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Abstract

What is the shape of a droplet? Its interfacial tension dictates that it is very

close to a perfect sphere. Herein, the interfacial tension is reduced to ultralow val-

ues (0:1 � 100 � Nm� 1) by careful formulation of surfactant additives, such as for

mixtures that form microemulsions. The droplet need not be spherical but can ac-

commodate external forces of a similar magnitude. The control and precision of

forces a�orded simply by light - in the form of highly focused Nd:YAG laser beams

- are exploited in this work to deform hydrocarbon oil-in-water emulsion droplets of

1-10 � m diameter. To this end, a novel, integrated platform for micro
uidic gener-

ation, optical deformation and 3D 
uorescent imaging of droplets is presented.

Previous attempts to characterise optically-controlled microdroplet shapes have been

limited to 2D projections. Here, that ambiguity is resolved using 3D confocal laser

scanning- and structured illumination microscopy. 2D and 3D arrays of up to four

Gaussian point traps are generated by holograms and acousto-optics. A variety of

regular, prolate, oblate and asymmetric shapes are produced and correlated with

parameters such as optocapillary number, trap separation and capillary length. Ex-

otic shapes exhibiting zero or negative mean and Gaussian curvatures are presented

alongside their bright�eld counterparts.

The complex phase behaviour of emulsion droplets and their parent phases is ob-

served to couple strongly to thermal absorption of the beams. The rich interfacial

chemistry, its relation to the forces determining droplet shape and the surprising

ability to create nano
uidic networks between droplets are investigated.
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Introduction

Rationale

Since Ashkin’s pioneering work [1], optical tools have been employed in the manipu-

lation of microscopic matter across the sciences. Optical tweezers are routinely used

to study soft matter, microbiological and related model systems [2{4]. This follows

wider recognition of their capability for highly sensitive, non-invasive and responsive

measurement and manipulation. Optical tweezers are highly focused lasers, typically

of moderately high power (10 mW - 1 W), which exert forces on the piconewton

scale. They rely on the momentum transfer that occurs on refraction through a

microscopic particle, in order to con�ne that particle’s position near the focus of the

beam. The laser focus is provided by a microscope objective of high numerical aper-

ture, which also facilitates imaging of the particle. As such, the micron scale of the

experiments is dictated by considering the largest object that can be trapped stably,

in comparison with the smallest that can be interrogated by optical microscopy.

As microparticles diversify, a wide range of technological solutions opens up.

Photonic and meta-materials require a large number of reproducible 3D features on

the near- or sub-wavelength scale. Properties of electronic microcomponents also

rely on precise morphology. Tissue templating and drug delivery responses emerge

from topographical and chemical stimuli for biological cells, for which anisotropic

microparticles could pose a feasible model. From a scienti�c perspective, these mi-

croparticles are relatively simple systems, with which the interactions between light

and matter can be probed.

2



Introduction 3

Whilst solid microparticles have been created for many purposes,complex liq-

uids represent a reservoir of unexplored science. Immediately, solution chemistry,


ow physics and deformable shapes become imaginable. The latter is the central

rationale for this thesis.

The chief impediment to this vision is that for liquid microdroplets, surface (or

interfacial) tension minimises surface area, thereby imposing a spherical interface.

However, authors within this collaboration have demonstrated previously [5] that

systems of conventional optical traps are able to deform oil-in-water emulsion drops

displaying ultralow interfacial tension (ULIFT ). At ULIFT conditions, forces other

than the interfacial tension in
uence the statics and dynamics of the droplet shapes

signi�cantly. Alongside the contrast in refractive index across the interface,ULIFT

is therefore an important requirement for optical deformation [6]. Following these

authors, the present work �nds that these conditions are ful�lled by certain am-

phiphile/alkane/aqueous systems - those capable of forming e�cient microemulsions.

Previous studies have been limited in scope; until now, the optical trap locations

have been con�ned to a 2D plane. Moreover, prior attempts to quantify optical

deformation relied only on conventional 2D imaging; for example, bright�eld mi-

croscopy allows a straightforward - if ambiguous - assessment of the 3D surface

in situ. True 3D techniques are used to overcome this ambiguity. Modern emul-

sion chemistry admits a vast range of materials, organic and inorganic, that can

be optically manipulated on the submicron scale. A micro
uidic approach pro-

vides a precise, 
exible, high-throughput production method. In addition to the

optical forces, e�ects relevant to deformable droplets are explored herein, including

thermally-excited 
uctuations, viscous 
ows, thermocapillarity and buoyancy.
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The summarised aims of the project collaboration are to optically deform emul-

sion droplets for the following purposes:

1. to explore possible shapes with ‘conventional’ Gaussian optical tweezers,

2. to relate the liquid morphology to the droplet characteristics and trapping

conditions;

3. to produce nanothread networks and explore their stability and dynamics.

The presented thesis covers a subset of these aims, namely:

� to pursue reproducible methods for generating droplets that can be deformed

with optical tweezers,

� to implement a suitable hierarchy of optical tweezing capabilities for multiple

independent trapping positions,

� to formulate emulsions that are optimised for the deformation experiment,

primarily those displaying an ultralow interfacial tension,

� to develop the experimental capability for and theory underlying nonlinear

deformations and nanothread networks in 3D, and

� to exploit 3D 
uorescence imaging for the interrogation of droplet shapes at

equilibrium, focusing on polygonal prisms (2D arrays) and polyhedra (3D ar-

rays).
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Chapter guide

Chapter 1 reviews current understanding ofultralow interfacial tension phe-

nomena and the parent microemulsion systems. It describes the author’s prac-

tical formulation and assessment of microemulsions, in some cases novel, to

obtain reliable ULIFT with di�erent oils and tunable dependence on temper-

ature,

Chapter 2 introduces the concepts ofoptical tweezers , and describes the au-

thor’s practical implementation of multiple optical tweezers in three di�erent

set-ups: split-polarisation, acoustic-optical de
ection and holography-based,

with a view to a novel, comprehensive optonano
uidic platform,

Chapter 3 describes themanual and micro
uidic methods used herein for con-

trolled droplet production . The author presents the design, development

and performance of a novel platform for automated micro
uidics of ultralow

interfacial formulations. The novel phase behaviour of oily microemulsion

droplets with changes in temperature and salinity are explored and categorised,

Chapter 4 presents a wide range of novel experimental results and a cohesive the-

ory regarding the dynamicphase behaviour of oily microemulsion droplets

whenexposed to focused lasers , particularly the e�ect of laser heating; the

traps are generated using the split-polarisation technique,

Chapter 5 is a short aside that summarises the author’s contribution to the under-

standing of droplet bifurcation into nanothreads , under the action of optical

tweezers. Novel theoretical insights into the interfacial physics are used to

qualify experimental deformation results in 2D imaging, both original and

literary,

Chapter 6 presents thestatic 3D images of optically-deformed oil droplets and

networks, as obtained by position-calibrated confocal and structured illumi-

nation microscopy; the traps are generated using the acousto-optic de
ection

and adaptive holographic methods;
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Conclusions build on the Chapter discussions to summarise the work and explore

its implications in the �elds of micro
uidics, optical tweezing and emulsion

technology.
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Chapter 1

Microemulsion Formulation and

Optimisation

1.1 The origin of ULIFT

Thermodynamically stable mixtures of oil, water and surfactant, known as mi-

croemulsions, are of great practical importance for their solubilisation capacity [7], in

enhanced oil recovery [8], and as media for enzymatic catalysis [9, 10]. Microemul-

sions exhibit ultralow interfacial tensions (ULIFT ) between co-existing aqueous,

oleic and ’middle’ phases (the latter having a bicontinuous structure composed of

interconnected aqueous and oleic phases).ULIFT results in interesting e�ects in-

cluding complete wetting or non-wetting of surfaces, stability of jets and threads,

and extreme deformability under body or surface forces [11, 12].

1.1.1 The de�ning properties of an interface

In general, molecules at an interface will be subject to an imbalance in intermolecular

forces. If the bulk densities are to be adopted on either side, the surface molecules

would be subject to a net force, pointing normally into the respective bulk. Each set

of surface molecules are necessarily more tightly packed and have a higher potential

energy (Figure 1.1). One may imagine a dividing surface of tension, along which an

8
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interfacial tension, a cohesiveforce per unit length, acts.

Figure 1.1: The net forces on uniformly-distributed molecules are zero in bulk 
uid

(left), but non-zero at the surface (right, against vacuum) causing them to compress

and have higher potential energy.

Equivalently, interfacial tension (IFT , or � ) can be de�ned as the minimum

di�erential work required to create new surface area,A. As such, it can also be

expressed as a di�erentialenergy per unit area:

� �
@G
@AN;p;T

(1.1.1a)

at constant molar numberN , pressurep and temperatureT . The change in Gibbs

free energy,G, describes the spontaneity of a process at constant pressure and tem-

perature. This is therefore theequilibrium interfacial tension, which for a stable

interface is always positive and �nite.

The surface energy of solids is related, but not equivalent to theIFT , since some

solid surfaces may relax from a cleaved state whereas 
uids cannot. Nevertheless,


uid surfaces which include adsorbed components behave di�erently, as they have

an IFT which is necessarily reduced from the bare value. These 
uids will immedi-

ately exhibit temporarily higher dynamic IFT (closer to the bare value) when the

surface is created. This e�ect is only perceptible when the surface is expanded much

faster than adsorption kinetics allow the components to react; however, mostsur-

factants adsorb on a millisecond timescale or faster, except at trace concentrations
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[13]. WhereIFT varies across a surface (e.g. di�erential evaporation of a mixture),

spontaneous 
ow will occur from regions of low- to high-IFT . This phenomenon is

called theMarangoni e�ect [14].

Any 
uid interface, whether dynamic or in equilibrium, has a characteristic

length l e.g. channel diameter, density contrast �� and viscosity � , 
owing at

an average speedv whilst subject to gravitational accelerationg. Description of the

expected kind of 
uid mechanics is greatly simpli�ed by the use of dimensionless

numbers [15]. These are ratios (thus indicating the relative importance) of the forces

on 
uids arising from di�erent e�ects. The Bond number Bo compares buoyancy

and interfacial forces, whereas the capillary numberCa compares viscous and in-

terfacial forces. A third, the Reynolds numberRe, compares inertial and viscous

forces; it does not directly relate toIFT , but is an important metric for distinguish-

ing laminar and turbulent 
ow regimes. All work in this thesis concerns systems

near equilibrium IFT in strictly laminar 
ow ( Re � 103).

Bo =
� �gl 2

�
Ca =

�v
�

Re =
� �vl

�
(1.1.1b)

For a given volume of substance with no geometric constraints, the minimisation

of surface area yields a spherical interface; hence 
uid bubbles and droplets adopt

this form. A general law in this regard is the Young-Laplace theorem [15], which

shows how the local (Laplace) pressure di�erence across an interface,pL , increases

with the local mean curvature,H :

pL = � r � Â = 2 �H (1.1.1c)

H =
c1 + c2

2
(1.1.1d)

where Â is the interfacial normal vector andH is de�ned as the mean of the

local principal (extremum) curvaturesc1, c2.

As a result of theIFT acting across the surface, a smaller droplet (which is more

strongly curved) has a greater internal pressure than a larger one. Even in isolation,
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it is less thermodynamically stable. This pressure di�erence manifests itself widely:

in the nucleation of a new phase at a critical point, for example. The Laplace

pressure provides an instrument by which theIFT contributes to the stability, or

otherwise, of a particular droplet shape and size.

The reasonULIFT (� < 10� 4 Nm� 1) is not typically encountered is that it

requires particular conditions, in which the net interactions of the two bulk phases

with the interface are almost identical. This is very di�erent to the common situ-

ation where some, but not all, of the interactions are insigni�cant; for example, at

the free surface of a liquid.

The surface tension of simple molecular interfaces scales as� � U=awherea is a

molecular surface area andU is the depth of the interaction potential [16]. For larger

molecules,U increases. soIFT remains the same order,� � kB T=nm2 � 10� 2 Nm� 1.

When near a critical thermodynamic point at which binary phases converge in den-

sity and become miscible, the interactions become similar on either side of the inter-

face and so the e�ectiveIFT disappears. However, all other distinguishing factors

also necessarily recede, including the refractive index contrast required for optical

trapping.

1.1.2 Surface-active agents

The largest category of colloids are lyophobic (solvent-hating) and are formed with

insoluble components. Very speci�c formulations in this class, such as demixed

polymer and nanosilica 
uids, display the lowest stableULIFT known, (of order

� LL 0 � 0:01 � N m� 1) since the length scale is much larger for a similar thermal

energy well. This e�ect has been used to probe 
uid mechanics atULIFT [17]. Yet

the fact that these are not true solutions limits the generality of their application.

Again, the refractive index contrast is extremely low.

By contrast, lyophilic colloids are true solutions of amphiphilic substances. Emul-

sions (immiscible mixtures of molecular liquids) are a manifestation of the hydropho-
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bic e�ect. This process is partly enthalpic; polar-polar interactions are stronger than

similar polar-nonpolar interactions, which are consequently minimised by exclusion

to form an interface. However, the exclusion is mostly driven by an entropy dif-

ference; polar molecules become strongly-oriented around non-polar solutes in an

unfavourably small number of con�gurations. Many amphiphilic substances which

have both polar and non-polar moieties (such as alcohols) are surface-active, i.e.

show a tendency to adsorb to interfaces; in doing so they reduce theIFT (thus the

process is spontaneous). The most important subset of these molecules are ’surface-

active agents’ or surfactants.

A distinctive feature of surfactants is that they are able to form oriented ag-

gregates or monolayers, both at interfaces and in bulk solution. In most cases an

emulsion interface lies between aqueous and hydrocarbon phases, so the surfactants

must have a hydrophobic ’tail’ (hydrocarbon chain, though occasionally aromatic,


uorocarbon or siloxane) and a hydrophilic ’head’ (polar or charged structure). The

simplest and most common categorisation is by head group type.

In stabilising large surfaces, surfactants merit an array of purposes. Anionic and

nonionic surfactants are principally used in emulsion as soaps/detergents, foaming or

wetting agents. Cationics are most often used in surface modi�cation of solids giving

rise to anticorrosion or lubrication properties [18]. Surface activity is often compared

using various de�nitions of ’e�ciency’ or ’e�ectiveness’ parameters, which denote

the extent of surface tension reduction as a function of concentration. Underlying

this is the general thermodynamic concept of asurface excessconcentration, �, as

illustrated by the Gibbs adsorption isotherm [19],

� =
� 1

nSRT

� @�
@ln ( 
 )

�


 � cmc
(1.1.1e)

where nS is the dissociation number of the surfactant. The surface excess is so

named as it represents the concentration of a substance at the surface surplus to

that in the bulk, 
 ; since a real surface is gradual on the molecular scale, the dividing

Gibbs surface is chosen so that the excess of the solvent is zero.
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Type Examples

Nonionic

pentaethylene glycol dodecyl ether, C12E5

Triton X-100

Anionic

sodium dodecyl sulphate, SDS

sodium bis(2-ethylhexyl) sulfosuccinate, AOT

Cationic

n-cetyltrimethylammonium bromide, CTAB

n-didodecyldimethylammonium bromide, DDAB

Table 1.1: Commercial surfactants depicting the three major head group types.

Illustrated with ChemDrawR
 . In the work covered by this thesis, the nonionics,

C12E4 and C12E5, and the anionics AOT and SDS are studied.

The exceptional ability of surfactants to self-aggregate is only observed above a

critical micellar concentration or cmc characteristic of the surfactant-solvent pair.

Typically, the cmc is below 0.01 M. As thecmc is approached, the surface excess

reaches a characteristic packing fraction. Most subsequently introduced surfactant
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tails then become cooperatively excluded (into groups of 50-200 molecules) via the

hydrophobic e�ect. This produces oily nanodomains or micelles in aqueous solution

and vice versa for solutions in oil [20]. However, above thecmc, the surfactant’s

chemical potential no longer changes andx 1.1.2 is no longer applicable. Past this

point the IFT does not decrease appreciably with higher surfactant concentration.

This is typically � � 10� 3 N m� 1, which su�ces for familiar applications but does

not constitute ULIFT .

The Kra�t point for ionic surfactants, TK , is the temperature at which thecmc

is equal to the molecular solubility of the surfactant in a particular solvent (al-

most always referring to aqueous solution). Below this temperature, no equilibrated

aggregates can form as they become less stable than the bulk surfactant phase.

Additional surfactant precipitates such that only monomeric surfactant remains in

solution (Figure 1.2).

Figure 1.2: Schematic of solubility andcmcdependence on temperature for a typical

ionic surfactant in a single solvent. The Kra�t point occurs at their intersection.



1.1 The origin of ULIFT 15

The Kra�t point is therefore a lower limit to the range of their general use. For

a given molecular weight,TK is depressed for larger head groups and branched sur-

factants, since the steric repulsion frustrates any crystalline order. It follows that

TK can also be reduced by decreasing thecmc, e.g. by increasing ionic strength of

the solution.

For many non-ionic surfactants, there is a cloud point temperature,TC , above

which the aqueous solution phase separates. This yields surfactant-rich and surfactant-

poor regions; both dehydration of the surfactant and greater colloidal interactions

between the micelles cause them to 
occulate aboveTC [21].

Of the immiscible media in an emulsion, the more hydrophilic is usually water-

based. Thus formulators speak of oil-in-water (o/w) or water-in-oil (w/o) emulsions

when specifying the internal and external phases of a droplet emulsion. Bancroft’s

rule states that the preferred continuous phase is that in which the amphiphiles (in

all forms) are most soluble. Although commonly veri�ed, it has been superseded

by Binks et al., who state that the preferred continuous phase is themicroemulsion

phase (seex 1.2), i.e. the phase in which stable aggregates are most soluble. Ban-

croft’s rule implies correctly that for a given surfactant, the predominant emulsion

type is strongly dependent on the surfactant structure. There are several semi-

quantitative descriptions based on this correlation of performance and structure.

The hydrophilic-lipophilic balance (HLB ) is an empirical scale of increasing net

hydrophilicity (Figure 1.3), for which the references are oleic acid (HLB � 1) and

potassium oleate (HLB � 20). Gri�n’s method [22] relates the fraction of ’hy-

drophilic’ chemical groups in a surfactant to the applications for which it is expected

to be suitable.

The preferred aggregate type is observed withdecreasingHLB to follow the se-

quence: spherical, cylindrical, bilayer, laminar to inverse structures. Mitchell [23]

provides a physical explanation for this sequence by correlating it with the critical
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packing parameter,CPP = V
 =a
 l 
 with a
 being the head area,l 
 the hydropho-

bic tail length and V
 the tail volume. This comparison of head and tail area is

quantitatively correct for a micellar or microemulsion aggregate. However, the in-

terfacial curvature of an emulsion droplet is typically orders of magnitude smaller

than any inverse molecular dimension. That the preferred emulsion type still follows

the preferred microemulsion type suggests that some equipartition of curvature en-

ergy occurs between thermally-equilibrated droplets and aggregates, even when the

droplet size is itself not yet equilibrated under surface tension.

Figure 1.3: TheHLB spectrum of surfactant hydrophilicity, including ranges iden-

ti�ed with particular uses [22]. Surfactants used without additives forULIFT are

typically found in the central region HLB = 10 � 12.

Alternatively, Winsor’s R-ratio directly addresses the balance of interaction en-

thalpies A (between headsH , tails T , water W and oil O). Where the R-ratio

is greater than unity, the monolayer is hydrophilic andvice versa. Although this

is an exact physical interpretation, the individual constants cannot be quanti�ed

easily; some approximations use Hildebrand solubility parameters or enthalpies of

vaporisation.

R-ratio =
AHW � AW W � AHH

AT O � AOO � AT T
�

AHW

AT O
(1.1.1f)

The Winsor theory [24] con�rms that the balance is essentially a result of match-

ing the oil-tail and water-head interactions. Notwithstanding restrictions in tem-
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perature, TK , TC , most low-molecular weight oils can be emulsi�ed with a given

aqueous surfactant solution above thecmc. However, unless the terminalIFT is

very low, the Laplace pressure will prohibitively destabilise smaller droplets, so that

emulsions will coarsen and separate over time, either through coalescence or Ost-

wald ripening. Although this can be slowed, it cannot be stopped,i.e. emulsions

can only be kinetically stabilised. However, highly dividing the bulk also gives rise

to an entropic gain from the new con�gurations of the numerous, small, resultant

structures. If the IFT is depressed below a threshold value, emulsi�cation becomes

favourable; these compositions are called microemulsions.

1.2 Microemulsions

Given that optical deformation is proposed for oil droplets in water, it may not

seem obvious why understanding microemulsions is important. Yet the fact that

microemulsions exist at all is a result ofULIFT . For any lyophilic colloid, an abil-

ity to produce ULIFT is therefore intimately related to the type and behaviour of

the microemulsion formed at moderate surfactant concentrations.

The term ’microemulsion’ is actually a historical misnomer, since the feature

size is typically much smaller than a micron (for droplets, much less than 50 nm

diameter). Insight into why microemulsions form is gained by considering the re-

quired Gibbs free energy. The system in question is a surfactant �lm between the

immiscible phases, in equilibrium with a reservoir of surfactant in solution. The

larger the total �lm area, the more divisions or conformations it can adopt and so

the con�gurational entropy of the system increases. This favourable entropy change

is counterbalanced by the �nite surface tension of the �lm. For isothermal division

of the bulk at constant IFT ,

� G = � � A � T � S: (1.2.1g)

When the surface tension is su�ciently low such that � G � 0, enlarging the area

of the �lm by � A = T � S=� (into a highly divided emulsion at �xed internal volume)
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becomes a spontaneous process. Although metastable emulsions (nanoemulsions)

with similar properties can be produced with similar materials, microemulsions are

fundamentally di�erent; they are thermodynamically (rather than kinetically) sta-

ble. As such, they have an inde�nite shelf life and will never phase-separate under

the conditions which formed them.

Historically, de�nitions of what constitutes a microemulsion invoke an arbitrary

length cuto� based on the scattering of light, or feature size, for the convenience of

practical identi�cation [25]. It is important to de�ne microemulsions solely by their

thermodynamically stable, mutual solubilisation of otherwise immiscible solvents.

This state is a direct result of theULIFT provided by the amphiphilic monolayer.

Winsor described that if a particular mixture allows a microemulsion to form,

there are four types of phase equilibria which can occur, denoted WI-WIV. A mi-

croemulsion phase cannot in general be diluted; the external and internal phases

are intimately balanced and have both preferred (average) structure and volumetric

ratio. Thus excesses of oil or water may appear. According to the relative phase

densities, they form layers.

Figure 1.4: The phase variations of systems giving rise to a microemulsion: WIII

(bicontinuous phase) lies intermediate between the extremes WI (oil in water) and

WII (water in oil); WIV encompasses any of these which �lls the entire volume.
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The WI (lower) and WII (upper) phase microemulsions are analogues of con-

ventional o/w or w/o emulsions respectively, with nanoscopic particle size (swollen

micelles). The WIII middle phase microemulsion represents an intermediate situa-

tion where the layers have very little mean curvature; surfactant interactions between

oil and water are similar. The WIV, found at high surfactant concentration is dis-

tinguished only by its lack of excess phases. In practice, it may be variously w/o,

o/w or a neutral structure depending on the proximity to the other three regions.

In accordance with Bancroft’s rule, the surfactant migrates to the continuous phase

(which holds the microemulsion) either side of the phase inversion point from WI{

WIII{WII.

The stability of the various microemulsions can be identi�ed using the Gibbs

phase rule: F = C � P + 2 [26]. It shows the number of degrees of freedomF

remaining when a number of phasesP coexist, for a given number of components

C. For a ternary (C = 3) phase diagram at constant temperature and pressure,

there are two independent degrees of freedom: the oil and water chemical potentials

(which constrain that of the surfactant). Thus a single phase (WIV) occupies at

most a bidimensional region, the two phase equilibrium (WI or WII) a binodal curve

and the three phase equilibrium (WIII) an isolated point.

The miscibility gap spanned by three phases implies the equivalence of three

chemical potentials near three free energy minima and thus a triangular WIII re-

gion on the ternary (Figure 1.5). The tie lines in the WIII area point toward the

vertices of the triangle, whilst the phase inversion zone in whichULIFT is observed

lies approximately along its vertical bisection. Microemulsions are formed above the

critical microemulsion concentrations (c�c s) in each solvent [27] (related to, but not

to be confused with thecmcs) which form the lower oil- and water-rich corners of the

WIII triangle. The speci�c formulation where the microemulsion phase becomes the

entire mixture is the X- or ’�sh-tail’ point (Figure 1.6). The amount of surfactant

required at this point represents its e�ciency in creating enough area to solubilise

the two bulk substances; as a result it can be used as a positively-correlated marker
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for ULIFT .

However, this ideal phase diagram only holds under a unique set of conditions

(temperature and pressure) which allow phase inversion. Either side of the balance,

the diagram becomes skewed towards either WI or WII and the WIII region dis-

appears. This is why WIII (and the correspondingULIFT ) are more di�cult to

formulate than other microemulsions.

Figure 1.5: A simple ternary phase diagram of oil, water and surfactant near the

phase inversion point where the microemulsion is bicontinuous. It shows the liquid

crystal region (LC) and the ’X’ point, representing the smallest amount of surfactant

required for WIV miscibility of oil and water.

Where WIII middle phases do exist, proton NMR self-di�usion measurements,

cryo-electron microscopy, small-angle neutron or X-ray scattering (SANS/SAXS)

[28], conductivity and electrochemical [29] measurements all con�rm a random,

monodisperse, self-similar and bicontinuous structure. As the WIII region is ap-

proached, oil or water droplets overlap and unbend into an interconnected geometry
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in which the locally immiscible environments of oil and water are interchangeable

and equivalent. Since con�ned w/o drops collapse to form water-connected chains,

this is related to the phenomenon ofpercolation in which electrical conductivity

sharply increases [30].

The WIV is unique from a interfacial tension perspective. Since there are no

excess phases, the internal volume is �xed. The only means of creating more sur-

face area (from reducing the surface tension) is by subdividing the existing volume.

This makes the feature size smaller and so less light is scattered. However, when an

excess phase is present, it can instead be depleted to swell the existing microemul-

sion structures, yielding alarger feature size asIFT is reduced. This explains the

common misconception that all microemulsions must become more transparent as

they become more e�cient; this only applies to single-phase formulations. However,

it also poses the question as to why, given the freedom to do so, a larger feature size

(i.e. a lower preferred curvature), would be associated with a lower tension.

1.3 Interfacial curvature in the middle phase

Curvature is a necessary aspect of microemulsion behaviour. The simple entropic

argument given above fails to impose any signi�cant preference for the geometry

of the new interfacial area. Models such as the critical packing parameter allude

to the role of changes in membrane interactions in favouring certain shapes over

others, as evidenced by the variety of known microemulsion structures. In e�ect,

this bias rede�nes the IFT as a curvature-dependent quantity, distinct from that

of a planar surface [23]. The uniform curvature of the spherical systems (WI/WII)

is both intuitive and accessible both experimentally and theoretically. A range of

methods are commonly used to measure droplet radii and estimateULIFT . In the

last three decades, however, predictive methods for WIII phase transitions [31] have

been developed from models of curvature energy. The curvature elastic energy per
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unit area is commonly expressed using the Helfrich equation [32]:

� @G
@A

�

NP T
= � pl + 2 � (H � H0)2 + ��K + O(c4) (1.3.1h)

H =
c1 + c2

2
K = c1c2 (1.3.1i)

This represents a quadratic expansion of the surface free energy per unit area

in terms of the local principal curvaturesc1, c2. The parameters which dictate the

energy penalty for local increases in either curvature are the bending moduli: for

mean curvature (H ) this is splay constant or bending modulus (� ); for Gaussian

curvature (K ) this is the saddle-splay constant (�� ). Their values are typically re-

ported in units of thermal energykB T .

The spontaneous curvature (H0) is the preferred curvature of the surfactant

monolayer. Chie
y, it is necessary to explain stability of non-minimal (hH i 6= 0)

surfaces such as spherical aggregates; for this reason it is important in understanding

the phase inversion behaviour. The surface tension� pl in this expression is that of

the planar reference state at absolute-zero, for whichH = K = 0. However, when

the thermodynamically preferred surface has non-uniform curvature from point to

point, the surface of tensionno longer corresponds to the interface itself. Even

though the surface is packed, the Laplace pressure is homogeneous, and there is no

Marangoni 
ow, the concept of a tension which acts mechanically loses its de�nition

[33]. For the WIII microemulsion, theory relies instead on the de�nition of a free

energy per unit area, which includes any bending energy e�ects in the reproduction

of the surface.

Local minima of measured oil-waterIFT occur in parameter space where the

surface excess entropy of the aggregates is equal to that of a planar monolayer [34].

As such, the preferred mean curvature of the oil-water interface,H0, becomes zero

at these points.

For �xed amphiphile concentrations and a �xed ratio of solvents, the phase be-

haviour is also determined byH0. When H0 changes sign under in
uences such as
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temperature or ionic strength, emulsions tend to undergo phase inversion [35]. Thus

1=H0 is a useful length scale for predictingwhich kind of microemulsions are possi-

ble. As ULIFT is strongly correlated with phase inversion, this poses the question:

can the Helfrich free energy provide a theoretical basis for the measuredULIFT ?

The system Helfrich considered is thermodynamically open such that the area

is extrinsic (i.e. constant area per adsorbed surfactant molecule). It is valid for

packed surfactant layers for which the curvatures are much smaller than the inverse

layer thickness. Minimising this expression gives the preferred average curvatures.

Certain stability constraints on any membrane are straightforward to derive, such

as 2� + �� > 0, below which aggregates become unstable with respect to a planar

surface and thus emulsi�cation fails. The bending moduli are not easily interpreted

from experiment, so it is easier to �rst assume an idealised geometry.

In the de Gennes and Talmon-Prager (GTP-type) models, an in�nite lattice of

oil or water domains, of width d, is permuted subject to thermal Helfrich 
uctua-

tions [36, 37]. Correlations between the 
uctuations occur on a scale denoted the

persistence length,� :

� = l 
 exp
� 4��

3kB T

�
(1.3.1j)

where l 
 is the layer thickness. According to this model the minimumIFT is:

� OW � 0:44
kB T
� 2 (1.3.1k)

The prefactor stems from the modelled cubic symmetry, i.e. lattice coordination

number nL = 6. In the model, � can be estimated geometrically:

� �
nL � O � W l 


� 

(1.3.1l)

Fixing all other parameters, the minimum tension is predicted to occur when the

solubilised oil and water volume fractions (� O, � W , respectively) are equal. This

prediction is loosely related to Winsor’s argument that the net molecular interac-

tions per area between the oil/water and the surfactant must be equal at the optimal

point, thus H0 = 0. Unlike spherical or cylindrical aggregates, a bicontinuous sur-
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face is minimal and so to exist at equilibrium,H0 � 0 is a necessary condition.

The GTP-type, Gitzberg-Landau functional and Gaussian random-�eld models

[38] describe how the bending moduli, and thus the surface free energy are renor-

malised by thermal 
uctations at ultralow surface tension. Since thermal modes

of longer wavelength have greater amplitude, a major outcome is that the moduli

become scale-dependent [39].

� (x) = � �
3kB T

4�
ln (x=l
 ) (1.3.1m)

�� (x) = �� +
5kB T

6�
ln (x=l
 ) (1.3.1n)

In other words, the constants� , �� in the Helfrich expression only represent bend-

ing at the molecular scale,l 
 . This is in keeping with the de�nition of � , in that

folding a �lm of this size incurs no energy penalty. The scaling shows that a larger

membrane is both more 
exible (material is easier to bend with larger aspect ratio)

and less topologically complex [40].

The relevant scale for the microemulsion curvature behaviour is the domain size

x = d. The Exxon model balances the curvature free energy per unit volume, based

on � (d), against an entropic free energy per unit volume of a simple binary mixture.

This successfully reproduces the complex phase behaviours in the �sh diagram as a

result of changingH0 and � 
 . Highly negative �� (d), such that 2� + �� < 0, desta-

bilises spherical aggregates in favour of a bicontinuous microemulsion [41].

The Exxon model is consistent with the GTP-type models in the case where

� O = � W � � 
 :

� � 0:41
kB T

�
+ 2 �H 2

0 + O(�� ) (1.3.1o)

The neglect ofcon�gurational entropy is surprising, as the true number of per-

mutations must be counted at a molecular scale of mixing [42]. However, Strey and

other authors have indicated [43] that all reversible phase inversions around critical

points follow a principle of corresponding states. In this theory, microemulsions

belong to a speci�c universality class of the Ising model, which associates the in-
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teractions at various surfactant orientations with the geometry of the surface. This

simpli�cation allowed them to characterise� (T) over a range of 19 nonionic WIII

formulations with only � (d) and �� (d) as �tting parameters, together with mea-

surements of the WIII temperature range. The authors experimentally identi�ed a

self-similar ratio of d=� � 2 for their CI EJ surfactant systems (C and E denoting

methylene and ethyleneglycol moieties respectively), and additionally that:

h�� 2i = 0 :44 � 0:10 kB T � h� �� (d)i (1.3.1p)

For su�ciently short-tailed surfactants compared to the oil, the minimum IFT

becomes higher so that the microemulsion actually wets the interface [44]. Decreas-

ing the surface tension in practice would imply increasing� , which is related to

the conformational entropy a�orded by a long, 
exible tail [45]. Indeed,� increases

with at least the square of the tail lengthl 
 . Theoretical work [31] also points to

the strategy �� ! � 0 where asymmetrically curved con�gurationsjc1j 6= jc2j become

accessible. In agreement with the Helfrich model, it is observed that the lowestIFT

minima have the narrowest WIII regions, the strongest dependence on spontaneous

curvature and the highest� [46].

However, formation of a disordered, highly divided system precludesd=� � 2 and

thus limits � and l 
 . Highly-ordered lamellar phases are observed with long chain

systems such as lipids which have more extreme bending moduli (� � 0, �� � 0)

[47]. This suggests using very large heads and tails is preferable forULIFT , but

again, the solid or liquid crystal forms become favoured.

A moderate value of� � kB T , as observed for most ternary-component WIIIs

[48], is necessary in practice to prevent excessive surfactant self-association which

induces the formation of lamellar LCs or precipitation. Since liquid crystals are

found at high surfactant concentrations, it appears the changes in preferred geometry

are dependent on monolayer interactions in addition to composition. Any strategy

for formulating lower IFT must account for the �ne line between long-scale disorder

and self-associated order.
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1.4 Theory of formulation

In general, making a desired microemulsion may present far too many degrees of

freedom to consider a systematic search of the large formulation space. In the sim-

plest case of microemulsifying a chosen oil in water at room temperature, there are

4: surfactant concentration and water-oil ratio from Gibbs’ phase rule (x 1.2) at

C; P = 3, plus choices of surfactant head and tail sizes. To progress, it is crucial

that a subset space is considered which re
ects roughly equivalent e�ects of the im-

portant parameters onULIFT . This is a central tenet of the methodology known

as statistical design of experiments.

The foremost of these variable sets is the type of surfactant, for which theHLB

is relevant. The model is crude, in that it reduces the head and tail properties to a

single number assigned to each surfactant. It is a yardstick for matching surfactant

chemical structure to commonly desired properties such as detergency.

The hydrophilic-lipophilic di�erence (HLD ) model has been developed primarily

by formulating scientists [49], in order to produce speci�c Winsor microemulsions

quickly. It introduces the other environmental and composition variables ignored

by HLB , prominently, the nature of the emulsi�ed oil. Like HLB , it is almost

entirely empirical and does not give a direct account of the spontaneous curvature

H0. However, it is roughly proportional toH0 and succeeds in quantifying the e�ects

of the actual formulation and conditions on the thermodynamic balance. Much like

a simpli�ed Winsor theory, it is de�ned here as the free energy di�erence associated

with moving surfactant aggregates from bulk water to bulk oil:

HLD �
� o

O � � o
W

RT
/ H0 (1.4.1q)

For ionic surfactants:

HLD = cEACN EACN + c
 + cT (T � T � ) � ln
� S

S�

�
+ f (� A ) (1.4.1r)

For nonionic polyethoxylated surfactants:

HLD = cEACN EACN + c
 + cT (T � T � ) � cSS + f 0(� A ) (1.4.1s)
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where the parameters are de�ned in Table 1.2. When the surfactant interactions

are equal,HLD ; H0 = 0 and the IFT is minimised with respect to at least one

variable. For these variables, the values resulting inH0 = 0 are referred to as ’opti-

mal’, for exampleoptimal salinity. An optimal temperature is commonly known as

a phase inversion temperature(PIT).

If HLD ; H0 > 0, the surfactant has a hydrophilic preference, so any microemul-

sion is expected to lie on the WI side of the minimumIFT . Conversely, forHLD ; H0 < 0,

the surfactant is hydrophobic and forms a WII equilibrium.

Variable Term Ionic HLD PEO nonionic HLD

E�ective alkane carbon N� EACN " "

Characteristic surfactant curvature c
 # #

Ethylene oxide N� , J c
 - "

Temperature T " #

Aqueous salinity S # #

Alcohol cosurfactant � A # #

Table 1.2: A summary of in
uences on the spontaneous curvature as encountered

in the empirical HLD model.

The major assumption made byHLD theory is of linearity in the formulation-

ULIFT space; there are no coupling terms. In practice, a statistical design ap-

proach veri�es that the variables are not confounded. The variables are only very

weakly dependent on one another, since the free energy contributions are additive.

This rule-of-thumb holds especially well for homologous series of surfactants such

as CI EJ , so that for each the coe�cients are constant. Exceptions do exist, such as

the non-ideal partitioning of cosurfactant.

In principle, the one-dimensional optimum conditionH0 = 0 can be obtained

by tuning any one variable. What is more, corresponding and opposing changes of
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two variables retains the conditionH0 = 0. This method allows monotonic, step-

wise minimisation of IFT in formulation space. The model is not only employed

for comparing optimal and nonoptimal formulations (di�erent H0) in the same mi-

croemulsion system, but also for comparing di�erent systems at the sameH0 even

if they have no common parameters.

One of the most surprising results of the work onHLD has been the association

of complex hydrocarbons with an equivalent alkane carbon number (EACN ) [50].

This value represents the lipophilicity of a given oil compared to the normal alkanes

in the context of microemulsi�cation. A linear mixing rule can be applied to predict

the EACN of a mixture that does not partition into the aqueous phase [51]. All else

constant, each surfactant has anEACN for which the water-oil IFT is minimum.

At 1M salinity and ambient temperature with no other additives, this coincides

with � c
 =cEACN , yielding the surfactant characteristic ‘curvature’c
 [52]. Similarly

dimensionless, this is the contribution most readily correlated with the traditional

HLB . For CI EJ surfactants, this parameter decreases linearly with the headgroup

length J . The IFT -salinity curves of aqueous AOT solutions with alkanes increase

and broaden with carbon number from heptane [53].

Since the coe�cients are quite small,cEACN � 0:16, a single surfactant is useful

for microemulsifying oils in a modest range ofEACN . With conventional surfac-

tants where this minimum falls at a low EACN , very hydrophobic oils such as

hexadecane do not readily produceULIFT and are di�cult to emulsify [54].

The temperature shift is measured relative to an ambient reference,T � � 25 � C.

For ionic surfactants, entropy favours the release of counterions, increasing the

charge density at higher temperature. However these ions are solvated by water and

so the shift with increasing temperature is hydrophilic and small (cT � 0:01 K� 1).

For polyethoxylated nonionics, increase in temperature causes a fairly strong hy-

drophobic shift due to entropic dehydration of the head group (cT � 0:06 K� 1,

weakly coupled toJ ) [43].
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The salinity provides precise and stable control of the behaviour of ionic sur-

factants towards a hydrophobic state. In general, the repulsive Coulombic forces

between alike surfactant head groups will cause aggregates to be smaller. However,

this is screened by added salt which decreases interaction with water [55]. For non-

ionics, there is also a screening of dipolar interactions, with a weaker linear e�ect,

cS � 0:13 L g� 1. However, the coe�cient describingHLD dependence on salinity

di�ers with counter-ion type, even at the same ionic strength [56, 57]. As a result,

common salt (NaCl) is used almost exclusively. At very high surfactant concentra-

tion, the ionic surfactants interact, which causes the ’tail’ of the �sh diagram to tilt

upwards. Monolayer charge density signi�cantly increases the magnitude of both

bending moduli; consequently, lowerULIFT minima are usually observed when the

optimum corresponds to alow salt concentration.

Figure 1.6: ’Fish’ phase diagrams showing n-decane/brine/surfactant systems at

[NaCl] = 100 mM and equal brine and oil volumes: (a) AOT surfactant only ( � = 1);

(b) less temperature-sensitive AOT + C12E4 mixed system; AOT constitutes� =

0:60 of total surfactant by weight. Figures reproduced from [10],c
 Wiley.

Addition of medium-chain alkanols (C4E0-C10E0) as cosurfactants also causes a
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decrease inH0. The heavier/more linear the alcohol chain, the greater the molar

e�ciency of reduction [58]. The alcohol for whichf (� A ) = 0 is usually sec-butanol;

shorter, more hydrophilic alcohols largely dilute the surfactant at the interface. The

alcohol additive becomes less e�ective when its length exceeds the surfactant tail

[41]. The tendency of medium-chain alcohols to inhibit lyotropic order between

surfactant chains, is well-documented [59]. This also reduces the Kra�t tempera-

ture. In curvature terms, this disordering e�ect is due to a decrease in the ratio

� ��=� such that saddle bending is favoured. It is experimentally observed thatIFT

is minimised when cosurfactant length is the di�erence of the oil and surfactant

tail lengths. These longer chain alcohols are interpreted as being lipophilic ’linkers’

rather than simple cosurfactants [60]. Whilst being amphiphilic, they fail to adsorb

strongly enough to displace surfactant in the monolayer. They increase order in the

vicinity of the packed interface and increase its e�ectivel 
 , such that solubilisation

improves at the optimum point. This accounts for the common observation that

dodecanol impurities increase the apparent surface activity of SDS.

The addition of small amounts of amphiphilic diblock copolymers to nonionic

microemulsions improves the solubilisation without strong viscosity increase [61].

These copolymers are ultra-long chain analogues of the CI EJ surfactants, thus in-

creasing e�ective l 
 without inducing crystallisation through self-interaction. Con-

versely, addition of surface-inactive homopolymers is reported to decrease both the

e�ciency of the surfactant and � with increasing molecular weight and concentration

[62], whilst greatly increasing the viscosity of the phases to which they partition.

1.4.1 Surfactant concentration

The surfactant concentration does not formally change theIFT (although the ionic

strength may vary weakly for ionic surfactants). Its primary e�ect is to extend the

WIII microemulsion phase to a larger volume at �xed composition. IfH0 = 0 is

maintained as the concentration increases, the X-point is reached (
 = 
 X ) and a bi-

continuous WIV is created so that no macroscopic oil-water interface remains. This

unique volume fraction can be identi�ed with theULIFT s not only of the excess
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phases with the middle phase,� OM;W M , but also that between the excess phases

� OW .

Huh proposed an empirical relation governing theIFT between an excess phase

and microemulsion phase. It states that theIFT depends on the amount of excess

phase that is solubilised into the microemulsion per amount of surfactant. As such,

it can be expressed in terms of volume fractions in the microemulsion phase:

� OM;W M /
� � 


� O;W

� 2
(1.4.1t)

This volumetric ratio � O=� 
 is known as thesolubilisation parameter, in this case

for the oil phase. Huh found the proportionality constant to be 300� N m� 1 [63].

This is consistent with the form given in the Exxon model:

� OW /
� 2




� O � W
(1.4.1u)

As the � OM or � W M is reduced for a given amount of surfactant, the microemul-

sion will swell to incorporate more oil and/or water respectively. Interactions be-

tween dissimilar excess phases are more repulsive than those with the microemulsion

and so� OW > � OM;W M in all cases. In order for the oil-water interface to exist, the

WIII microemulsion of intermediate density must fail to wet it fully. Lensing of

microemulsion droplets is indeed observed in the majority of cases, and Neumann’s

triangle proves that � OW � � OM + � W M . Hence, knowledge of the tensions of the

excess phases with the microemulsion phase con�nes an estimate of the oil-water

IFT . Furthermore, � W M , � OM are proportional to the counterpart works of adhe-

sion AHW , AT O ; thus, Winsor’s R-theory indicates a balanced monolayer when the

two microemulsion-excess phaseIFT s are equal.

Commonly, nonionic microemulsions require 10-30% wt. surfactant to produce

a single phase (WIV), but in accordance with the Huh relation� (� 
 ), these do not

produce goodULIFT . The value of 
 X reduces to less than 5% wt. for the most

e�cient surfactant systems.
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The cuto� at low surfactant concentration is the c�c , where the middle phase

is depleted and only a single interface appears to remain at conventionally low

IFT . Other than the implied microemulsion formation, little is known about how

this transition occurs or whether a microemulsion is stabilised at the surface by

disjoining pressure, given its intermediate dielectric permittivity. Below thisc�c

point (found to be roughly 5� cmc [64]), Winsor transitional phase inversion is not

observed. Certainly, any metastable emulsion formed below thecmc will not transi-

tionally invert even if H0 is changed; only a catastrophic inversion [65] can take place.

Notably for all cosurfactant additives, the phase diagram can become skewed due

to their unequal partitioning between oil and water. The development of linkers (and

the explosion in associated formulation variables) means that they are increasingly

being incorporated into the surfactant structure themselves. Namely, this is a new

class ofextendedsurfactants. Groups of intermediate hydrophilicity/ hydrophobicity

such as propylene-oxide are placed along the centre of the chain allowing for a

more gradual change in polarity across the interface [66]. Even longer oils such as

triglycerides can be microemulsi�ed [67]. This reduces the attainableULIFT to

the order of 0.1 � N m� 1 - certainly suitable for optical deformation, but bending

rigidity is high ( � � 1:4 kB T) so that the timescale for equilibration increases to

several weeks [68, 69].

1.5 Phase-volume methods for optimisation

A handful of recipes for WIII equilibria and high-solubilisation WI and WII equi-

libria are reported in the literature, but present a number of issues. Fundamentally,

very few have su�ciently low ULIFT minima accessible for optical deformation,

around 1 � N m� 1 or lower. Nonetheless, techniques exist to adapt those formula-

tions for global ULIFT minima, with the following caveats. On the practical side,

they often consist of an excessive number of components, each associated with addi-

tional degrees of freedom. Thus the formulation space becomes untenably large

compared to the region in which desirableULIFT occurs. Also, prediction of



1.5 Phase-volume methods for optimisation 33

ULIFT is complicated by components that partition signi�cantly between both

oil and water phases. This partitioning couples theULIFT to the water-to-oil ratio


 � � W =� O, which is weighted strongly towards the water phase in the intended

experiment, 
 > 200. The process of formulation is simpli�ed signi�cantly by using

equal volume fractions of oil and water 
 = 1, so partitioning should be avoided

where possible.

It is prudent to use a near-minimal formulation space within whichULIFT is

known to exist. The simplest possible system is a ternary composition of two pure

molecular solvents microemulsi�ed with one surfactant. However, this becomes too

restrictive. With the exception of temperature, the remaining degrees of freedom

at ambient pressure are the discrete choices of the chemicals. Use of temperature

as a formulation variable is less practical than other continuous parameters such

as concentration, which do not depend on external in
uences. Moreover,ULIFT

is particularly narrow in its temperature range and widely varying in its central

temperature, so far more di�cult to �nd. A superior alternative is to attempt to

�x the working temperature and to use the concentration of a single solute as the

formulating parameter. In this work at least a quaternary system is used, where the

principal formulating variable is the aqueous salinity,S.

Optimisation does not require measurement ofH0 or even IFT directly in a

quantitative sense. Instead, observations of macroscopic phase behaviour at 
 = 1

can be relied upon to �nd Winsor III microemulsions,
 > c�c , of high and equal

solubilisation of oil and water, where they exist. The solubilised volumes are easily

measured in thin cylindrical vials. The excess volumes only contain a relatively

small amount of surfactant (compared to the microemulsion) and can be neglected

when the middle phase fraction is larger than the ratioc�c=
 X � 0:1.
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1.5.1 Materials and methods

The materials Brij-L4 and C12E4=5 (dodecyl tetra/pentaethyleneglycol ethers, 98%,

Aldrich ), toluene,n-butanol, NaCl (all AR grade, Fisher) and deuterium oxide, D2O

(Cambridge Isotope Labs.) were all used as received. Ultra-pure H2O was obtained

from a MilliPore unit ( MilliQ , 18.2 M 
 cm � 1). The oils n-heptane, n-decane

and n-dodecane (> 99%, Fisher) were puri�ed through silica under N2. To remove

inhibitor, styrene, lauryl methacrylate and isobornyl acrylate monomers (Aldrich )

were either washed with two parts 2M potassium hydroxide, then three parts wa-

ter, or vacuum distilled and desiccated. No di�erence in formulation behaviour

was found between the two variants, which were kept foiled at 5� C. Piranha solu-

tion, a strong oxidising agent used to clean glass coverslips and slides, was mixed

freshly from 1 part hydrogen peroxide (30% in H2O, Fisher) and 2 parts sulphuric

acid (98%, Fisher). Sodium dodecyl sulfate (SDS,Aldrich ) was twice recrystallised

from ethanol before use. Aerosol OT (sodium bis(2-ethylhexyl) sulfosuccinate) was

analysed by NMR, Karl-Fischer titration and dynamic pendant-drop tensiometry

at 100 mM NaCl to check for hydrolytic impurity; the cmc was in agreement with

literature value of 0.5 mM at 20� C [57]. TheIFT of equilibrated water with air also

enabled estimation of the AOT partition coe�cient between the water and heptane

in the presence of 100 mM NaCl, which at 1 : 1:8 � 0:2 was consistent with the ratio

of the respectivec�c s. At 1 mM AOT concentration, the characteristic adsorption

time from Ward-Tordai pendant tensiometry [70] was around 10 ms. The chosen

supply of AOT (96%, Acros Organics) was invariant under Soxhlet extraction and

each batch was used as received within 3 weeks to avoid hydrolysis. AOT is known

to form vesicles on dissolution [71], particularly in conditions of moderate salinity

> 100 mM and AOT > 10 mM; this was avoided where possible. The Kra�t point

of AOT is normally below 0 � C but increases sharply with sodium ion concentration.
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AOT C 12E4 C12E5

H2O + NaCl 0.4, 0.5a (0.5b) 0.016 0.025,< 0:046b (0.060b)

Heptane (0.4a) (30c) (10b)

Decane (0.6d) (20c) -

c�c (
 = 1) 6 2


 X 53 64

Table 1.3: Critical micellar concentrations (cmc) determined here by partition pen-

dant drop tensiometry are listed alongside critical microemulsion concentrations

(c�c I;N , in parentheses) for relevant combinations of surfactant and solvent at a

representative temperature and aqueous salinity (20� C, 100 mM NaCl). For the

temperature insensitive AOT/nonionic mixtures at (� � ; S�� , see Chapter 4), the

estimated total critical microemulsion concentration (c�c ) and the middle-phase

surfactant concentration (
 X ) measured using the Huh theory are given for 
 = 1.

All quantities in mM. Literature values are marked as follows:a[53] b[72] c[73] d[10].

Each 15 mL composition was enriched in surfactant until bluish, typically
 = 1%

wt., agitated manually to mix, then allowed to resolve into layers. Separation took

place for 1 week at 18� 2 � C, after which no change in phase volumes was detected.

Incomplete creaming/sedimentation resulted in volumetric errors that were notably

independent of temperature cycles, and were mitigated by centrifugation at 2000g.
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1.5.2 Temperature-sensitive formulations

Polymerisable formulations

A preliminary step towards the concept of �xing the deformed droplets1 was the for-

mulation for ULIFT emulsions with the monomer styrene, based on modi�cation of

a literature toluene recipe. The styrene example puts the formulation theory above

into practice, as applied to all recipes used in this thesis.

A salinity scan across the phase inversion point [75] of the toluene WIII was

performed (Figure 1.7). With this information the local minima in ULIFT were

identi�ed using the Huh theory as shown in Figure 1.8. The results provided a

starting point for substitution with the aromatic monomer, styrene; repeating the

procedure with the new oil gaveULIFT of the same magnitude (Figure 1.9).

The presence of excess phases means that a ternary microemulsion remains unaf-

fected by the change in the water-oil ratio 
 within the WIII region. The exception

is unequal bulk partitioning of the butanol between the oil and water. A smaller 


reduces the concentration of butanol in oil and thus its availability to reduceH0 of

the interface. The total mass of the surfactant added is known; its e�ective density

within the monolayer is given by � 
 = �M 
 =NA a
 L 
 � 1 kg L� 1, where �M 
 is the

molecular weight. In any case, the Huh theory appears to neglect the volume frac-

1In the ONF project, the initial collaboration considered the possibility of manufacturing poly-

mer beads of bespoke shape, for which Ward et al. showed proof-of-concept [74] based on a

photointiated monomer oil. The latter collaboration proposed following the polymerisation by

ratiometric Raman spectroscopy - a capability built into the design presented in Setup C (see

x 2.4.3), though realised separately by fellow doctoral student OWJB. It was postulated that ad-

dition of polymer chains to the oil could aid the shape retention of a polymerising droplet by two

mechanisms. First, the increased viscosity is expected to reduce any recoiling 
ow caused by the

sharp rise in surface tension. Second, the shrinkage due to bond condensation would be reduced

proportionately. A sensible starting choice of polymer is one formed from the same monomer as

the solvent, but even so, the chain length and concentration introduce additional formulation vari-

ables. Which are best for both the process and the quality of the end product? These avenues of

research remain to be explored.
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tion of cosurfactant (here this constitutes no more than 4%), but this is partially

accounted for by the reduction ofa
 from a Langmuir-Blodgett monolayer value.

These WIII systems have surfactant concentrations of
 � 150 mM SDS, far

exceeding the aqueouscmc. They equilibrate noticeably faster (a matter of a few

minutes) near the optimum point where emulsion coalescence is promoted by defor-

mation under ULIFT [76]. The phase volumes follow the expected trend from large

excess of oil at low salt (near WI) to excess of water at high salt (near WII). The

lowest bounds for the oil-water surface tension is found at the intersection of the

two middle-phase interfacial tensions,S = (1 :11� 0:03) M, � OM;W M = 3 :5 � N m� 1.

SLS, SANS and SAXS on this same composition give almost identicalIFT curves

based on Doppler tensiometric or Teubner-Strey/Huh models [77{79]. The value of

� OW � 5 � N m� 1 is therefore known within a factor of
p

2. The optimum microemul-

sion volume fractions,� O = 0 :45 and � W = 0 :49 are almost equal. This observation

rea�rms the concept of interchangeability between the bicontinuous water and oil

volumes [80].

The dipole moment of styrene is threefold weaker than that of toluene. When

changing oil to styrene a small increase in the lipophilicity of the oil is expected and

thus also a relative hydrophilic shift inH0 for the surfactant [81]. Roughly extrapo-

lated �gures [82] suggest the replacement of toluene with styrene involves a change

of EACN = 1 ! 3. The changes in HLD compensate such thatH0 ! 0. Adding

BuOH instead of NaCl prevents ’salting out’ of the surfactant [83, 84]. Styrene,

being larger and more polarisable, has a greater dispersion interaction with butanol

than the toluene it replaces. Thus the butanol has a lower relative a�nity to SDS

in styrene solution. This reduces the solubility of the SDS, such that the salinity

scans form the expected sequence only when heated to 65� C.

This styrene formulation clearly showsULIFT comparable with the toluene

analogue, notably at a higher salinity. By cutting the salt content further and instead

replacing its hydrophobic contribution to H0 with dropwise additional butanol, the
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Figure 1.7: Salinity scan at 19� C for the toluene/SDS/butanol/brine system show-

ing the opalescent middle phases in transition from WI through WIII to WII. Note

labels correspond to wt%. NaCl in brine: 5.2, 5.6, 6.0, 6.4, 6.8 from left to right.

Samples are shown one hour after agitation.

Kra�t point drops below room temperature whilst maintaining H0 = 0. Phase

volume measurements were taken 20 min after each addition and agitation cycle.

Measuring the phase volumes gives a rough estimate of the solubility parameter at

the optimum point, such that the minimum � OW = 15 � N m� 1. A phase-inverting

microemulsion with a useful level ofULIFT was formed at room temperature with

styrene monomer.
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Figure 1.8: Phase volume tensiometry along a salinity scan in the

toluene/SDS/butanol/brine system at 19� C: (left) solubilisation parameters for oleic

(red) and aqueous (blue) phases; (right ) interfacial tensions with the microemulsion

(purple) are extracted using the Huh equation and added, to bound theIFT value

between oil and water.

Figure 1.9: Phase volume tensiometry along a salinity scan in the

styrene/SDS/butanol/brine system containing 4% wt. BuOH and heated to 65� C.

Legend as for Figure 1.8.
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Figure 1.10: A Winsor phase diagram of the styrene/SDS/butanol/brine system

with cosurfactant and amphiphile content at �xed salinity S = 1 :08 M, temperature

T = 19 � C and water-oil ratio 
 = 0 :9 is presented; this is analogous to a �sh

diagram with cosurfactant in
uencing H0 instead of temperature. Note the SDS

becomes more soluble in the presence of butanol. The slope of theULIFT locus

equals the ratio of BuOH to SDS in the monolayer, which approaches unity.

Alkane-based quaternary systems

The AOT/alkane/brine quaternary systems [53] are notable among those bearing

ULIFT , for they do not require a cosurfactant. They invert in the sequence WII-

WIII-WI with increasing temperature, as typical for ionic monolayers. Previous

work gaveULIFT well suited to optical deformation [6, 85]. Heptane, decane and

dodecane were formulated for minimumIFT . Although refractive contrast with

water, � n, increases withEACN , � 0 increases more rapidly (Tables 1.4 and 4.1).

Thus, heptane was found to give an optimal deformability ratiok=� .
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1.5.3 Temperature-insensitive quinary formulations

The nonionic quaternary systems formed using the CI EJ family of surfactants fol-

low the opposite sequence WI-WIII-WII in accordance with the hydrophobic cloud-

point e�ect [43, 86]. The surfactants express preferred curvatures of opposite tem-

perature dependence, so their respective quaternary systems show contrary se-

quences of phase inversion [87, 88]. By mixing the two, the temperature coe�cient

cT is negated. This forms the e�cient and markedly less temperature-dependent

quinary systems: AOT/C12E5/ n-heptane/NaCl-brine and AOT/Brij-L4(C 12E4)/ n-

decane/NaCl-brine as used previously for optical tweezing [85]. The salinity and

amphiphilic ratio can then be �ne-tuned to give the desiredH0 and its temperature-

sensitivity, as shown in Chapter 4.

1.5.4 Deuterated solvent

In much of the collaboration’s later work, D2O was substituted into the heptane

quaternary - and heptane and decane quinary - systems, to lessen laser heating.

For heptane/AOT/D 2O/NaCl ( i.e. � = 1), the optimal salinity at the ambient

temperature, 21 � C, was located around 30 mM. The corresponding PIT for the

H2O system is 42 mM; that’s a similar ratio of salinities to that associated with

changing the oil from heptane to octane. While the hydrophobic e�ect is largely

entropic, the contribution is almost identical in water and in D2O. A lower ionic

strength permits AOT aggregates to leave the aqueous phase, which suggests an

increase in the cohesive energy of that phase (which outweighs any increase in its

interaction with AOT). The hydrogen bonding in D2O is about 3% stronger than in

water and so the relative change on deuteration is enthalpic [89]. The sequence of

deformability summarised in Figure 1.11 is consistent with a PIT of 21.0� 0.3 � C

at 30.0 � 0.2 mM NaCl. The slope of PIT with salinity is roughly the same as the

H2O system, with a coe�cient of +0.6 � 0.1 K mM� 1.
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Figure 1.11: Deformability map revealing the PIT-salinity curve for droplets en-

countered in heptane/AOT/D 2O/NaCl experiments in Chapter 6. Assignment is

based on a qualitative deformability scale, where #1-4 correspond to the extrema of

droplet categories A-C in Table 3.2. Solid lines are estimated contours of deforma-

bility and therefore of IFT also.
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1.6 Alternative macroscopic methods for

optimisation

1.6.1 Small angle X-ray scattering (SAXS)

The Huh equation gives an indirect estimate of theIFT from the correlation length

of the microemulsion� . In turn this can be measured by small-angle scattering

of matter waves (neutrons) or light (X-rays) with a comparable wavelength. The

latter technique is SAXS. The isolated, pre-equilibrated phases were interrogated

with a Bruker Nanostar instrument using Cu K� radiation. For each, a capillary

of 1 mm diameter was run at 25� C for 1 h with a sample-to-detector distance of

1.5 m. The exposures corresponding to excess water and excess oil were averaged

and normalised in order to provide a background subtraction for the exposure cor-

responding to the middle phase. As shown in Figure 1.12, the scattering intensity

was �tted with the structure-independent Teubner-Strey model [90, 91] to yield the

average membrane dimensions and thus the minimum oil-water interfacial tension.

C12E5/AOT/ C 12E4/AOT/

heptane/120 mM NaCl decane/170 mM NaCl

Periodicity, d (nm) 66 � 7 60 � 4

Correlation length, � (nm) 44 � 1 37.4� 0.7

Domain size,d=2 (nm) 33 � 3 30 � 2

Lifshitz ratio, d=� 1.5 � 0.1 1.6� 0.1

Interfacial tension, 0:44 kB T=�2 0.9 � 0.1 1.3� 0.1

Surfactant fraction 
 X 0.028� 0.002 (53 mM) 0.033� 0.002 (64 mM)

Thread tension, 2�
p

2�� (pN) 0.54 � 0.04 0.58� 0.05

Bending modulus,�=k B T 1.1 � 0.1 1.0� 0.1

Table 1.4: Middle-phase domain and interfacial properties derived from SAXS at

25 � C, together with bending moduli derived from Stokes recoil of threads; see

x 5.4.1. IFT quoted in � N m� 1.



1.6 Alternative macroscopic methods for optimisation 44

Figure 1.12: Small-angle scattering curve for the middle microemulsion phase of

decane/AOT/C 12E4/NaCl (aq) , S = 170 mM, extracted and interrogated at 25� C.

The data is �tted with the Teubner-Strey model (solid line) to extract the average

dimensions of the microemulsion domains. Inset: third and fourth moments of

scattering signal to show regions that scale with scattering vector to the (top) third

power, i.e. fractal monolayer structure, and (bottom) fourth power, i.e. Porod’s Law

for the speci�c interfacial area of the scattering domains.






































































































































































































































































































































































































































































