profiles show that there is little change to either peak post shearing, and 

26 hours later there is still no change. 
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Figure 4.11: Size distribution profile of 5 wt % NaAOT w = 5 x = 0.2 of NaC2 hydrotrope 

pre- and post-shear. A further measurement was taken 26 hours after the initial shearing 

to compare size distributions over time. T = 25 ℃. 

 

SANS analysis on 0.10 mol dm-3 NaAOT w = 5 x = 0.2 of NaC2 hydrotrope show that 

these micellar systems exist as flexible cylinders and this little change to the particle size 

distribution profiles pre- and post-shear signify that either a) the micelles reform back to 

their original pre-shear size and shape very quickly, or b) they are not affected by the 

application of shear. 

A similar particle size distribution is shown for 5 wt % NaAOT w = 5 x = 0.2 NaC2 

hydrotrope is seen in Figure 4.12. There were no further DLS measurements taken after an 

elapsed time due to no visual change in the profiles pre- and immediate post-shear.  
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Figure 4.12: Size distribution profiles of 5 wt % NaAOT w = 5 x = 0.3 of NaC2 hydrotrope. 

No further measurement was taken after time due to small changes in the peak population 

pre- and post-shear. T = 25 ℃. 

 

SANS analysis on 0.10 mol dm-3 NaAOT w = 5 x = 0.3 NaC2 show that these too exist as 

flexible cylinders and there is little change to either size distribution peaks. This could also 

be due to either the micelles reforming quicker than the DLS measurements could be made 

or are not affected by shearing at all. If it is the latter, it appears that as more hydrotrope is 

added to the system of NaAOT w = 5, and as the micellar shape transitions from spheres 

to rigid rods to flexible cylinders, the less affected by shear they appear to be. 
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DDAB 

The dilution series size distribution profiles of DDAB w = 5 is shown in Figure 4.13. One 

peak is present across all concentrations, which appears to decrease in size as the system is 

diluted. The size at the points of maximum is 80.0 nm for 10 wt %, 108 nm for 5 wt %,  

50.8 nm for 2.5 wt %, and 17.7 nm for 1 wt %. As the concentration decreases, these peaks 

broaden, indicating a greater level of polydispersity. Generally, however, the SANS 

analyses that have been carried out on 0.10 and 0.05 mol dm-3 show that these micelles do 

not change shape as a result of concentration variation. 

 

Figure 4.13: Size distribution profiles of the DDAB w = 5 dilution series. 0.5 wt % was 

made and measured but did not obtain a signal. T = 25 ℃. 

 

The particle size distribution for DDAB w = 10 is shown in Figure 4.14. The peak 

maximum for each concentration were found to be 17.7 nm for 10 wt %, 15.2 nm for  

5 wt %, 13.1 nm for 2.5 wt %, and 9.7 nm for 1 wt %, also showing a shift slightly to 

smaller sizes as concentration decreases. 
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Figure 4.14: Size distribution profiles of the DDAB w = 10 dilution series. 0.5 wt % was 

made and measured but did not obtain a signal. T = 25 ℃. 

 

 

The size distribution profile of DDAB w = 5 x = 0 pre- and post-shear is shown in  

Figure 4.15. 

 

Figure 4.15: Size distribution profiles of 5 wt % DDAB w = 5 x = 0 pre- and post-shear.  

T = 25 ℃. 

 

The size distribution shows there is a decrease in size from 108 nm pre-shear to 23.9 nm 

post-shear. SANS analysis for 0.10 mol dm-3 DDAB w = 5 show this system fits the best 

to a rigid rod model, so the results have been consistent with the rigid rod micellar system 
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of NaAOT w = 5 x = 0.1 of NaC2 which had a shift to smaller sizes for the broad peak 

post-shear (Figure 4.10). 

The size distribution of DDAB w = 10 is shown in Figure 4.16 pre-/post-shear and exhibits 

a peak maximum at 15.2 nm for both. Undergoing shear either did not affect the size of 

these micelles, or they reformed quicker than the DLS measurements could be taken. 

 

Figure 4.16: Size distribution profiles of 5 wt % DDAB w = 10 x = 0 pre- and post-shear. 

T = 25 ℃. 

 

The SANS analysis for 0.10 mol dm-3 DDAB w = 10 suggests spherical micelles are 

present. The application of shear appears to not influence these micelles, the opposite to 

what was observed for NaAOT w = 5 spherical micelles as demonstrated in Figure 4.9 that 

shows a shift of the second broader peak to smaller sizes. This may signify that it is not just 

the shape of micelles that is important when considering shearing and consequent friction 

reduction within an ICE, but the chemical makeup which makes the matter more 

complicated. 
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Mg(AOT)2 

The DLS measurements for Mg(AOT)2 w = 10 are shown in Figure 4.17. Definitive sizing 

of Mg(AOT)2 was difficult to do due to the very large, polydisperse peaks. This work was 

included within this thesis to show how different this surfactant is to NaAOT and DDAB, 

with Mg(AOT)2 forming large transient aggregates. Each DLS measurement was slightly 

different, these were averaged and plotted in Figure 4.17, so caution is necessary when 

considering the size distributions of this system. 

 

Figure 4.17: Size distribution profiles of Mg(AOT)2 w = 10 x = 0 dilution series.  

T = 25 ℃. 

 

Mg(AOT)2 w = 10 was also sheared as can be seen in Figure 4.18 and it is clear that 

shearing the system breaks the aggregates apart to smaller sizes. These were not averaged, 

instead each DLS measurement was plotted individually so visually this difference can be 

seen, although no distinctive aggregate sizes can be determined. 
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Figure 4.18: Size distribution profiles of 5 wt % Mg(AOT)2 w = 10 x = 0 pre- and post-

shear. T = 25 ℃. 

 

The SANS analysis of 0.10 mol dm-3 Mg(AOT)2 w = 10 in Table 4.1 show that these form 

rigid rods, so a shift in aggregation size has been consistent with that of NaAOT  

w = 5 x = 0.1 NaC2 (Figure 4.10), and DDAB w = 5 (Figure 4.15). 

The shear rates achieved through this piece of equipment are within the shear ranges found 

within an ICE. For example, a crankshaft and oil pump can experience shear rates in the 

range of 102 – 104 s-1 and 104 – 106 s-1 respectively. Piston rings and valve trains can 

experience shear rates within the range of 104 – 107 s-1 so using this equipment with the 

capability of reaching shear rates of 105 s-1  can give reasonable approximations with 

regards to how these surfactant systems behave under shear.25 However, this experimental 

set up was not located directly next to the DLS machine. Transit from one piece of 

equipment to the other took approximately 5 minutes, in which time the sample may have 

had time to relax to the pre-shear domain sizes. Moreover, the microfluidic capillary was 

made from fused silica coated by polyether ether ketone (PEEK) so there are limitations 

present when comparing to ICE conditions as these surfaces are made of materials such as 

steel and iron. 
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Bradley-Shaw et al.18 used molecular dynamics simulations to study the self-assembly and 

frictional properties of preformed GMO in n-heptane and toluene solvents with and without 

water present, sheared between two mica surfaces. When in n-heptane, the GMO reverse 

micelles with and without water present remained intact and were found to adsorb onto the 

mica surfaces under shear (shear rates studied were in the range of 108 – 1010 s-1). Dry 

reverse micelles in toluene, however, broke apart under shear but after the addition of 

water, also became surface micelles and adsorbed onto the surfaces. In another study 

conducted by Bradley-Shaw et al.19 the self-assembly and frictional properties of GMO 

mixed with oleic acid, glycerol, calcium oleate, or water in n-heptane and toluene solvents 

were also studied via molecular dynamics simulations. Under shearing conditions, these 

mixes showed disintegration with the distribution of surface vs central reverse micelles, 

depending on the chemical composition of the systems. These are interesting comparisons 

to the systems studied in this section, as NaAOT, DDAB, and Mg(AOT)2 all exhibited 

cases of micelles breaking apart to form smaller aggregates. and iterates a dependency upon 

the chemical composition of the systems. 
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4.3.2 NaAOT-dodecane system 

So far through this work, cyclohexane has been the solvent of choice for capillary 

viscometry, phase behaviour studies, SANS, and microfluidic shearing due to  the body of 

literature already surrounding microemulsions in cyclohexane. 

To investigate the behaviour of NaAOT cylindrical vs spherical micellar systems at the 

metal/liquid interface and to carry out MTM measurements safely, an alteration to the 

solvent media needed to be made. Due to the low flash point of cyclohexane, it was deemed 

unsafe to use on Infineum MTM equipment, or the University of Cambridge tribometer as 

these are open systems with moving/rolling parts with heating capabilities. Although within 

this project the tribometer has not been mentioned, the solid-liquid cell set up is the 

precursor to carrying out a tribological experiment. Therefore, it was advised to find an 

alternative solvent. 

Literature26 has shown that NaAOT w = 0 dry reverse micelles in dodecane forms spherical 

reverse micelles, and with the addition of water to w = 10 or w = 20, cylindrical micelles 

form. SANS measurements were first carried out on w = 0, w = 10, and w = 20 

NaAOT/dodecane micellar systems at two different concentrations  

(0.10 and 0.05 mol dm-3). Both shell and core contrasts were carried out to fully resolve the 

structure of NaAOT/dodecane micelles except for w = 0 which could only be measured 

with the shell contrast (or arguably the drop contrast). Core; D2O/h-NaAOT/h-dodecane 

and shell; D2O/h-NaAOT/d-dodecane. Figure 4.19 shows the scattering profiles for  

0.10 mol dm-3 and Figure 4.20 shows the scattering profiles for 0.05 mol dm-3 NaAOT 

core contrast w = 10 and w = 20 and their associated model fits. The parameters for which 

can be seen in Table 4.2 
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Figure 4.19: SANS profiles of 0.10 mol dm-3 NaAOT core contrast w = 10 (rigid rod) and 

w = 20 (rigid rod). Measurements were carried out on SANS2D, ISIS, UK. T = 25 ℃. Each 

fitted using a rigid rod/cylinder model. 

 

 

Figure 4.20: SANS profiles of 0.05 mol dm-3 NaAOT core contrast w = 10 (rigid rod) and 

w = 20 (rigid rod). Measurements were carried out on SANS2D, ISIS, UK. T = 25 ℃. Each 

fitted using a rigid rod/cylinder model. 
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Table 4.2: Parameters obtained from Guinier, Porod, and model fitting analyses on SANS 

data of 0.10 and 0.05 mol dm-3 NaAOT core contrasts w = 10 and w = 20. Backgrounds 

were set as 0.20 for 0.10 mol dm-3, and 0.24 for 0.05 mol dm-3. The polydispersities for  

w = 20 were found to be 0.149 and 0.102 in radius for 0.10 mol dm-3 and 0.05 mol dm-3 

respectively. Φcalc is the calculated volume fraction and Φfit is the fitted volume 

fraction/scale parameter. 

 

Increasing the water content from w = 10 to w = 20 gave rise to an increase in micellar 

radius for both 0.10 and 0.05 mol dm-3, and a slight increase in micellar length (for example, 

0.10 mol dm-3 saw an increase from 214 to 240 Å). Decreasing the concentration of the 

system from 0.10 mol dm-3 to 0.05 mol dm-3 saw little change in the micellar radii but a 

decrease in micellar lengths as shown by 0.10 mol dm-3 w = 10 having lengths of 214 Å 

which decreased to 150 Å for 0.05 mol dm-3. 

The shell contrast for 0.10 mol dm-3 NaAOT w = 0, 10, and 20 is shown in Figure 4.21, 

with the 0.05 mol dm-3 equivalent shown in Figure 4.22 and the fitting parameters set out 

in Table 4.3. 

 

 

 

Surfactant 
Conc 

(mol dm-3) 
w value 

Guinier SasView 

RGuin 

(Å) 
Rg (Å) Model 

Rfit (Å) 

± 0.1 
L (Å) ± 1 Φfit Φcalc 

NaAOT 

0.10 

10 12.8 18.2 Rigid rod 14.1 214 0.022 0.020 

20 19.9 28.2 Rigid rod 25.6 240 0.041 0.040 

0.05 

10 13.2 18.6 Rigid rod 15.9 150 0.011 0.010 

20 21.0 29.7 Rigid rod 26.5 160 0.012 0.020 
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Figure 4.21: SANS profiles of 0.10 mol dm-3 NaAOT shell contrast w = 0 (sphere), w = 10, 

and w = 20 (rigid rod/cylinder). Measurements were carried out on SANS2D, ISIS, UK. T 

= 25 ℃. 

 

 

Figure 4.22: SANS profiles of 0.05 mol dm-3 NaAOT shell contrast w = 0 (sphere), w = 10, 

and w = 20 (rigid rod/cylinder). Measurements were carried out on SANS2D, ISIS, UK. T 

= 25 ℃. 
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Table 4.3: Parameters obtained from Guinier, Porod, and model fitting analyses on SANS 

data of 0.10 and 0.05 mol dm-3 NaAOT shell contrasts w = 0, w = 10 and w = 20. 

Backgrounds were set 0.025 for 0.10 mol dm-3, and 0.013 for 0.05 mol dm-3. The 

polydispersities in radius were found to be 0.076, 0.216, 0.219, 0.086, 0.173, and 0.200 

going down the table. Φcalc is the calculated volume fraction and Φfit is the fitted volume 

fraction/scale parameter. 

 

As Figure 4.21 and Figure 4.22 show, there is a clear micellar shape transition from 

spheres at w = 0 to rigid rods at w = 10 and w = 20. This is reflected in the fitting parameters 

shown in Table 4.3. As more water was introduced to the system, the microemulsion 

droplet radii increase for both 0.10 and 0.05 mol dm-3, as well as slightly increasing in 

micellar lengths – consistent with the results found for the core contrasts. Decreasing the 

concentration from 0.10 to 0.05 mol dm-3 also saw a decrease in micellar lengths but similar 

micellar radius. 

With the confirmation that NaAOT forms both spherical and cylindrical micelles in 

dodecane, these systems can be investigated through solid/liquid cell reflectivity to see if 

there is adsorption at the metal interface, and also on the MTM to obtain traction coefficient 

information to see if the shape of the micelles affects friction reduction. 

 

 

 

Surfactant 

Conc 

(mol 

dm-3) 

w 

value 

Guinier Porod SasView 

RGuin 

(Å) 

Rg 

(Å) 

RPorod 

(Å) 
Model 

Rfit 

(Å) 

± 

0.1 

Thickness 

(Å) ± 0.1 

L 

(Å) 

± 1 

Φfit Φcalc 

NaAOT 

0.10 

0 12.7 16.4 16.1 Sphere 15.4 - - 0.026 0.045 

10 18.7 26.4 - 
Rigid 

rod 
13.1 10.0 208 0.039 0.065 

20 27.9 39.5 - 
Rigid 

rod 
25.7 9.2 217 0.058 0.085 

0.05 

0 12.6 16.3 16.1 Sphere 15.6 - - 0.014 0.023 

10 18.9 26.8 - 
Rigid 

rod 
12.6 12.2 114 0.016 0.033 

20 29.3 41.4 - 
Rigid 

rod 
24.2 12.1 150 0.020 0.043 
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4.3.3 Solid/liquid cell neutron reflectivity 

This worked aimed to characterise the behaviour of NaAOT with and without water  

(w = 0 and w = 10) at the iron oxide/dodecane interface in a solid/liquid cell made up of an 

iron-coated silicon substrate.  

The solid-liquid cell was first characterised against dodecane with two contrasts of 100%  

d26-dodecane and h26-dodecane at 25 ℃, the reflectivity profile and model fit can be seen 

in Figure 4.23. The Kiessig fringes arising from the iron coating on the substrate gave a 

thickness of 216 Å which is in reasonable agreement with literature findings of iron coating 

thicknesses of  186 Å and 191 Å by Armstrong et al.16. From this work it was expected for 

there to be an iron oxide layer and an unknown “Adventitious Layer” (Adv) present at the 

interface which is postulated to have arisen from impurities or adsorbed gaseous species, 

but has not yet been fully characterised.16 Both these layers contribute to the Kiessig fringe 

spacings. The layer thickness of iron oxide in this work was found to be 36.6 ± 2.3 Å and 

the Adv layer was found to be 12.6 ± 2.3 Å thick. 

 

Figure 4.23: Neutron reflectivity profiles and their associated model fits for  

d-dodecane (ddod) and h-dodecane (hdod), separated by multiplication of an arbitrary 

factor for clarity. 

 

A solution of 0.05 mol dm-3 NaAOT w = 0 in d-dodecane was injected into the solid-liquid 

cell before reflectivity measurements were taken. An aliquot of 5 mL d-dodecane was then 
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flushed through the cell before reflectivity was re-measured to check for any adsorption of 

surfactant onto the substrate. These reflectivity profiles are shown in Figure 4.24 a) and 

b).  

a) 

 

b) 

 

Figure 4.24: a) The neutron reflectivity profiles of NaAOT w = 0 in d-dodecane (ddod), 

NaAOT w = 0 post 5 mL aliquot washing of d-dodecane, and pure d-dodecane, each with 

the model fits and separated by multiplication of an arbitrary factor for clarity. b) The raw 

reflectivity profiles with no model fits for ease of viewing differences in Kiessig fringes. 

 

The shift in the Kiessig fringe (explanation of Kiessig fringes in Appendix A) amplitude 

from 100 % d-dodecane to the system containing NaAOT seen in Figure 4.24 b) suggests 

that while the overall thickness of the interface has remained similar, the SLD of the layer 

may have changed. Neutron reflectivity intensity is mostly affected by SLD differences 

(Equation A.7 in Appendix A), and with the assumption that the substrate was not 

drastically altered after the addition of the surfactant, this implies that NaAOT has adsorbed 
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and changed the SLD of the interfacial layer. Washing the substrate with 5 mL d-dodecane 

removed some of the NaAOT (again indicated by the change in interfacial layer SLD), 

however, the difference in reflectivity profiles of the 100% d-dodecane and the post 5 mL 

washing indicate that NaAOT has adsorbed onto the surface and was not all removed. If all 

the surfactant had desorbed after the washing, it would be expected that the reflectivity 

would revert to the surfactant-free 100% d-dodecane profile. From the fitting of the data, 

it was found that the thickness of the AOT layer was 16.5 ± 2.0 Å and post washing was 

15.6 ± 3.4 Å. By using Equation 4.2, the surface excess (the concentration of surfactant at 

the interface) was found to be 4.27 ± 0.5 x 10-6 mol m-2. Comparing this to the air-water 

interface, 𝛤𝐶𝑀𝐶 of NaAOT was reported to be 2.21 x 10-6 mol m-2.27 

𝛤𝐴𝑂𝑇 =  
𝑑 ×(1−∅𝑠𝑜𝑙𝑣𝑒𝑛𝑡)× 𝑆𝐿𝐷𝐴𝑂𝑇

𝑆𝐿𝐴𝑂𝑇×𝑁𝑎
   Equation 4.2 

Where 𝑑 is the AOT thickness, ∅𝑠𝑜𝑙𝑣𝑒𝑛𝑡 is the solvation, 𝑆𝐿𝐷𝐴𝑂𝑇 is the SLD of the NaAOT 

surfactant, 𝑆𝐿𝐴𝑂𝑇 is the scattering length of the NaAOT surfactant, and 𝑁𝑎 is Avogadro’s 

number. 
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a) 

 
b) 

 
Figure 4.25: a) The neutron reflectivity profiles of NaAOT w = 10 with the various 

contrasts of D2O or H2O in d-dodecane (ddod) or h-dodecane (hdod) with their model fits 

and separated by multiplication of an arbitrary factor for clarity. b) The raw reflectivity 

profiles with no fitting lines to show differences in Kiessig fringes. 

 

 

The characterisation of 0.05 mol dm-3 NaAOT in dodecane containing w = 10 of different 

contrasts were carried out in order to gain clear structural information of the layers at the 

interface, the reflectivity profiles of which can be seen in Figure 4.25 a) and b). The 

thickness of AOT plus w = 10 water was found to be 19.9 ± 1 Å. Comparing this to the 

thickness of water-free AOT at the interface (16.5 Å) shows that the addition of water 

causes a swelling of the layer thickness at the metal surface. The surface excess of NaAOT 

was calculated to be 2.32 ± 1.4 x 10-6 mol m-2 and the water surface excess was calculated 

to be 5.61 ± 2.7 x 10-5 mol m-2. Therefore, by calculating the local hydration ratio of  
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water : NaAOT to be 24:1, suggests that a portion of water must partition out from the 

micelles to form a layer of water at the metal surface. 

 

4.3.4 Mini-Traction Machine (MTM) 

MTM measurements were carried out at Infineum UK Ltd to gain tractional information 

with regards to the two micellar shapes that NaAOT in dodecane provide, to see if micellar 

shape affects friction. 

The MTM profiles for 0.05 mol dm-3 NaAOT in dodecane with increasing w value  

w = 0, w = 10, and w = 20 are shown in Figure 4.26, with the higher concentration 

equivalent (0.10 mol dm-3) shown in Figure 4.27. These experiments were carried out at 

25 ℃. The pure solvent dodecane was also plotted for comparison. 

 

Figure 4.26: MTM profiles of 0.05 mol dm-3 NaAOT in dodecane w = 0, w = 10, and  

w = 20 with the pure solvent dodecane plotted as comparison. T = 25 ℃. 
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Figure 4.27: MTM profiles of 0.10 mol dm-3 NaAOT in dodecane w = 0, w = 10, and  

w = 20 with the pure solvent dodecane plotted as comparison. T = 25 ℃. 

 

As the SANS analysis found, 0.05 mol dm-3 NaAOT w = 0 dry reverse micelles exist as 

spheres with radius of 16 Å (Figure 4.21 and 4.22 and Table 4.3), and with the addition 

of water to w = 10 and w = 20, transitioned to form rigid rod microemulsion droplets with 

a radius of 24.8 and 36.5 Å, and lengths of 114 and 150 Å respectively. From observing 

the MTM profiles seen in Figure 4.26 and 4.27, w = 0 micelles appeared to  give lower 

traction coefficients than pure dodecane over the whole range of rolling speeds used. By 

introducing water into the systems of w = 10 and w = 20, lower traction coefficients than 

the pure dodecane at the higher rolling speeds were generally produced. At lower rolling 

speeds where the boundary regime becomes more significant, the traction coefficients rose 

to higher than that of pure dodecane.  

The spherical dry reverse micelles of NaAOT/dodecane appear to give lower traction 

coefficients towards the boundary regime than the systems consisting of rigid rod 

NaAOT/dodecane micelles. These results appear to debunk assumptions that cylindrical 

micelles are more efficient at friction reduction than spherical micelles, although it is 

important to note that this is only one system under investigation and more work will need 

to be done to gain a greater understanding on how micelles behave at the metal interface. 
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Combining these observations with that of the solid/liquid cell reflectivity results (which 

suggest that as water is introduced to the system, a water-rich layer forms at the metal 

surface) may explain why at lower rolling speeds, the traction coefficient is higher. Water 

is known to be a poorer friction modifier than those of organic origin so it is understandable 

how this might impact the traction coefficients. 

These results are a very preliminary attempt at trying to test systems developed in the lab 

with industrial techniques. They initially signify that trying to quantify whether a shape of 

micelles will affect friction reduction is a matter of great complexity that needs more work. 

Additionally, these results only consider one surfactant system that forms spheres and rigid 

rods, which poses the question of what would the result be if the micellar system existed 

as a flexible cylinder, and would an entirely different surfactant system behave the same.  

 

4.4 Conclusions 

The microfluidic shearing on the various microemulsion systems of NaAOT w = 5 revealed 

two peaks in the size distribution profiles, one between ~ 4 and 10 nm, and a second peak 

at much larger sizes. The origin for the second peak is unknown as this size range was 

unable to be accessed by the SANS experiments conducted during this project, but a 

possible explanation may be an aggregation of micelles that move and separate from each 

other, hence why this peak is so broad. Carrying out a dilution series investigation for all 

NaAOT w = 5 without (x = 0) and with (x = 0.1, 0.2, and 0.3) NaC2 hydrotrope showed 

little change to the size distributions, an aspect that is consistent with what was found 

through SANS analyses of 0.10 and 0.05 mol dm-3 concentrations. The post-shearing 

profiles for NaAOT w = 5 x = 0 saw a large shift of the second broad peak to smaller sizes, 

which over the course of 94 hours had started to revert to the original pre-shear profile. The 

more hydrotrope that was added in, and as the micellar system transitioned from spherical 

to rigid rods to flexible cylinders, the less impact shearing had. Either the system reverted 
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to the original pre-shear sizes quicker than a DLS measurement was taken, or it was not 

affected at all. 

Interestingly, DDAB w = 5 (which SANS analysis on 0.10 mol dm-3 deemed as rigid rods) 

saw a clear transition to smaller aggregate sizes post shear which was consistent with the 

systems of NaAOT w = 5 x = 0.1 NaC2 and Mg(AOT)2 w = 10 (although no definitive 

aggregate sizes could be determined for the latter, the post shearing profiles exhibited a 

clear shift to smaller sizes). However, DDAB w = 10 which SANS analysis suggest 

spheres, saw no change which was the opposite of what was observed for the NaAOT  

w = 5 x = 0.  

NaAOT/dodecane w = 0, w = 10, and w = 20 micellar systems were characterised by SANS 

as dodecane provided an alternative solvent which would be more compatible with the 

solid/liquid cell and MTM equipment than cyclohexane. Through carrying out core and 

shell contrast SANS, w = 0 were confirmed to be spherical, with w = 10 and w = 20 being 

rigid rods. 

Solid/liquid cell reflectivity results found that NaAOT adsorbed onto the metal surface, and 

by introducing water into the system, swelled the interface layer. With the local hydration 

ratio calculated as 24:1 water:surfactant, this suggests that a water-rich layer forms at the 

metal surface. 

MTM results showed that w = 0 spherical reverse micelles exhibited traction coefficients 

close to that of pure dodecane over the range of rolling speeds. By introducing water into 

the system, generally higher traction coefficients were exhibited across both concentrations 

at lower rolling speeds than that of pure dodecane (as the boundary region is approached) 

but exhibited lower traction coefficients at higher rolling speeds. These MTM results 

indicate that predicting whether spheres or cylinders are best for friction reduction is still a 

complicated matter. The MTM results initially indicate that having rigid rod micellar 

shapes do not improve friction, however with the combination of results obtained from the 



 

183 

 

solid/liquid cell reflectivity, it may be a case of a water-rich layer forming at the metal 

surface which impacts friction. Only one type of system was able to be tested however, so 

it is obvious that there still needs to be work done in this area, however this investigation 

has been the preliminary first step in trying to identify a system that is compatible and 

compliant with industrial equipment and procedures, while still attempting to gain an 

understanding on how these surfactant systems operate under shear, and whether the shape 

can affect friction reduction. 

These experiments with regards to the microfluidic shearing of NaAOT, DDAB, and 

Mg(AOT)2 in cyclohexane, the use of solid/liquid neutron reflectivity, and a mini-traction 

machine to examine how NaAOT-dodecane system (with and without water) behaves at 

the interface and under shear has not been done previously within literature. It offers a first 

step into attempting to bridge the gap between laboratory findings and real-life conditions 

found within an ICE, to help aid with future design of lubricants. 
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Chapter 5 

Conclusions and future work 

5.1 Conclusions 

This thesis describes an investigation of methods to induce a spherical to cylindrical 

micellar transition, how these systems may be tuned through combinations of these factors, 

and explores how these systems may behave when at the metal interface, and under shear. 

The main aim of this work has been to gain an insight into behaviours of reverse micellar 

systems, and whether the shape of the reverse micelles is an important aspect to consider 

when designing future lubricant additives with the aim of reducing friction within an ICE, 

and reduce the release of CO2 emissions into the atmosphere. 

The first chapter focused on collating the various methods within literature that instigate 

micellar shape transitions between spheres, rigid rods, and flexible cylinders. The chemical 

approaches utilised throughout this project were exchanging counterion identity1–3 from 

NaAOT to Mg(AOT)2, Co(AOT)2, and Ni(AOT)2, hydrotrope doping4–8 by using NaC2, 

NaC4, NaC6, and NaC8, and water content variation9–11 for example w = 5 and w = 10. 

Micellar shape transitions from spheres to cylinders usually came with a change in fluid 

viscosity that was reflected in the capillary viscometry results. Spherical micelles NaAOT 

w = 5 and DDAB w = 10 gave an intrinsic viscosities of 2.6 that was close to the literature 

expectation of 2.5 for spherical micelles.12,13 For systems that were anisotropic, this value 

was a lot larger (ranged from 5 to 14). The shapes and sizes of the microemulsion droplets 



188 

 

were also resolved using SANS. Droplet and shell contrasts of the DDAB w = 10 

microemulsion confirmed the presence of spherical micelles with a “stickiness” parameter 

associated, which became cylindrical micelles as water content decreased to w = 5. The 

exchange of sodium counterion to magnesium, cobalt, or nickel saw a micellar shape 

transition with the latter two forming long flexible cylinders, and the former creating rigid 

rods. The introduction of NaC2 hydrotrope into the microemulsion system of 

NaAOT/cyclohexane induced a micellar shape transition from spheres to rigid rods but it 

was also observed that by increasing the concentration of NaC2 from x = 0.1 to x = 0.3 

induced a further axial elongation towards flexible cylinders. Consideration as to how these 

transitions took place were also discussed; whether it be regarded through the insertion of 

the hydrotrope that affects the packing parameter, or by considering the theory of the 

surfactant film bending energy model.14–16 

The next question to address was whether through combining these methods of inducing a 

micellar shape transition, an element of tuneability could be unlocked. Phase behaviour 

studies were conducted on combinations of the surfactants NaAOT, Mg(AOT)2, 

Co(AOT)2, Ni(AOT)2, and DDAB with x = 0 and x = 0.1 of NaC2, NaC4, NaC6, and NaC8 

hydrotropes to gain information on stability regions as a function of temperature and water 

content, and to see the effect these hydrotropes may have at the interface of the micelles 

that can alter stability. The x = 0 phase behaviour diagrams that were replicated from 

literature (to ensure consistency when carrying out visual inspections that can often be 

ambiguous) were all consistent with literature,2,11,17 with NaAOT’s solubilisation capacity 

seeming to expand with x = 0.1 NaC4 and NaC6 hydrotropes introduced, but contract with 

NaC2 and NaC8 hydrotropes. Mg(AOT)2, and Co(AOT)2 each exhibited a consistent low 

w value temperature invariance, with the Co(AOT)2 phase stability diagram echoing the 

transition from L2-microemulsion to L2-C6H12 to L2-microemulsion that was first seen for 

Ni(AOT)2 x = 0. Ni(AOT)2 had a stability region that contracted as the hydrotrope alkyl 

chain length increased until NaC8 where there was no point on the phase map that was 
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stable. And finally, DDAB produced a phase stability diagram with a L2-microemulsion 

region first expanding with NaC2, before contracting to a similar shape for x = 0.1 of NaC4, 

NaC6, and NaC8 to that of the hydrotrope-free DDAB microemulsion. 

SANS measurements were conducted within regions of stability for two main 

investigations; the impact of increasing the amount of hydrotrope doped into a system from 

x = 0 to x = 0.3 (x = [hydrotrope] / [surfactant]), and the impact of increasing the alkyl 

chain length of the hydrotrope from NaC2 to NaC8 while maintaining the concentration at 

x = 0.1. This work of introducing hydrotropes to water/cyclohexane microemulsions 

stabilized by NaAOT, Mg(AOT)2, Co(AOT)2, Ni(AOT)2, or DDAB surfactants is novel. 

The increase of hydrotrope concentration within the systems of NaAOT and Mg(AOT)2 

prompted axial elongation that transitioned the micellar shape towards flexible cylinders. 

For Co(AOT)2 and Ni(AOT)2, these already existed as flexible cylinders but by increasing 

x to 0.3 axial growth went beyond the capability of what SANS could capture in this 

experimental system. Interestingly though, the opposite was observed for DDAB w = 5 

which saw rigid rod lengths decreasing as x increased. Moreover, changing the identity of 

the hydrotrope from NaC2 to NaC8 elicited little change to the micellar shapes and sizes 

for each surfactant, a surprising result given how much these hydrotropes influenced the 

phase behaviour. 

A selection of micellar systems with various shapes and surfactant identities were made 

and sheared using a microfluidic rig, in conjunction with DLS measurements before and 

after shearing to identify any size domain changes that may have occurred. Aggregate size 

distribution profiles indicated that for NaAOT w = 5 microemulsions, there were two size 

domains present. One between ~ 4 – 10 nm and the other at much larger sizes, the origin 

of which is currently unknown. Shearing x = 0 and x = 0.1 (SANS analysis of x = 0.1 

indicate rigid rod micelles) saw a clear and distinctive shift of this second peak to smaller 

sizes that after time began to revert to the original pre-shear profile. The flexible cylinders 

of x = 0.2 and x = 0.3 did not demonstrate any change post shearing from the original 
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profile, indicating that either the micellar system reverted to the original size domains more 

quickly than the DLS measurements could be made, or were not affected at all. 

DDAB w = 5 SANS analysis indicated rigid rod micelles as well that were also affected by 

shearing. This time with only one aggregate domain size peak that shifted to a smaller size 

post shearing. DDAB w = 10 spherical micelles however, were not affected by shear - 

opposite to what was observed for the NaAOT w = 5 x = 0 spherical micellar size 

distribution profile. 

Mg(AOT)2 size distribution profile indicated large transient aggregates that DLS analysis 

could not further define, however it did show a transition post shear to smaller aggregate 

sizes. Considering the SANS analyses on 0.10 and 0.05 mol dm-3 Mg(AOT)2 w = 10 

indicate rigid rod micelles - this is consistent with that was found for NaAOT w = 5 x = 0.1 

NaC2, and DDAB w = 5. 

Finally, investigations into how these reversed micelles and microemulsions behave at the 

metal/liquid interface, and whether any conclusions could be drawn regarding friction 

reduction were carried out. Through collaborations and subsequent access to alternative 

analytical techniques, an alteration to the surfactant system from NaAOT/cyclohexane to 

NaAOT/dodecane had to be made. Despite this fundamental change, the shapes of spheres 

vs cylinders could still be compared. Using a NR-compatible solid-liquid cell, it was 

possible to observe that NaAOT adsorbed onto the surface of the substrate, and with the 

addition of water, this adsorbed alongside the NaAOT surfactant at the metal surface and 

formed a water-rich layer. These observations could explain why the NaAOT dry reverse 

micelles gave lower traction coefficients at lower rolling speeds when carrying out MTM 

measurements, compared to the systems containing w = 10 and  

w = 20. These gave higher traction coefficients as the rolling speeds decreased towards the 

boundary regime, possibly due to a water-rich layer at the metal surface, which does not 

act as an efficient friction modifier. 
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These are interesting initial steps in gaining an insight into how these micellar systems can 

reduce friction, however more work needs to be carried out on other micellar systems of 

various shapes and of different chemical make up to be confident that the shape of the 

micelles affect friction. 

 

5.2 Future work 

There are other areas surrounding this work that could be investigated to gain a greater 

understanding of how hydrotropes behave within micellar systems, and the extent to which 

having spherical or cylindrical micelles determine friction reduction. 

1) Throughout this project there has been a focus on the effect of anionic hydrotropes 

within the surfactant systems. Investigations with regards to cationic hydrotropes 

would be interesting to explore, especially to compare with how it might affect the 

spherical to cylindrical transition for the anionic AOT surfactants vs the cationic 

DDAB surfactant. Using tetraalkylammonium salts would be a good starting point 

as elongation along the alkyl chain could provide a direct comparison to the length 

of alkyl chains of the hydrotropes used in this project.18,19  

2) All work presented here has been carried out at 25 ℃ and 1 atm. Consequently, it 

may be useful to investigate the effect of pressure and temperature upon the 

micellar systems within this project. Understanding how these reverse micellar 

systems behave at the metal interface and under shear in these experimental 

environments would provide an insight to how these species might behave when 

within an ICE. Key to this would be carrying out pressure and temperature studies 

that could potentially enable a greater understanding of the behaviour of these 

systems in conditions more similar to a real-life ICE. Furthermore, the possibility 

of running engine tests with these surfactant systems could give information with 
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regards to how they behave in a real situation and encompass the most extreme of 

testing conditions. 

3) Further investigations looking into how these micellar systems behave under shear 

could be attainable if a SANS-compatible tribometer or SANS-compatible 

microfluidic rig was used. Real time information can be gathered on how these 

micellar systems behave when under the influence of shear. 

4) It would be beneficial to delve deeper into why DDAB behaves oppositely to that 

of NaAOT and other anionic surfactants, especially when hydrotropes are added 

in. The peculiar nature of the phase behaviour seen through this work with regards 

to NaC2 stabilising the surfactant interface (seen by the large solubilization 

capacity) but as hydrotrope alkyl chain length increases, appears to revert to the 

pre-hydrotrope phase behaviour signals that there is not as much 

hydrotrope/surfactant competition at the interface. In addition to this, SANS results 

revealed that there is not a large impact upon the micellar shapes despite this alkyl 

chain increase. Potentially further experiments need to be undertaken – possibly 

using SANS to exploit contrast (i.e., deuterating the hydrotrope or surfactant) in an 

attempt to uncover where the hydrotropes reside within the micelle.  

5) Now that a NaAOT/dodecane micellar system with accessible spherical and 

cylindrical micellar shapes has been determined, it would be interesting to apply 

these systems to microfluidic shearing, as discussed in Chapter 4. So far, only 

NaAOT microemulsions in cyclohexane has been investigated so it would be 

interesting to compare the results to see if they behaved in a similar manner. 

Alternatively, it could be instructive to find an alternative system of 

NaAOT/dodecane that exist as flexible cylinders to gain a greater insight into how 

these shapes may affect friction.  

6) Long term future work could be designing a new novel instrument which has the 

combined elements of high shear rates, is compatible with neutron scattering (so 

the advantages of contrast can be exploited and real time live results can be 
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obtained), and has a metal surface is recommended. All these aspects can be used 

in conjunction to study surfactant systems with and without water, with any solvent 

type (if it is a closed system then the risk of solvent evaporation and fire hazards is 

eliminated) which will help replicate more closely the conditions within an ICE, 

and can help understand more thoroughly why and how certain surfactant systems 

behave as they do, and to help gain an insight into surfactant design for the 

development of future super-efficient lubricants.  
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Appendix A 

Neutron scattering theory 

A.1 Scattering 

Scattering of incident radiation by experimental samples can be a highly powerful analysis 

technique with its ability to give information and insight into the structure and behaviour 

of a wide variety of materials. This chapter aims to introduce the three main techniques of 

scattering relevant to this thesis, with a particular focus on summarising small-angle 

neutron scattering theory and how it can be used to determine micellar structures, sizes, 

shapes, and composition. This is preliminary information, and greater detail regarding these 

techniques can be found within literature.1,2  

Typically colloidal dispersions have sizes ranging between 10 – 10,000 Å so to maximise 

the usefulness of scattering, it is important to use a technique with a wavelength that suits 

this lengthscale.3 Visible light (λ = 4000 - 8000 Å), X-rays (λ = 0.5 – 2.3 Å), and  

neutrons  (λ = 0.1 - 30 Å) are all methods that could be used. Micelles and microemulsions 

typically have sizes of approximately 10 - 100 Å so tend to be characterised best by small-

angle X-ray scattering and small-angle neutron scattering, whereas colloidal particles with 

sizes larger than this light scattering may be more appropriate instead.4 
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Table A.1 summarises the advantages and disadvantages of the three techniques for 

scattering experiments. Visible light relies on the differences in refractive index between 

the particles and solvent media to give enough of a contrast for the particle size to be 

determined. X-ray scattering depends on the differences in electron density between the 

atoms within the system to get in-depth structural information, whereas small-angle 

neutron scattering is dependent upon the use of scattering lengths of nuclei, and hence 

scattering length densities of material components between the particle and solvent, but 

there will be more information on this later in the chapter. 
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Table A.1: Highlighting the characteristics and main advantages/disadvantages of each 

scattering technique. 

Technique 

Typical 

length 

scales (Å) 

Mode of 

scattering 
Advantages Disadvantages 

Visible 

light 

2500 – 

250,0005 

Refractive 

index 

Readily available in 

many laboratories, 

suitable for large 

colloidal particles, 

quick results 

Need dust-free, transparent 

samples. Only gives an 

estimate of size i.e., 

determines the 

hydrodynamic radius that 

includes the solvent 

sphere. If refractive index 

of particle and size are too 

similar, size determination 

becomes difficult.  

X-rays 1 – 25,0005 Electrons 

Quick. Detailed 

structural 

information, small 

sample volume 

needed. Laboratory 

sized X-ray scattering 

equipment is 

available. Can run 

translucent or opaque 

samples. Low 

background.6  

If unable to generate 

resolution needed in the 

lab, synchrotron facilities 

can be used but these are 

expensive and competitive 

in comparison. Destructive 

to sample. Organic 

systems that contain heavy 

and light atoms may find 

the heavier atoms 

dominating the scattering.7  

Neutrons 5 – 10,0005 Neutrons  

Uncharged so can 

penetrate bulk of 

materials, therefore 

more complex sample 

environments can be 

used. Non-destructive 

to the sample - ideal 

for biological 

systems. Neutrons 

have a magnetic 

moment that can be 

exploited for 

magnetic structure 

studies.7  Possible to 

run translucent or 

opaque samples. 

Contrast variation (to 

be explained later) 

can give greater 

structural 

information.4 

Need use of external 

facilities, therefore 

expensive and competitive. 

Longer measurement times 

due to lower flux, 

possibility of radioactive 

material after experiment. 

Building nuclear reactors 

as a means of generating 

neutrons can be 

controversial. 
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Throughout this project, small-angle neutron scattering has been used as the main 

technique, therefore the rest of this chapter will focus on the generation and theory behind 

neutrons and small-angle neutron scattering and how it can be used to resolve micellar 

structure. 

A.2 Neutron sources 

The two main ways in which neutrons can be generated is through a nuclear fission process, 

or via a spallation-based source. These two methods are utilised by Institut Laue-Langevin, 

ILL (Grenoble, France) and ISIS Neutron and Muon Source (Didcot, UK) respectively, a 

summary of these two processes are given below. 

Neutron fission source 

Nuclear fission is the process where a heavy unstable nucleus splits into lighter parts with 

the release of neutrons, 𝛾-rays, and other subatomic particles. This process occurs within a 

nuclear reactor source, and it is the fission of 235U that generates a high and constant flux 

of neutrons from the reactor core.1 A large tank of D2O surrounds the reactor to cool the 

nuclear core, and to moderate the neutrons. The fast neutrons with high energies are 

reduced by the continuous collision with the deuterium atoms of D2O and with the presence 

of a “cold source” within the tank that consists of a liquid deuterium fridge.7 To increase 

the energy (shorter wavelengths) of neutrons that are too slow, there are “hot sources” 

within the tank, which are large blocks of graphite that have a temperature of approximately 

1700 ℃.2 This extreme heat is not caused by any electrical heating, but from collisions 

between high-energy neutrons and the graphite. Evacuated or inert gas filled aluminium 

beam tubes protrude out from the reactor vessel to allow for a selection of neutrons to travel 

through them. By using velocity selectors through a mechanical chopper, neutrons with a 

narrow wavelength distribution can be achieved for use in scattering experiments.7 To 

ensure a wide Q range can be accessed, there is a moveable detector behind the sample that 

changes the sample-to-detector distance, and therefore, the angle of measurement. For 
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example, the instrument D11 at ILL, France allows for the sample-to-detector distances to 

be 4, 8, and 40.5 m. 

Spallation-based source 

An alternative method for generating neutrons is based on the accelerator technology used 

at synchrotron facilities. A stream of H- ions (produced via electrical discharge) are 

accelerated and injected into the synchrotron ring. Once in there, the two electrons are 

stripped away from the H- ion, producing a proton beam. This is then accelerated further 

before hitting a heavy metal target such as tungsten or tantalum within the experimental 

halls. The collision of the proton beam with the target displaces neutrons in a process called 

spallation. Moderators are still needed with this technique to slow down the extremely fast 

neutrons to a speed more suitable for scattering measurements but are not as heavily 

moderated than at the ILL, meaning that there is a higher intensity of neutrons delivered 

for experiments. This is a “time-of-flight” method where the pulsed nature of the source is 

used to determine the wavelength of the neutrons and does not require a moveable detector. 

By recording the time from the start of the proton pulse to the neutrons hitting the detector, 

the length of the flight path, the neutron velocity, and the wavelength can be calculated.7,8  

A.3 Basics of small-angle neutron scattering 

The change of momentum, P, and energy that occurs once a neutron has interacted with a 

sample result in scattering. There are four variations of scattering which should be defined 

before we delve into the technique further. Elastic scattering (when there has been no 

energetic loss of the incident beam, only a change in scattering vector), inelastic scattering 

(where an interaction between the incident beam and the sample has caused an energetic 

loss or gain, along with a change in scattering vector), coherent scattering (a fixed phase 

relation relative to initial wave so that interference between the two can be observed), and 

incoherent scattering (when scattering from the scatterer is random). For a more detailed 
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insight into these types of scattering, many books provide a comprehensive explanation of 

these.1,2 

A monochromatic incident beam with wavelength 𝜆 is passes through the sample. As the 

radiation is scattered at an angle, this scattered radiation is then detected via a detector 

behind where the sample is situated. The scattering vector or momentum transfer (𝑄) is of 

importance as it inversely proportionally determines the length scale of the scattering i.e., 

to study larger structures, a lower 𝑄 is needed. For elastic scattering, 𝑄 is given by the 

magnitude of the incident neutron wavevector 𝑘𝑖 minus the magnitude of the scattered 

neutron wavevector 𝑘𝑓 – as shown in Equation A.1 and Figure A.1. 

𝑄 =  𝑘𝑖 − 𝑘𝑓    Equation A.1 

 
Figure A.1: Depiction showing the relationship between 𝑄, 𝑘𝑖, 𝑘𝑓 and θ when a 

monochromatic incident beam interacts with the sample and produces a scattered beam 

that is picked up by the detector. 

 

The combination of the scattering angle and the wavelength 𝜆  of the beam in  

Equation A.2 gives the scattering vector 𝑄, with the distance being measured roughly 

estimated by Equation A.3.1,2 

𝑄 =
4𝜋

𝜆
𝑠𝑖𝑛𝜃    Equation A.2 

𝑄 =
2𝜋

𝑑
     Equation A.3  
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When utilising X-ray or small-angle neutron scattering, the “scattering length” (𝑏 value) of 

the atom nuclei that make up the particles need to be considered. The scattering length is 

the strength of interaction between a neutron and the nuclei of an atom. The 𝑏 value can be 

determined by a straightforward relationship: 

𝑏 =  𝑏0𝑧 𝑏0 = 0.282 × 10−12𝑐𝑚 Equation A.4 

where 𝑧 is the number of electrons in the atomic shell. Contrastingly, the 𝑏 value for  

small-angle neutron scattering relies on the nuclear interaction of atomic nuclei only. The 

calculation of 𝑏 has not been solved and instead, the values have been experimentally 

determined.9,10 Table A.2 shows a range of elements and their associated neutron and X-

ray scattering lengths. It can be observed that X-ray scattering lengths increase as 𝑧 

increases for each element whereas neutrons do not.  

Table A.2: Neutron and X-ray scattering length examples of a typical variety of elements 

that may be studied. 

𝒃 value  

(x 10-13 cm) 

Element 

H D C N O Na P S 

Neutron -3.74 6.67 6.65 9.36 5.80 3.63 5.13 2.85 

X-ray 2.81 2.81 16.9 19.7 22.5 31.0 42.2 45.0 

 

By knowing the 𝑏 values of the atoms that make up the matter being studied, the scattering 

length density (𝑆𝐿𝐷) can be determined through Equation A.5. It is essentially the strength 

of which the matter under study can scatter neutrons The scattering length density (𝑆𝐿𝐷) 

takes into account all the scattering lengths of the compound and not just individual atoms. 

𝑆𝐿𝐷 =
1

𝑉𝑚
∑ 𝑏𝑗   Equation A.5 

where 𝑏𝑗 is the scattering lengths of the aggregate, and 𝑉𝑚 is the molecular volume. 𝑉𝑚  is 

calculated by using Equation A.6. 

𝑉𝑚 =  
𝑀𝑤

𝜌 𝑁𝑎
    Equation A.6 



  

203 

 

Where 𝑀𝑤 is the molecular weight, 𝜌 is the density, and 𝑁𝑎 is Avogadro’s number.  

Table A.3 shows values for commonly used example H/D materials in small-angle neutron 

scattering experiments, with their densities shown. 

Table A.3: Examples of commonly used H/D materials and their associated SLD values for 

small-angle neutron scattering experiments. 

Compound Density (g/cm3) SLD (x 10-6 Å-2) 

H2O 1.00 -0.56 

D2O 1.11 6.39 

d-cyclohexane 0.79 -0.28 

h-cyclohexane 0.89 6.70 

h-NaAOT 1.00 0.56 

d-NaAOT 1.00 5.34 

 

The significant differences in scattering lengths for various elements that feeds into the 

SLD calculation gives small-angle neutron scattering the advantage of “contrast variation”. 

For example, from Table A.2, hydrogen has a scattering length of -3.74 x 10-13 cm 

compared to deuterium which has a scattering length of 6.67 x 10-13 cm. It is through these 

differences in scattering length that mean H2O and D2O have different scattering length 

densities – as is seen in Table A.3, (scattering lengths of -0.56 x 10-6 cm vs  

6.39 x 10-6 cm respectively). Other components that can make up a NaAOT in cyclohexane 

microemulsion are also in Table A.3 to show that by isotopically labelling the micellar 

core, surfactant, and solvent, a greater depth in structrual information can be extracted. 

Figure A.2 depicts the various ways in which contrast variation can be utilised to gain 

information on the radius of the micellar core (Rcore), and the micellar droplet (Rdrop) by 

essentially making regions of the micelle “invisible”.6 By considering both types of 

experiments, the micellar shell thickness can be determined. 
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Figure A.2: Three methods of contrast variation in small-angle neutron scattering to get 

inner aggregation structural information. 

 

When analysing the scattering intensities, Equation A.7 is used 

𝐼(𝑄) =  (𝜌𝑃 − 𝜌𝑆)2𝑁𝑃𝑉𝑃
2𝑃(𝑄)𝑆(𝑄)   Equation A.7 

Where 𝜌𝑃 − 𝜌𝑆  denotes the difference in scattering length density of the particle and 

solvent, 𝑁𝑃 is the number density of particles, 𝑉𝑃 is the volume of particles, 𝑃(𝑄) is the 

form factor, and 𝑆(𝑄) is the structure factor. The latter two are 𝑄-dependent whereas the 

first three terms are independent of 𝑄 and account for the absolute intensity of scattering. 

This is often referred to as the scale factor, 𝑆𝐹, which is defined in Equation A.8. 

𝑆𝐹 =  (𝜌𝑃 − 𝜌𝑆)2𝑁𝑃𝑉𝑃
2 =  𝜙𝑃(𝜌𝑃 − 𝜌𝑆)2𝑉𝑃 Equation A.8 

Where 𝜙𝑃 is the volume fraction of particles. By comparing the calculated value of volume 

fraction to the 𝑆𝐹 determined from fitting data, provides a validity check for the selected 

model when analysing SANS data. 

 

 

 

 

 



  

205 

 

Form factor, P(Q) 

The form factor 𝑃(𝑄) is dependent upon the shape of the particle as it considers the 

scattering from within the particle itself. The form factor for spherical particles with radius 

𝑅 is given by Equation A.9,  

𝑃(𝑄, 𝑅) = {
3(𝑠𝑖𝑛𝑄𝑅−𝑄𝑅𝑐𝑜𝑠𝑄𝑅)

𝑄𝑅3 }
2
   Equation A.9 

For cylinders 𝑃(𝑄) is shown in Equation A.10 where 𝑉 is the volume of the cylinder  

(𝑉 =  𝜋𝑅2𝐿), 𝐿 is the length of the cylinder, 𝑅 is the radius of the cylinder, 𝛼 is the cylinder 

axis angle, ∆𝜌 is the 𝑆𝐿𝐷 difference between the particle and the solvent, 𝐽1 is the first 

order Bessel function.  

𝑃(𝑄, 𝛼) =  
𝑠𝑐𝑎𝑙𝑒

𝑉
𝐹2(𝑄, 𝛼). sin(𝛼) + 𝑏𝑐𝑘𝑔𝑛𝑑  Equation A.10 

Where 

𝐹(𝑄, 𝛼) = 2(∆𝜌)𝑉
sin (

1

2
𝑄𝐿 cos 𝛼)

1

2
𝑞𝐿 cos 𝛼

 
𝐽1(𝑄𝑅 sin 𝛼)

𝑄𝑅 sin 𝛼
  Equation A.11 

And for flexible cylinders,  

𝑃(𝑄) =  
𝑠𝑐𝑎𝑙𝑒<𝐹2>

𝑉
+ 𝑏𝑐𝑘𝑔𝑛𝑑   Equation A.12 

Greater detail on these and other shape form factors can be found in literature.11–16 

𝑃(𝑄) describes the scattering profile for dilute non-interacting particles; however, often 

there are interactions between the particles that require the structure factor 𝑆(𝑄) to be 

considered. 
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Structure factor, S(Q) 

The structure factor 𝑆(𝑄) considers the interactions between the particles within the sample 

whether they be attractive, repulsive, or excluded volume. The structure factor for spherical 

aggregates with low attractive interactions can be approximated by a hard-sphere potential, 

𝑆ℎ𝑠(𝑄), given by Equation A.13. 

𝑆ℎ𝑠(𝑄) =  
1

1− 𝑛𝑝𝑓(𝑅ℎ𝑠𝜃ℎ𝑠)
  Equation A.13 

Where 𝑓 is the atomic form factor, 𝑛𝑝 is the number of particles, 𝑅ℎ𝑠 is the hard-sphere 

radius and 𝜃ℎ𝑠 is the hard-sphere volume fraction. For dilute systems of non-interacting 

particles, 𝑆(𝑄) is equal to one. However, for interacting systems this is not the case and 

may benefit from diluting or by the addition of salt to reduce 𝑆(𝑄).4,17,18 

For systems that consist of a hard sphere fluid with a narrow attractive well, a sticky hard 

sphere model with Percus-Yevick closure may be more appropriate. The strength of the 

attractive well is described in terms of stickiness and is defined by Equation A.14: 

𝜏 =
1

12𝜖
exp (

𝑢𝑜

𝑘𝑇
)  Equation A.14 

Where 𝜖 is the perturbation parameter (defined by Equation A.15) and uO is the depth of 

the attractive well 

𝜖 =  
∆

(𝜎+∆)
    Equation A.15 

Where 𝜎 is the hard sphere diameter (𝜎 = 2𝑅) and ∆ is the width of the square well and 

has the same units as 𝑅. It is clear that a larger stickiness parameter means a stronger 

attraction.19,20 

 

 



  

207 

 

A.4 Analysis 

Initial estimates of the size and shape of the aggregates can be achieved through the data 

analysis of the low-𝑄 (Guinier) and high-𝑄 (Porod) regions within a scattering profile. 

Figures A.3 and A.4 give an idea of the areas of interest when probing low and high 𝑄 

within a system, and how that corresponds to a scattering profile.  By applying a few 

assumptions, structural information can be found, the information of which can be found 

below. 

 

 
Figures A.3 and A.4: The low-𝑄 (Guinier) and high-𝑄 (Porod) areas of interest in a 

spherical system, and the corresponding areas on a scattering profile. 

 

 



  

208 

 

Guinier 

The Guinier approximation relates the low-𝑄 region of the scattering profile to the radius 

of gyration (𝑅𝑔), which is the root mean square value of the radius averaged over the 

volume of the particle. At low-𝑄 and for a dilute system, the single particle form factor 

𝑃(𝑄, 𝑅) simplifies to 

𝑃(𝑄, 𝑅) = 1 − 
𝑄2𝑅𝑔

2

3
    Equation A.16 

Rg relates to the shape of the aggregate by: 

• Spheres or cylinders   𝑅𝑔 =  (
3

5
)

1/2
𝑅   Equation A.17 

• Long rods   𝑅𝑔 =  
𝐿

121/2   Equation A.18 

• Thin discs   𝑅𝑔 =  
𝑅

41/2   Equation A.19 

Where 𝑅 is the radius of the sphere, radius of the cylinder, or disc thickness, and 𝐿 is the 

rod length. 

As 𝑆(𝑄) = 1 i.e., it is assumed the system consists of dilute, non-interacting particles, and 

1 −  𝑋2 ≈ 𝑒(−𝑋2), Equation A.6 becomes: 

𝐼(𝑄) =  ∆𝑝2𝑁𝑝𝑉𝑝
2𝑒

(
−𝑄2𝑅𝑔

2

3
)
  Equation A.20 

which can be written as: 

ln[𝐼(𝑄)] = ln[𝐼0] −  
𝑄2𝑅𝑔

2

3
   Equation A.21 

Where the first three parameters of Equation A.20 are related to the scale factor of the 

system as they are independent of 𝑄 and therefore account for the absolute intensity of the 

scattering. Plotting ln[𝐼(𝑄)] vs 𝑄2 for spherical particles should have a linear section until 
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the 𝑄𝑅𝑔 <  √3  limit has been reached. The gradient of this linear section will be −
𝑅𝑔

2

3
 and 

from this 𝑅𝑔 can be calculated. 

The Guinier approximation can be used to assess 𝑅 and 𝑅𝑔 of different shapes by changing 

the functions that are plotted against 𝑄2 such as: 

• Sphere:        𝑙𝑛[𝐼(𝑄)] vs 𝑄2             𝑅 =  √𝑚 × 5       where 𝑚 = gradient = − 
𝑅𝑔

2

3
 

• Cylinder:     𝑙𝑛[(𝐼(𝑄)  ∗  𝑄] vs 𝑄2   𝑅 =  √𝑚 ×  4       where 𝑚 = gradient = − 
𝑅𝑔

2

2
 

• Disk:           𝑙𝑛[𝐼(𝑄)  ∗  𝑄2] vs 𝑄2    𝑅 =  √𝑚 × 2       where 𝑚 = gradient = − 
𝑅𝑔

2

1
 

The most probable particle shape is predicted by which of the three potential plots of  

𝐼(𝑄)  ·  𝑄𝑥 vs Q2 gives a linear gradient within the constraints mentioned. 

 

Porod 

The scattering intensities of the high-𝑄 region are sensitive to local interfacial scattering as 

opposed to overall inter-particle interactions as is seen in Figure A.3. It is this domain that 

the Porod approximation21 can be applied to obtain fractal dimensions of the scatterer. 

The Porod approximation is as follows: 

𝐼(𝑄) = 2𝜋∆𝑝2 (
𝑆

𝑉
) 𝑄−4   Equation A.22 

Where 
𝑆

𝑉
 is the total interfacial area per unit volume of solution (cm-1). The Porod 

approximation is only strictly valid for smooth interfaces, with a 𝑄 range >  1/𝑅. With the 

assumption that all the surfactant molecules are located at the interface, the average area 

per surfactant head group, 𝑎𝑠, can be estimated from the following equation: 

𝑎𝑠 = (
𝑆

𝑉

𝑁𝑠
)    Equation A.23 
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Where 𝑁𝑠 is the number density of surfactant molecules. The particle radius can also be 

estimated from Porod analyses. For example, plotting [𝐼(𝑄)  ·  𝑄4] vs 𝑄 gives an initial 

maximum at 𝑄 ≈  2.7/𝑅 and a minimum of 𝑄 ≈  4.5/𝑅 (as is seen in Figure A.5) for a 

system of monodisperse spheres, hence radius can be determined.  

 
Figure A.5: An example of a [𝐼(𝑄)  ·  𝑄4] vs 𝑄 Porod plot for spherical micelles. 

 

 

Model fitting  

The Guinier and Porod approximations give a first estimation of the size and shape of the 

aggregate. However, they are limited to dilute, non-interacting systems. As previously 

mentioned, these resolutions may prove experimentally difficult if the system is not stable 

at lower concentrations or is prone to structural changes due to salt addition.4,17,18 

The primary method to obtain information regarding size and shape of aggregates is by 

fitting experimental SANS data to theoretical models. To do this, there are several software 

packages available such as SasView, SASfit, or GenX. These programs come with an 

extensive library of various customisable models that can be used to gain in depth 

information regarding the system of interest.22 As is known, the form factor 𝑃(𝑄) discerns 

the scattering intensity of a specified shape and size therefore it is relatively  
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straightforward extracting structural information if the shape and contrast are known. 

Complications arise however when dealing with polydisperse systems as this tends to 

broaden the features or if the system is concentrated enough to have an interparticle 𝑆(𝑄) 

present. There are solutions to this such as using approximations that deal with these 

systems, and by making assumptions such as the shape. 

Polydispersity 

If there is variation in the size and shape of the particles, this is known as polydispersity. 

The high 𝑄 region of a scattering profile is the area that is affected the most by 

polydispersity by smearing out the form factor features that would have been there, had it 

been a monodisperse system. The values obtained from fitting data to mathematical models 

are averages, this method aids in deduction of the polydispersity degree.  

SANS profiles 

The form factor 𝑃(𝑄) considers the size and shape of the aggregate and is a large 

contributing factor to the scattering intensity 𝐼(𝑄), among other factors such as 

concentration and contrast. The scattering profiles for spheres, rigid rod cylinders, and 

flexible cylinders are markedly different as is seen in Figure A.6. 𝐼(𝑄) does not exhibit a 

decay at low-Q for spheres, but for rigid rods and flexible cylinders, a region of decay that 

scales 𝐼(𝑄) with 𝑄-1 and 𝑄-2 respectively is seen. Polydispersity further complicates 

matters, as is seen by the smeared region at high-𝑄. If these systems were monodisperse, 

well defined fringes would be observed instead in a log-log plot representation. 
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Figure A.6: The SANS scattering profiles of spherical, rigid rod cylinders, and flexible 

cylinder reverse micelles. Multiplied by arbitrary factors for clarity. 

 

When fitting SANS data, the average radius for spheres can be determined, for rigid rods 

it is the average radius and average length. When regarding flexible cylinders, the extra 

parameter of Kuhn length needs to be considered as this takes into account the micelle 

flexibility. The Kuhn length can be defined as the length of a segment along a flexible 

cylinder where it is considered to be a rigid rod, Figure A.7 schematically shows this. The 

contour length, L, of the micelle is regarded to be made up of a number of segments with 

length lp. 

 

Figure A.7: The Kuhn length of a flexible cylinder.16 
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A.5 Neutron reflectivity 

As was explained previously, using neutrons within a SANS experiment can help provide 

useful structural information with regards to the material bulk. Neutrons can also be used 

to explore behaviour of systems between interfaces and surfaces through reflectivity. In 

this section, a summary regarding the theory of neutron reflectivity (NR) will be presented, 

with a specific explanation on how it was used for this project. 

NR is an elastic scattering technique whereby a beam of neutrons is directed onto the planar 

interface of two differing media at angle 𝜃. A fraction of this beam is reflected off and into 

a detector. A simple reflection experiment between air and a liquid is shown schematically 

in Figure A.8, where a neutron beam with wavevector 𝑘𝑖 is incident on a flat interface 

between two media, at the angle 𝜃𝑖. Neutrons are then either reflected with the wavevector 

𝑘𝑟 and angle 𝜃𝑟(𝜃𝑖 = 𝜃𝑟), or are transmitted into the media at angle 𝜃𝑡 with wavevector 

𝑘𝑡. 

The intensity of reflected neutrons is measured as a function of 𝑄 (the scattering vector 

which is perpendicular to the surface of the material in the z-direction) and can be defined 

as 

𝑄 =
4𝜋

𝜆
𝑠𝑖𝑛𝜃    Equation A.24 

With the terms previously defined.23 

To achieve a breadth of 𝑄 values, either the wavelength or the angle of the incident beam 

must be altered (the former method used by ISIS due to their time-of-flight spallation, and 

the latter used by ILL due to their continuous steady-state source). 
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Figure A.8: A schematic of a simple reflectivity experiment between air and a liquid. 

 

Specular reflectivity is relevant to this thesis, as it is a type of experiment that contains 

layered materials and can give information such as layer thicknesses. An example of an 

experimental reflectivity profile from this thesis with layers present is shown in Figures 

A.9 a) and b), with the critical edge labelled. The critical edge (𝑄𝑐) is the angle at which 

the neutron beam directed upon the interface is being fully reflected. Qc is defined as: 

𝑄𝑐 = 4√𝜋𝛥𝜌    Equation A.25 

Where 𝛥𝜌 is the difference in SLDs of the two media within the system. Beyond 𝑄𝑐 the 

reflectivity decreases at a gradient of 𝑄-4. The neutron reflection experiment measures the 

reflective intensity 𝑅(𝑄) as a function of 𝑄.  

Multiple reflections can occur when a sample contains multiple layers as is depicted in 

Figure A.9 a). These interference fringes, referred to as Kiessig fringes that can be seen in 

Figure A.9 b), have 𝑄 spacings between the fringes that correlate to the layer thickness by 

Equation A.26. It is important to remember that surfaces inevitably have a roughness 

associated with them, so experimental Kiessig fringes will be somewhat smeared out, and 

not overlay exactly upon the theoretical model.  

𝛥𝑄 =  
2𝜋

𝑑
    Equation A.26 
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Figure A.9: a) A schematic reflectivity experiment on a sample containing multiple layers. 

b) an example of a reflectivity scattering profile of a sample containing multiple layers with 

the critical edge (𝑄𝑐) and the Kiessig fringe spacings (𝛥𝑄) shown. 

 

Neutron reflectivity experiments can be carried out on liquid/air, liquid/liquid, and 

solid/liquid interfaces, the latter of which forms part of this thesis. Often when studying 

solid/liquid interfaces, substrates used are made from either silicon, crystal quartz, or 

amorphous quartz, as these are readily available materials. And similarly to SANS 

experiments, the advantageous nature of contrast variation can be utilised (i.e. carefully 

distinguishing hydrogenated and deuterated portions of the system under study), to 

distinguish layers.24 

Data analysis 

As with SANS data, a model is simulated and fit to raw reflectivity data, and by adjusting 

the model parameters, the fit can keep being improved with each iteration. Eventually 

leading to the determination of information such as layer thicknesses. 

For the systems under study in this thesis, a Markov chain Monte Carlo (MCMC) method 

with a Metropolis-Hastings algorithm was used. A more detailed account of the MCMC 

method and the Metropolis-Hastings algorithm can be found in literature,25,26 but it is 

worthwhile providing a brief description for how it was used to fit the NR data within this 

project.  

The algorithm starts with an initial set of specified parameters that the likelihood function 

and goodness-of-fit are determined. And then from here, a new set of parameter values are 
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selected based on the previous set. As the sampling process is carried out, it is common to 

remove the initial values specified to eliminate the possibility of skewing, and to cut back 

on the computer power/time that is required to carry out this process. This is known as 

“burn-in”. To check if the MCMC has reached equilibrium/convergence, a function 

developed by A. Armstrong 2021 based on that originally proposed by Gelman 2013 was 

carried out.27 This is done by splitting the chain in half and checking that there is sufficient 

quality of mixing within the two halves. The potential scale reduction, R (Equation A.27) 

can be calculated from this to give an idea of the convergence and mixing success. If R is 

approximately 1.1, then adequate mixing has taken place. If this value is too high, it 

indicates that the burn-in was not long enough and the simulation may need to be run for 

longer. 

𝑅 =  √
𝜎2

𝑊
    Equation A.27 

where 𝜎2 is the posterior variance for each parameter, and 𝑊 is the average within-chain 

variance. The median parameter values, and the upper and lower 95% credible interval, and 

the interval can be inferred. 
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Appendix B 

The swelling law 

B.1  Introduction 

Sodium-AOT, also known as sodium bis(2-ethyl-1-hexyl) sulfosuccinate, AOT, and 

Aerosol-OT, is a di-chained surfactant widely used for microemulsion studies. It is soluble 

in a wide range of nonpolar solvents at various concentrations, and forms reverse micelles 

and microemulsions.1 There are numerous studies in literature that provide structural and 

behavioural information on NaAOT, with or without environmental modifications i.e., 

changes in temperature or pressure (these are for example, but not limited to).1–6 

SANS was used to characterize the structure and sizes of these aggregates within this 

section. The aim of this work was to gain familiarity with sample preparation, experimental 

procedures, and approaches for fitting SANS data. By controllably increasing the water 

content, the size of the microemulsion droplet cores can be calculated which can then lead 

to the determination of the headgroup area, headgroup volume, headgroup radius, area of 

droplet, and aggregation number. Similar work has been described previously in the 

literature by Nave et al2, so provided a good starting point for comparison at the beginning 

of this project.  
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B.2 Materials and methods 

B.2.1 Materials 

NaAOT (Sigma Aldrich, 99%), h-heptane (Sigma Aldrich 99 %), and D2O (Sigma Aldrich 

99 %) were purchased from their suppliers and used as received. Samples were prepared 

by making a 0.50 mol dm-3 stock solution of NaAOT in h-heptane. Aliquots of this stock 

solution were then placed in 5 mL volumetric flasks, D2O was added to achieve the desired 

w value that ranged from w = 10 to w = 40 (w = [water] / [surfactant]), before being diluted 

with h-heptane to the required concentration (0.05 mol dm-3). 

B.2.2 Method 

SANS measurements were performed on LOQ at the ISIS Neutron and Muon Source, 

Harwell UK. A Q range of 0.008 - 0.254 Å-1 was achieved with a neutron wavelength range 

of 1.75 < λ < 15.5 Å and a source-sample-detector distance L1 = L2 = 8 m. Raw SANS 

data were reduced by subtracting the empty cell and the h-heptane solvent background. The 

scattering was normalised using software specific to the instrument. The temperature was 

maintained at 25°C throughout. The data was fitted using Guinier and Porod methods, and 

a polydisperse spherical mathematical model within the fitting software SasView. 
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B.3 Results and discussion 

 

Figure B.1: Core SANS data from LOQ that has been fitted to a polydisperse sphere model. 

Solvent is h-heptane, h-NaAOT = 0.05 mol dm-3, with D2O core contrast at a range of w 

values from 10 to 40, at T = 25°C. 

 

Figure B.1 shows the core contrast I(Q) profiles for the D2O/h-NaAOT/h-heptane 

microemulsions with increasing water content (w = [water] / [ surfactant]). The parameters 

fitted for these were the core radius Rfit and the scale factor as Kotlarchyk et al.4 showed 

that polydispersity is dependent of temperature but not water content, therefore this value 

was fixed in the analyses. In this logI – logQ representation, the scattering profiles are 

similar to those observed in literature, with a flat region at low-Q indicative of spherical, 

non-interacting droplets.2 The radii values obtained from using Guinier, Porod, and 

SasView fitting software methods can be found in Table B.1. A linear relationship between 

Rfit and w is presented in Figure B.2. This represents the swelling law i.e., the more water 

that is added into the microemulsion, the larger the droplets become in direct proportion. 

Kotlarchyk et al.4 also observed an increase in the mean radius of D2O droplets within a  

h-NaAOT/h-decane system at 25 ℃, as water content increased from w = 32.64 to  

w = 48.96. The radius at w = 40.80 was found to be 67 Å which is larger than that of  

w = 40 with h-heptane (Table B.1). Eastoe at al.7 attributed this difference in water droplet 

sizes is a result of the position within the phase stability diagram that this experiment took 
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place i.e. approaching a critical transition attractive interactions of the microemulsion, and 

not as a result of the greater alkane chain length.  

Table B.1: Fitted water core radii from core SANS LOQ data. 

w 

value 

Radius (Å) 

Guinier Porod Fitted Literature2 

RGuinier Rg  RPorod Rfitted Error (+/-) Rlit 

10 27.5 21.3 27.0 25.2 0.79 21.6 

20 45.7 35.4 38.6 35.0 0.39 32.9 

25 49.8 38.6 43.6 36.4 0.38 38.9 

30 57.2 44.3 50.0 42.6 0.28 45.8 

35 69.2 53.6 58.7 48.0 0.52 - 

40 77.9 60.3 67.5 50.7 0.52 58.2 

 

 
Figure B.2: Fitted core radius Rfit vs w for D2O/h-NaAOT/h-heptane microemulsions. 

 

The headgroup area ah can be estimated from this linear behaviour using:2 

𝛼(𝑝)𝑅𝑓𝑖𝑡 =  
3𝑣𝑤

𝑎ℎ
𝑤 + 

3𝑣ℎ

𝑎ℎ
   Equation B.1 

Where 𝑝 is the polydispersity index, 𝑎ℎ is the area per headgroup, 𝑣𝑤 is the volume of a 

water molecule, and 𝑣ℎ is the average headgroup volume. As polydispersity is independent 

of w due to the Schultz distribution 𝛼(𝑝) = 1 + 2𝑝2, the gradient of the straight line in 

Figure B.2 leads to the determination of 𝑎ℎ, the intercept leading to the calculation of 𝑣ℎ 

and 𝑟ℎ. 
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At high Q values, the SANS intensity is sensitive to local interface scattering as opposed 

to the overall inter-particle correlations. Using the Porod equation on high Q scattering data 

and the asymptotic intensity can yield headgroup area estimates via  

{𝐼(𝑄) ∙ 𝑄4} = 2𝜋∆𝑝2𝛴    Equation B.2 

Where ∆𝑝 is the difference in 𝑆𝐿𝐷 between the solvent and the D2O core, and Σ is the total 

area per unit volume.8 By assuming that all the molecules per unit volume are adsorbed 

onto the surface, 𝑎ℎ ≈ Σ/N. Figure B.3 shows the Porod plots for NaAOT with increasing 

w value and the headgroup areas calculated in Table B.2.  

  
Figure B.3: Porod plots of LOQ D2O/h-NaAOT/h-heptane microemulsion data. 
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Table B.2: Headgroup areas calculated from equations 1 and 2. Uncertainties  

𝑎ℎ (3𝑣𝑤𝑤 𝑅𝑓𝑖𝑡)⁄  : +/- 4 Å2, 𝑎ℎ(𝑃𝑜𝑟𝑜𝑑) : +/- 10 Å2. 

Surfactant Temperature (℃) 

Headgroup area (Å2) 

𝒂𝒉 (𝟑𝒗𝒘𝒘 𝑹𝒇𝒊𝒕)⁄  𝒂𝒉(𝑷𝒐𝒓𝒐𝒅) 

NaAOT 25 70.1 65.7 

 

There is broad agreement between the two 𝑎ℎ values derived from the two equations and 

those determined by Nave et al (74 +/- 2 and 69 +/- 12 Å2, respectively) and with other 

reported data.2,7,9 

 

Table B.3: Values obtained for dry reverse micelle radius 𝑅0 (obtained from linear fit of 

Figure B.2), the average headgroup volume 𝑣ℎ and headgroup radius 𝑟ℎ which were 

calculated using Equation B.1. 

Parameter Experimental Literature2 

𝑎ℎ (Å2) 70.1 74.0 

𝑅0 (Å) 9.00 9.10 

𝑣ℎ (Å3) 210 224 

𝑟ℎ (Å) 3.70 3.80 

 

From Figure B.2, using the calculated headgroup area 𝑎ℎ and the intercept as 𝑅0, the 

volume of the water surrounding a single surfactant headgroup as well as the surfactant 

headgroup radius 𝑟ℎ can be calculated. These values can be seen in Table B.3 and compare 

well to those from literature, signifying reliability of analysis. 

The large uncertainties obtained from using the Porod method is due to the sensitivity of 

the small changes in Q amplified through the {I(Q)*(Q)4} data processing. The best way 

to minimise uncertainty is to run the same sample on different instruments e.g., comparing 

LOQ to D11, as this lessens the variations that may arise due to the different data 

normalization methods. 
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The surface area of a droplet can be calculated by using the general equation for the surface 

area of a sphere 

𝐴𝑑𝑟𝑜𝑝 = 4𝜋𝑅𝑓𝑖𝑡
2   Equation B.3 

The surface area of the droplet can aid with the estimated calculation of the aggregation 

number (i.e., the number of surfactant molecules that make up each micelle or 

microemulsion droplet). This is achieved by dividing the surface area of the droplet by the 

headgroup area. Of course, this is a rough estimate due to the dynamic nature of micelles 

and microemulsions as the surfactant molecules are not fixed in place, but it further adds 

to the narrative that as more water is added to the system, the larger the micelles become 

(as seen by the increase in the increase of the droplet surface area, and the increase in the 

aggregation number). Hence w = 10 was excluded from the determination of the area per 

droplet and aggregation number due to the weak scattering at high Q as seen in Figure B.3. 

 

Table B.4: Area of droplet (Adrop) and aggregation numbers (Nagg) calculated for each 

increasing w value.  

 

 

B.4 Conclusions 

To determine the size, and shape of the AOT/D2O/h-heptane microemulsions, small-angle 

neutron scattering was carried out on a range of samples with increasing water content. The 

purpose of this experiment was to gain familiarity with the technique and the associated 

analysis methods. Through this analysis, the micelles were determined to be non-

interacting spheres. Figure B.1 displays the log-log SANS data for 0.05 mol dm-3  

AOT/D2O/h-heptane over a range of w values at 25 ℃ along with the fitted functions.  

Table B.1 shows the fitted radii for each w value and the error associated compared to 

w value 20 25 30 35 40 

Rfit (Å) 35.8 39.3 45.2 55.0 61.4 

Adrop (Å2) 16100 19400 25600 37900 47300 

Nagg 350 370 490 530 630 
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those found in literature.2 By plotting w value vs Rfit on a graph (Figure B.2) there is a 

clear linear relationship between the amount of water present and the swelling of the 

microemulsion droplets. 

In-depth information can be gleaned from SANS results has been demonstrated here. The 

area per headgroup calculated by the two methods of 𝑎ℎ (3𝑣𝑤𝑤 𝑅𝑓𝑖𝑡)⁄  and 𝑎ℎ(𝑃𝑜𝑟𝑜𝑑) are 

in broad agreement with each other (70.1 ± 4 and 65.7 ± 10 Å2 respectively) and are in 

agreement of the results found in literature (74 ± 2 and 69 ± 12 Å2, respectively).2 Volume 

of the headgroup, radius of the headgroup, surface area per droplet, and the aggregation 

numbers have also been calculated and all support the narrative of swelling microemulsion 

droplets as more water is introduced to the system.  
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Appendix C 

 Surfactant ion exchange 

The M2+(AOT)2 surfactants were prepared through the exchange of the Na+ counterion of 

commercially available NaAOT with the relevant divalent metal nitrate with ions of Co2+, 

Ni2+, and Mg2+. Owing to the ion exchange process, these were all hydrated, e.g. 

[Co(H2O)6]2+, [Ni(H2O)6]2+ and [Mg(H2O)6]2+. 

The efficiency of ion exchange from Na+ to M2+ (M2+ = Co2+, Ni2+) was determined by  

UV-vis spectroscopy. This method is particularly useful for the hexaaquo [Co(H2O)6]2+ and 

[Ni(H2O)6]2+ AOT surfactants as these are coloured (pink and green respectively). These 

measurements were performed on a Thermo Scientific Evolution 300 UV-vis 

spectrophotometer using 1 cm pathlength plastic cuvettes at room temperature. The 

wavelength range for measurements were taken between λ = 250 - 800 nm. 

To provide calibration plots, UV-vis data were collected for a range of M2+(NO3)2 

concentrations in water. The absorbance maxima for each concentration were recorded at  

λmax = 510 nm for Co2+, and 394 nm for Ni2+, Figure C.1 a) b).  
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a) 

 
b) 

Figure C.1: UV-vis absorbance spectra of a) Co(NO3)2 (aq) for the wavelength range  

250 – 650 nm, and b) Ni(NO3)2 (aq) for the wavelength range 250 – 900 nm. The units for 

the legend values are in mol dm-3. 

 

Absorbance maxima vs concentration plots were produced with the determination of the 

extinction coefficient from the gradient – Figure C.2 a) b).  

a) b) 

Figure C.2: Calibration plots for a) Co(NO3)2, and b) Ni(NO3)2. The extinction coefficients 

are 𝜀 = 4.7 M-1cm-1 and 4.9 M-1cm-1, respectively. 
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C.1  Results 

By recording the UV-vis absorption maxima for a range of M2+(AOT)2 concentrations in 

cyclohexane solvent, as is shown in Figure C.3 a) and b), the efficiency of ion exchange 

can be determined by comparing the observed with the expected cation concentration. This 

can be done using the Beer-Lambert law: 

𝐴 =  𝜀 𝑐 𝑙    Equation C.1 

Where 𝐴 is the absorbance, 𝜀 is the extinction coefficient, 𝑐 is the concentration, and 𝑙 is 

the path length (in this case it is 1 cm). By rearranging the equation, the observed 𝜀 can be 

calculated for each absorbance at the various concentrations which can be compared to the 

theoretical 𝜀 obtained from the aqueous analogous metal nitrate calibration graphs  

(Figure C.2 a) b)). Table C.3 and C.4 show the results for each concentration. The water 

content of w = 15 was used for the ion exchange analyses for the Co(AOT)2 and Ni(AOT)2 

microemulsions as this was a sufficient amount of water to mimic the bulk aqueous 

environment in which the ions are within.1  

 
a) 

 
b) 

Figure C.3: UV-vis for w = 15 in cyclohexane solvent with surfactants a) Co(AOT)2, and 

b) Ni(AOT)2. The units for the legend values are mol dm-3. 
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Table C.3: The parameters, observed and expected extinction coefficients for the 

determination of ion exchange efficiency of Co2+. Units for [M2+] are in mol dm-3. The 

mean ion exchange efficiency is 1.00. 

M2+ [M2+] w λmax Amax Amax/[M2+] εobs εexp εobs/εexp 

Co2+ 

0.010 15 511 0.044 4.4 44 

47 

0.94 

0.025 15 511 0.116 4.6 46 0.98 

0.035 15 511 0.168 4.8 48 1.02 

0.050 15 511 0.246 4.9 49 1.04 

0.060 15 511 0.284 4.7 47 1.00 

0.075 15 511 0.357 4.8 48 1.02 

0.100 15 511 0.472 4.7 47 1.00 

 

Table C.4: The parameters, observed and expected extinction coefficients for the 

determination of ion exchange efficiency of Ni2+. Units for [M2+] are in mol dm-3. The mean 

ion exchange efficiency is 0.92. 

M2+ [M2+] w λmax Amax Amax/[M2+] εobs εexp εobs/εexp 

Ni2+ 

0.010 15 394 0.044 4.4 44 

49 

0.90 

0.025 15 394 0.106 4.2 42 0.86 

0.035 15 394 0.162 4.6 46 0.94 

0.050 15 394 0.235 4.7 47 0.96 

0.060 15 394 0.274 4.6 46 0.94 

0.075 15 394 0.349 4.7 47 0.96 

0.100 15 394 0.445 4.5 45 0.92 

 

The average ion exchange efficiency was determined to be 1.00 and 0.92 for Co2+ and Ni2+ 

respectively. For each batch of surfactants made, familiarity of the preparation process 

improved that was reflected in the UV-vis analyses results where the mean ion exchange 

efficiency improved to be closer to 1.  

 

The UV-vis data analysis for other batches of Co(AOT)2 and Ni(AOT)2 made throughout 

this project are in C5, C6, C7, and C8. Improvements to the experimental procedure were 

made through each iteration, which is reflected in the final ion exchange values. 
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Table C.5: UV-vis analysis for batches of Co(AOT)2 and Ni(AOT)2 made in May 2019. 

M2+ [M2+] w λmax Amax Amax/[M2+] εobs εexp εobs/εexp 

Co2+ 

0.005 10 510 0.027 5.4 54 

45 

1.20 

0.030 10 510 0.111 3.7 37 0.82 

0.060 10 510 0.246 4.1 41 0.91 

0.080 10 510 0.606 7.6 76 1.68 

0.100 10 510 0.666 6.7 67 1.48 

Ni2+ 

0.020 15 394 0.174 8.7 87 

50 

1.74 

0.060 15 394 0.350 5.8 58 1.17 

0.120 15 394 0.651 5.4 54 1.09 

0.080 15 394 0.299 3.7 37 0.75 

0.100 15 394 0.378 3.8 38 0.76 

 

Table C.6: UV-vis analysis for batches of Co(AOT)2 and Ni(AOT)2 made in May 2019. 

M2+ [M2+] w λmax Amax Amax/[M2+] εobs εexp εobs/εexp 

Co2+ 

0.06 15 510 0.220 3.7 37 45 0.81 

0.08 15 510 0.268 3.4 34  0.74 

0.10 15 510 0.367 3.7 37  0.82 

0.12 15 510 0.408 3.4 34  0.76 

Ni2+ 

0.06 15 394 0.235 3.9 39 50 0.78 

0.08 15 394 0.299 3.7 37  0.75 

0.10 15 394 0.378 3.8 38  0.76 

0.12 15 394 0.437 3.6 36  0.73 

 

Table C.7: UV-vis analysis for batches of Co(AOT)2 and Ni(AOT)2 made in July 2019. 

M2+ [M2+] w λmax Amax Amax/[M2+] εobs εexp εobs/εexp 

Co2+ 

 

  

0.060 15 510 0.349 5.82 58 

45 

  

1.29 

0.080 15 510 0.404 5.05 51 1.13 

0.100 15 510 0.596 5.96 60 1.33 

0.120 15 510 0.616 5.13 51 1.13 

Ni2+ 

0.060 15 394 0.394 6.57 66 

50 

1.32 

0.080 15 394 0.398 4.98 50 1.00 

0.100 15 394 0.647 6.47 65 1.30 

0.120 15 394 0.737 6.14 61 1.22 
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Table C.8: UV-vis analysis for batches of Co(AOT)2 and Ni(AOT)2 made in October 2020. 

 

C.2  Elemental analyses of surfactants 

As Mg(AOT)2 is a colourless compound, an alternative method to UV-vis spectroscopy 

had to be used to determine the success of the ion exchange. The same preparation 

procedure used for Co(AOT)2 and Ni(AOT)2 was followed closely before being sent to 

Infineum UK Ltd for elemental analysis. The results are shown in Table 2.5. 

Table C.9: Elemental analyses of three Mg(AOT)2 batches made for use throughout this 

project. 

Batch Mg (%) Na (%) S (%) C (%) H (%) N (%) 

1 1.99 0.28 N/A N/A N/A N/A 

2 2.29 N/A 7.00 50.6 8.82 <0.1 

3 2.32 N/A 7.08 50.6 8.88 <0.1 

Theoretical 2.49 N/A 6.58 49.2 7.65 N/A 

 

Comparing the amounts of sodium vs magnesium present for Batch 1 has given an 

indication of the degree of ion exchange efficiency. Batch 1 was made in the initial stages 

of this project when experimental procedures were still being optimised. Comparing the 

magnesium content of batch 1 to batch 2 and 3 shows that the process improved for each 

iteration of preparation. Moreover, the level of nitrogen for batch 2 and 3 were determined 

to be < 0.1 – this is indicative of there being only very low levels of remaining precursor 

M2+ [M2+] w λmax Amax Amax/[M2+] εobs εexp εobs/εexp 

Co2+ 

0.010 15 510 0.040 4.00 40 

47 

0.85 

0.025 15 510 0.089 3.56 36 0.77 

0.035 15 510 0.160 4.57 46 0.98 

0.050 15 510 0.244 4.88 49 1.04 

0.060 15 510 0.304 5.07 51 1.09 

Ni2+ 

0.020 15 394 0.096 4.8 48 

49 

0.98 

0.050 15 394 0.209 4.18 42 0.86 

0.100 15 394 0.386 3.86 39 0.80 

0.120 15 394 0.488 4.07 41 0.84 

0.150 15 394 0.521 3.47 35 0.71 
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nitrate salt. These results are in generally good agreement with the theoretical values 

determined. 

Elemental analyses were also carried out for Ni(AOT)2 and Co(AOT)2 with the results 

shown in Table C.10 and Table C.11. 

Table C.10: Elemental analyses of Ni(AOT)2 made for use throughout this project. 

Ni(AOT)2 Ni (%) Na (%) S (%) C (%) H (%) N (%) 

Experimental 5.68 0.07 6.30 47.5 8.96 0.11 

Theoretical 5.82 0.00 6.36 47.6 7.40 0.00 

 

Table C.11: Elemental analyses of Co(AOT)2 made for use throughout this project. 

Co(AOT)2 Co (%) Na (%) S (%) C (%) H (%) N (%) 

Experimental 5.40 0.13 6.18 45.5 8.84 0.12 

Theoretical 5.84 0.00 6.35 47.6 7.39 0.00 

 

These show slightly higher levels of nitrogen present, indicating that there may be more of 

the precursor nitrate salt present. During the ion exchange procedure, the Ni and Co 

surfactants often formed emulsions within the separating funnel so to counter this, a few 

grains of the nitrate salt were added. This was to increase the ionic strength of the aqueous 

layer and force the surfactant to separate into the organic phase. This was not an issue with 

the Mg surfactant, hence why there is trace amounts of the precursor nitrate present. The 

experimental results are in good agreement with the theoretical values determined. 

 

C.3  References 
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Appendix D 

NMR of hydrotropes 

Proton NMR for the hydrotropes was carried out using a Joel ECS400 (400 MHz) 

spectrometer at the School of Chemistry, University of Bristol. The subsequent NMR 

profiles were analysed using MestReNova to gain integrals that would give structural 

information about the proton environments. Approximately 10 mg of sample was dissolved 

in 2 mL of D2O. The 1H NMR profiles for each hydrotrope are shown in Figures D.1, D.2, 

D.3, and D.4. 
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Figure D.1: Sodium 4-ethylbenzoate (NaC2) NMR spectra. 

1H NMR (400 MHz, D2O): δH = 1.19 (3H, t, H1), 2.65 (2H, q, H2), 7.31 (2H, d, H3), 7.82 

(2H, d, H4). 
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Figure D.2: Sodium 4-butylbenzoate (NaC4) NMR spectra. 

1H NMR (400 MHz, D2O): δH = 0.82-0.86 (3H, t, H1), 1.23 (2H, m, H2), 1.49 (2H, m, H3), 

2.53 (2H, t, H4), 7.18 (2H, d, H5), 7.81 (2H, d, H6). 
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Figure D.3: Sodium 4-hexylbenzoate (NaC6) NMR spectra. 

1H NMR (400 MHz, D2O): δH = 0.87 (3H, t, H1), 1.20-1.30 (6H, m, H2), 1.40-1.51 (3H, 

m, H3), 2.42 (2H, t, H4), 7.01 (2H, d, H5), 7.77 (2H, d, H6). 
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Figure D.4: Sodium 4-octylbenzoate (NaC8) NMR spectra. 

1H NMR (500 MHz, D2O): δH = 0.90 (3H, t, H1), 1.09-1.37 (10H, m, H2), 1.39-1.52 (2H, 

m, H3), 2.38 (2H, t, H4), 6.94 (2H, d, H5), 7.75 (2H, d, H6). 
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Appendix E 

Supplementary small-angle neutron scattering 

data for Chapter 2 

Chapter 2 looked at the effects of water content, counterion exchange, and the introduction 

of a hydrotrope on micellar systems. This Appendix offers supplementary data related to 

this work, analysing diluted versions for exploring the effects of surfactant concentration. 

 
a) 

 
b) 

Figure E.1: a) 0.05 mol dm-3 DDAB in cyclohexane at w = 5 (flexible cylinder) and  

w = 10 (sticky hard sphere), data collected from SANS2D, ISIS, UK. b) 0.05 mol dm-3 

NaAOT in cyclohexane at w = 5 (sphere) and w = 10 (sphere), data collected from D33, 

ILL, France. T = 25℃. 
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Table E.1: Parameters obtained from Guinier, Porod, and model fitting analyses on SANS 

data. The backgrounds were set as 0.02 for DDAB w = 5 and w = 10, and 0.01 for NaAOT 

w = 5 and w = 10. The perturbation parameter for w = 10 DDAB was 0.10, and stickiness 

parameter = 0.096. These are dimensionless parameters. The polydispersities were 0.09, 

0.16, 0.12, 0.15 going down the table. Φcalc is the calculated volume fraction and Φfit is the 

fitted volume fraction/scale parameter. 

 

 

Comparing the 0.05 mol dm-3 data to the 0.10 mol dm-3 data from Chapter 2 Figure 2.4 and 

Table 2.5 show that decreasing the concentration lengthened the micelles from 400 Å to  

~ 1000 Å. The micelles also became more flexible, fitting more appropriately to a flexible 

cylinder model with a Kuhn length of 138 Å. The radius of the micelles did not appear to 

change and w = 10 micellar radii were also unaffected because of changing surfactant 

concentration. 0.05 mol dm-3 NaAOT w = 5 and w = 10 saw a slight contraction in micellar 

radii but no notable changes compared to 0.10 mol dm-3 (24.9 and 27.0 Å respectively). 
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w 

value 
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SasView 
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± 0.1 
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L (Å) 

± 1 
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Φfit Φcalc 
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16.6 138 1040 0.021 0.029 

10 27.3 35.3 25.6 

Sticky 

hard 
sphere 

26.5 - - 0.027 0.030 

NaAOT 

5 17.0 21.9 21.4 Sphere 20.1 - - 0.019 0.027 

10 21.8 28.1 26.8 Sphere 25.4 - - 0.020 0.027 
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Figure E.2: SANS profiles for 0.05 mol dm-3 w = 10 NaAOT (sphere), Co(AOT)2 (flexible 

cylinder), Ni(AOT)2 (flexible cylinder), and Mg(AOT)2 (rigid rod). Data collected from 

Larmor ISIS, UK. NaAOT is data collected from D33, ILL, France for comparison 

purposes. T = 25 ℃. 

 

Table E.2: Parameters obtained from conducting Guinier, Porod, and model fitting 

analyses on SANS data. NaAOT is data from D33 for comparison purposes. The 

backgrounds were each set as 0.010 for NaAOT, 0.015 for Mg(AOT)2, Co(AOT)2,  and 

0.020 for Ni(AOT)2. The polydispersities were each found to be 0.15 for NaAOT and 0.20 

for Mg(AOT)2, Co(AOT)2 and Ni(AOT)2. Φcalc is the calculated volume fraction and Φfit is 

the fitted volume fraction/scale parameter. *Note: there is no resolution at these length 

scales so must be considered “effective” values.  

 

 

Decreasing the surfactant concentration from 0.10 mol dm-3 (in Chapter 2 Figure 2.6 and 

Table 2.7) to 0.05 mol dm-3 did not affect the radii and lengths of NaAOT (27.0 Å) and 

Mg(AOT)2 (R = 25.6 Å, L = 200 Å), however for Co(AOT)2 and Ni(AOT)2, the overall 

micellar lengths increased from 1639 and 2350 Å to lengths that were beyond the scope of 

Q range. 
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Figure E.3: SANS profiles for 0.05 mol dm-3 NaAOT (sphere), Mg(AOT)2 (rigid rod), and 

Co(AOT)2 (flexible cylinder) w = 5 in cyclohexane. Data collected from Larmor, ISIS, UK. 

T = 25 ℃. 

 

Table E.3: Parameters obtained from Guinier, Porod, and model fitting analyses on SANS 

data. The backgrounds were set as 0.010 for NaAOT and 0.015 for both Mg(AOT)2 and 

Co(AOT)2. The polydispersities in radius were all set to 0.020. Φcalc is the calculated 

volume fraction and Φfit is the fitted volume fraction/scale parameter. *Note: there is no 

resolution at these length scales so must be considered “effective” values. 

 

A concentration of 0.05 mol dm-3 Ni(AOT)2 is unstable at w = 5 (see phase diagrams in 

Chapter 3 Figure 3.5) hence why it is not included here. Decreasing the water content from 

w = 10 to w = 5 saw a slight change in micellar sizes. A radii contraction was observed for 

NaAOT, as well as a radii and length contraction for Mg(AOT)2 and Co(AOT)2 if 

comparing to Table E.2, however no drastic changes in micellar shapes were observed. 
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Appendix F 

Repeating samples 

Throughout this project, a selection of SANS samples were remade and measured both on 

different instruments, and on the same instrument to ensure reliability and reproducibility.  

Figure F.1 shows the scattering of 0.05 mol dm-3 DDAB w = 5. Samples were made on 

two separate occasions and measured on D33, ILL, France, and SANS2D, ISIS, UK. The 

results of the Guinier, Porod, and model fitting are shown in Table F.1. 
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Figure F.1: SANS profiles of 0.05 mol dm-3 DDAB w = 5 x = 0 (flexible cylinder). 

Measurements taken on D33, ILL, France and SANS2D, ISIS, UK. T = 25°C. 

 

 

 

Table F.1: Parameters obtained from Guinier, Porod, and model fitting analyses on SANS 

data. The backgrounds were set as 0.02 for D33 and SANS2D. The polydispersities were 

0.08 and 0.09 for the data measured at D33 and SANS2D respectively. Φcalc is the 

calculated volume fraction and Φfit is the fitted volume fraction/scale parameter. 

 

 

Figure F.2 shows the SANS profiles of 0.05 mol dm-3 Mg(AOT)2 w = 10, x = 0.1 of NaC2 

hydrotrope measured on Larmor, ISIS, UK and D11, ILL, France with their respective 

model fits. The results for the Guinier, Porod, and model fitting can be found in Table F.2. 
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Figure F.2: SANS profiles of 0.05 mol dm-3 Mg(AOT)2 w = 10 x = 0.1 of NaC2 hydrotrope 

(flexible cylinder). Measurements taken on Larmor, ISIS, UK, and D11, ILL, France. T = 

25°C. 

 

 

Table F.2: Parameters obtained from conducting Guinier, Porod, and model fitting 

analyses on SANS data. The backgrounds were set as 0.015 and 0.030. The polydispersities 

were 0.2 for both sets of data. Φcalc is the calculated volume fraction and Φfit is the fitted 

volume fraction/scale parameter. *Note: there is no resolution at these length scales so 

must be considered “effective” values. 
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Figure F.3: SANS profiles of 0.05 mol dm-3 Ni(AOT)2 w = 10 x = 0.1 of NaC2 hydrotrope 

(flexible cylinder). Measurements taken on Larmor, ISIS, UK, and D11, ILL, France.  

T = 25°C. 

 

 

Table F.3: Parameters obtained from Guinier, Porod, and model fitting analyses on SANS 

data. The backgrounds were set as 0.015 for Larmor and 0.031 for D11. The 

polydispersities were set as 0.2 for both the data measured at Larmor and D11. Φcalc is the 

calculated volume fraction and Φfit is the fitted volume fraction/scale parameter. *Note: 

there is no resolution at these length scales so must be considered “effective” values. 
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Figure F.4: SANS profiles of 0.10 mol dm-3 Ni(AOT)2 w = 10 x = 0.1 of NaC2 hydrotrope 

(flexible cylinder). Measurements taken on Larmor, ISIS, UK, and D11, ILL, France.  

T = 25°C. 

 

 

Table F.4: Parameters obtained from Guinier, Porod, and model fitting analyses on SANS 

data. The backgrounds were set as 0.03 for Larmor and 0.06 for D11. The polydispersities 

were set as 0.2 for both the data measured at Larmor and D11. Φcalc is the calculated 

volume fraction and Φfit is the fitted volume fraction/scale parameter.  
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Figure F.5: SANS profiles of 0.10 mol dm-3 Co(AOT)2 w = 10 x = 0.1 of NaC2 hydrotrope 

(flexible cylinder). Measurements taken on Larmor, ISIS, UK, and D11, ILL, France. T = 

25°C. 

 

 

Table F.5: Parameters obtained from Guinier, Porod, and model fitting analyses on SANS 

data. The backgrounds were set as 0.035 and 0.061 for Larmor and D11 respectively. The 

polydispersities for were 0.2 for both sets of data measured at Larmor and D11. Φcalc is the 

calculated volume fraction and Φfit is the fitted volume fraction/scale parameter. 
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Figure F.6: SANS profiles of 0.05 mol dm-3 NaAOT w = 5 (sphere). Measurements taken 

on Larmor, ISIS, UK, and D33, ILL, France. T = 25°C. 

 

 

Table F.6: Parameters obtained from Guinier, Porod, and model fitting analyses on SANS 

data. The backgrounds were set as 0.01 for both Larmor and D33. The polydispersities for 

were 0.20 and 0.12 for both the data sets. Φcalc is the calculated volume fraction and Φfit is 

the fitted volume fraction/scale parameter. 
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Figure F.7: SANS profiles of 0.10 mol dm-3 NaAOT w = 5 (sphere). Measurements taken 

on Larmor, ISIS, UK, and D33, ILL, France. T = 25°C. 

 

 

Table F.7: Parameters obtained from Guinier, Porod, and model fitting analyses on SANS 

data. Backgrounds were both set as 0.03. Polydispersities were set as 0.20 and 0.10. Φcalc 

is the calculated volume fraction and Φfit is the fitted volume fraction/scale parameter.  
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Figure F.8: SANS profiles of 0.10 mol dm-3 NaAOT w = 5 with x = 0.1 NaC2 hydrotrope 

(rigid rod). Measurements taken on Larmor, ISIS, UK, and D33, ILL, France. T = 25°C. 

 

 

Table F.8: Parameters obtained from Guinier, Porod, and model fitting analyses on SANS 

data. Backgrounds were set as 0.03 for both. Polydispersities were set as 0.20 for both. 

Φcalc is the calculated volume fraction and Φfit is the fitted volume fraction/scale parameter.  

 

Non-identical sample compositions may be the reason behind the Rfit discrepancy between 

each instrument, which is reflected in the Φfit values. 
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Figure F.9: SANS profiles of 0.10 mol dm-3 DDAB w = 5 with x = 0.1 of NaC2 hydrotrope 

(rigid rod). Measurements taken on D11, ILL, France, and D33, ILL, France. T = 25°C. 

 

 

Table F.9: Parameters obtained from conducting Guinier, Porod, and model fitting 

analyses on SANS data. The backgrounds were both set as 0.05. The polydispersities for 

were 0.2 for both the data sets. Φcalc is the calculated volume fraction and Φfit is the fitted 

volume fraction/scale parameter.  

 

 

Samples were also remade on the same instrument at the time of the experiment. An 

example of this can be seen in Figures F.10 with 0.10 mol dm-3 DDAB w = 5 x = 0.1 NaC2 

measured on D33, ILL, France. Figures F.11, F.12, and F.13 also show similar scenarios. 
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Figure F.10: SANS profiles of 0.10 mol dm-3 DDAB w = 5 x = 0.1 of NaC2 hydrotrope 

(rigid rod). Measurements taken on D33, ILL, France. T = 25°C. 

 

 

Table F.10: Parameters obtained from conducting Guinier, Porod, and model fitting 

analyses on SANS data. Backgrounds were set as 0.05 and 0.04 for 1 and 2 respectively. 

Polydispersities of 1 were found to be 0.09 in radius and 0.21 in length. For 2, 0.08 in 

radius and 0.33 in length. 
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Figure F.11: SANS profiles of 0.10 mol dm-3 DDAB w = 10 x = 0.1 NaC2 hydrotrope 

(sticky hard sphere). Measurements taken on D33, ILL, France. T = 25°C. 

 

 

Table F.11: Parameters obtained from conducting Guinier, Porod, and model fitting 

analyses on SANS data. Backgrounds were both set at 0.05. Polydispersities were found to 

be 0.20 for 1, and 0.21 for 2. Φcalc is the calculated volume fraction and Φfit is the fitted 

volume fraction/scale parameter.  
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Figure F.12: SANS profiles of 0.05 mol dm-3 DDAB w = 5 x = 0.1 NaC2 hydrotrope (rigid 

rod). Measurements taken on D33, ILL, France. T = 25°C. 

 

 

Figure F.12: Parameters obtained from conducting Guinier, Porod, and model fitting 

analyses on SANS data. The polydispersities were found to be 0.10 in radius and 0.26 in 

length for 1, and 0.13 in radius for 2. The backgrounds were set as 0.02 for both. Φcalc is 

the calculated volume fraction and Φfit is the fitted volume fraction/scale parameter.  
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Figure F.13: SANS profiles of 0.05 mol dm-3 DDAB w = 10 x = 0.1 NaC2 hydrotrope 

(sticky hard sphere). Measurements taken on D33, ILL, France. T = 25°C. 

 

 

Table F.13: Parameters obtained from conducting Guinier, Porod, and model fitting 

analyses on SANS data. Backgrounds were both set as 0.018. Polydispersities were 0.19 

and 0.18 for 1 and 2 respectively. Φcalc is the calculated volume fraction and Φfit is the fitted 

volume fraction/scale parameter.  
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Appendix G 

Correct selection of small-angle neutron 

scattering model 

When selecting the correct model to fit SANS data, various models of increasing 

complexity were used until one gave the best fit. In this section, a few examples of systems 

are shown that were trialled with different models to find what is most suitable. 

Figure G.1 shows how the fitting of 0.10 mol dm-3 Mg(AOT)2 w = 5 from Chapter 2 

(Figure 2.5, with the fitting results shown in Table 2.6) with the model fits of a rigid rod 

vs a spherical model fit. Visually and statistically, the rigid rod gives the better fit out of 

the two. 
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Figure G.1: SANS profile of 0.10 mol dm-3 Mg(AOT)2 w = 5 with the comparison of a 

sphere vs rigid rod model fit. Measurement taken on Larmor, ISIS, UK.  T = 25°C. 

 

 

Table G.1: Parameters obtained from conducting Guinier, Porod, and model fitting 

analyses on SANS data. Backgrounds were both set as 0.03. Polydispersities was set at 

0.20 for both. Φcalc is the calculated volume fraction and Φfit is the fitted volume 

fraction/scale parameter.  

 

 

This is a relatively simple model fit comparison, however when extra parameters are 

introduced such as a Kuhn length for a flexible cylinder, the differences become subtler. 

Figure G.2 shows this with the scattering profile of 0.10 mol dm-3 NaAOT w = 10, x = 0.3 

of NaC2 hydrotrope that is seen in Chapter 2 (Figure 2.7 and fitting results shown on  

Table 2.8) with the comparison of a rigid rod vs flexible cylinder model fit. 
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Figure G.2: SANS profile of 0.10 mol dm-3 NaAOT w = 10 x = 0.3 of NaC2 hydrotrope 

with the comparison of a rigid rod vs flexible cylinder model fit. Measurement taken on 

Larmor, ISIS, UK.  T = 25°C. 

 

 

Table G.2: Parameters obtained from conducting Guinier, Porod, and model fitting 

analyses on SANS data. Backgrounds were both set as 0.03. Polydispersities were set at 

0.20 for both. Φcalc is the calculated volume fraction and Φfit is the fitted volume 

fraction/scale parameter.  

 

The flexible cylinder model gives the better fit for the SANS data, and by introducing the 

extra parameter of Kuhn length, a more accurate fit is achieved. Often as an indicator that 

the flexible cylinder is not the correct model to use, the Kuhn length will give an unphysical 

value (i.e., will be longer than the total length). 

Figure G.3 shows the SANS data for 0.10 mol dm-3 DDAB w = 10 from Chapter 2  

(Figure 2.4 a) and fitting results shown in Table 2.5) with the comparison of the sphere vs 

sticky hard sphere model fits. Through introducing a structure factor into the fitting process 

which accounts for the attractive interactions present in the system, a better fit to the data 

can be achieved. 
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Figure G.3: SANS profile of 0.10 mol dm-3 DDAB w = 10 with the comparison of a sticky 

hard sphere vs sphere model fit. Measurement taken on SANS2D, ISIS, UK.  T = 25°C. 

 

 

Table G.3: Parameters obtained from conducting Guinier, Porod, and model fitting 

analyses on SANS data. Backgrounds were both set as 0.033. Polydispersities were 0.18 

for the sticky hard sphere model, and 0.31 for the sphere model. Φcalc is the calculated 

volume fraction and Φfit is the fitted volume fraction/scale parameter. Perturbness and 

stickiness are unitless parameters.  

 

When fitting SANS data, simple models were initially chosen before more complex models 

with extra parameters associated were used. This was done to build confirmation and 

confidence that the model finally chosen was as true to the SANS data as possible. 
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