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Abstract

Surfactants comprise one of the largest volume commodity chemicals in the world and have multifarious

uses from pharmaceuticals, agrochemicals, food, fuel and lubricant additives, paints and inks as well as

detergents and cleaning agents. The ability to control surfactants once they are in solution is of great

importance not only for scientific reasons but also because of environmental and economic interest. To this

end, surfactants sensitive to changes in pH, temperature, C02, light and redox have already been developed.

This thesis investigates a new class of surfactants designed to be magnetically active, whereby the

composition and physico-chemical properties of a system may be perturbed simply by the switching "on"

and "off" of a magnetic switch and with no significant energy input.

The thesis demonstrates that these new magneto-responsive surfactants behave like conventional surfactants

but are now bifunctional allowing for new magnetic approaches where previously magnetic nanoparticles

have been employed. For example, the magnetic properties makes it easier to round up and remove the

surfactant from a system once it has been added. By developing the first nanoparticle-free magnetic

emulsions the potential for further applications in environmental clean ups (e.g. oil spills), water treatment

or drug delivery have been demonstrated. In addition to this, the combination of surfactant adsorption and

intrinsic magnetism has allowed for the control and manipulation of biomolecules without the need for

magnetic nanoparticles.

This work explores both the fundamental properties of these novel surfactants and also takes significant

steps to optimize the surfactants for potential applications.
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Project Overview

Project aim

There is a huge push for both economical and environmental reasons to develop new surfactants and

solvents that not only reduce waste and are less toxic than before, but also that allow for new chemistry and

applications. The work presented in this thesis has aimed to design and study systematically ionic liquids

and surfactants with this in mind. One approach was to consider molecular deisgn to produce ionic liquid

surfactants (SAILs) that are more environmentally friendly than current ionic liquids, while making an effort

to retain any important physico-chemical and electrochemical properties suitable for application. In addition

to this, by making these SAILs magnetically responsive a surfactant system was created with great potential

for various applications.

Project Overview

Chapter 1 gives a background to the field of surfactant and colloid science. With relevant concepts

including surfactants and microemulsions.

Chapter 2 is a literature review on ionic liquid surfactants covering micellar catalysis, ionic liquid design

and applications and the development of surfactant ionic liquids (SAILs).

Chapter 3 investigates the design of environmentally friendly SAILs based on commodity surfactants and

how their properties compare to conventional surfactants.

Chapter 4 investigates imidazolium based SAILs focussing on their physico-chemical properties and how

they may be tuned for potential applications.

Chapter 5 introduces the first magnetic surfactants and their characterization using small-angle neutron

scattering and magnetometry.

viii



Chapter 6 describes the first nanoparticle-free magnetic emulsions and explores their potential "out of the

laboratory" applications from oil recovery to drug delivery.

Chapter 7 focuses on novel magnetic properties of magnetic microemulsions and how they may be

considered as tuneable nanomagnets

Chapter 8 details the magnetization of DNA and other biomolecules simply through surfactant binding and

the switching on and off of a magnetic field.

Chapter 9 comprises a summary of results, conclusions and recommendations for further work.
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Chapter 1

General Introduction

This thesis is concerned primarily with the development of new magneto-responsive surfactant molecules

and how they may be designed for various applications ranging from ionic liquid synthesis to the

manipulation of colloidal systems. It is therefore important to introduce some background theory on

surfactants and the colloidal systems of interest as well as magnetism.

1.1 Colloids

Colloids are ubiquitous both in industrial processes and in nature, and are a stable heterogeneous mixtures of

one phase dispersed in another phase. There are no strict boundaries on the size of colloidal particles, but

their upper size is limited dependent on the balance between thermal (3/2 kBn and potential energy. For this

reason they tend to vary between 1 nm to 10 urn in size I. One important group of colloidal systems are

called association colloidi which contain amphiphilic molecules that associate in solution to produce

aggregates of colloidal dimensions. These amphiphilic molecules are commonly termed surfactants.

1.1.0 Surfactants

The term surfactant is an abbreviation for surface active ~ent, and, as the name suggests, is a compound

that adsorbs at an interface (whether liquid/air interface, liquid/liquid or even the surface of a biomolecule).

Adsorption occurs due to the dual nature (amphiphilic) of the surfactant, where one part of the molecule is

hydrophilic (headgroup) and the other hydrophobic (tailgroup). This can be achieved in a number of ways as

detailed below.

1.1.1 Surfactant structure and classification

There are many possible surfactant configurations, however, surfactants may be broadly divided up into four

main categories depending on the type of head group (Table I). Anionic surfactants have negatively

charged headgroups such as caboxylic acid saIts, alkyl phosphates or sulfates (e.g. sodium dodecyl sulfate).

1



Cationic surfactants have positively charged headgroups and are usually nitrogen based quarternary

ammonium compounds (e.g. dodecyltrimethylammonium bromide). Zwitterionic surfactants combine both a

positive and a negative group and are often biologically important (e.g. phosphatidylcholine) and finally

non-ionic surfactants have no headgroup charge but are amphiphilic due to the presence of strongly polar

groups (e.g. decyl glucoside).

Structure Name
°

o -0-.... II
s

Na II "'---0
o

Sodium dodecylsulfate

\
- oN

Br/ \ Dodecyltrimethylammonium bromide

palmitoyl-oleyl-sn-phosphatidylcholine

Decyl glucoside

Table 1.1: Examples of typical surfactant structures.

Many other types of surfactants do exist. such as Gemini (effectively two surfactants but made into one by

bridging the headgroups). catanionic (mixture of cationic and anionic surfactant which act as counterions to

each other) and bolaform (a head group at each end) and surfactant properties may further be enhanced for

specific purposes. for example including fluorinated carbon tails for solubility in scCO/ or producing

surfactant ionic liquids (surfactants with melting points below 100 T) as detailed in this thesis for potential

application in controlling reaction pathways.
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In addition to conventional surfactants that are responsive to pH, temperature and electrolyte, stimuli-

responsive surfactants may also be prepared containing light-sensitive groups", redox groups', C026

responsive groups and magneto-responsive groups (arising from work in this thesis).

1.1.2 Adsorption and aggregation

There is a thermodynamic imperative for amphiphilic molecules to adsorb at an interface. At the air/water

interface surfactants orientate themselves so that their hydrophobic tails minimize contact with water due to

the hydrophobic effect. By doing this the surfactant molecules disrupt the surface forces between the water

molecules increasing the free energy thereby lowering the surface tension.

Once the solubility in the bulk is reached aggregation can take place. The concentration at which this occurs

is known as the critical micelle concentration (cmc). The formation of micelles provides a way for

hydrocarbon tails to minimize unfavourable contact with water and lowers the systems free energy. These

micelles are equilibrium structures, with surfactant unimers exchanging between micelles on a microsecond

timescale, and the micelles form and disintegrate on a millisecond scale".

The cmc can be determined by measuring a number of physical properties such as electrical conductivity,

surface tension, turbidity and osmotic pressure.

Micelle aggregates vary greatly in size and shape dependent on the packing parameter' of the surfactant

molecules but typically consist of between 50 and 200 molecules. The packing parameter (Eq. 1.1) may be

calculated from the optimum headgroup area, 80, the critical chain length, l., and the volume of the

hydrocarbon chain, v.

Eq. 1.1

The optimum headgroup area arises from the balance of energetic contributions to the free energy of the

system. Headgroup electrostatic repulsions force the surfactants apart while the hydrophobic effect drives

them together. This property is easily altered through the addition of electrolyte and control of pH. The

critical chain length and volume of the hydrocarbon chains varies substantially with the number of

hydrophobic groups, chain branching and chain saturation. It is possible to derive mathematical conditions

3



under which certain shapes may be formed. For example. a spherical micelle of radius Rm1c consisting of a

number of surfactant molecules. N. will occupy a volume 4rr/3R!iC = N;» and have a surface area 4nR~iC

= N",Ah. suggesting that Rmic = 3vlAh. In order for the micelle to be spherical this radius must be smaller than

or equal to the critical chain length, l., The conditions for various micellar shapes are listed in Table 1.2.

General surfactant type Extended aggregate structure
< 0.33 Single chain surfactant with large

headgroup
Spherical or ellipsoidal micelles

0.33 - 0.50 Single chain surfactant with small
headgroup

Cylindrical or rod-like micelles

0.5 - 1.0 Double chain surfactant with large
headgroup or flexible chains

Vesicles and bilayers

1.0 Double chain surfactants with small
headgroups or rigid chains

Planar extended bilayers

>1.0 Double chain surfactants with bulky
hydrophobic groups

Reverse or inverted micelles

Table 1.2: Expected aggregate shapes predicted from packing parameter. Pc.

1.2 Microemulsions

Microemulsions are clear. thermodynamically stable. isotropic mixtures of two immiscible liquids and

surfactant (and sometimes a co-surfactant) that form spontaneously I. 9. Microemulsion droplets are usually

in the size range 5 - 50 nm in radius (much smaller than emulsion droplets. > 0.10 11m).

The spontaneity and thermodynamic stability of microemulsion formation is a direct result of strong

adsorption of surfactants at the interface between the two liquids and the lowering of interfacial tension. The

droplet formation can be understood in terms of the free energy of the system. The configurational entropy

change on forming a dispersed phase of small droplets can be described by equation 1.2:

{
(1- cf>}IlSconf = -nkB[/ncp + -cf>- In (1 - cp) Eq.1.2
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where n is the number of droplets and ¢ is the volume fraction of the dispersed phase. The associated free

energy change in forming a final microemulsion state (Eq. 1.3) is then a combination of this configurational

entropy plus the energy required to create a new interfacial area A with an interfacial tension y.

lJ.G = lJ.Ayo/w - TlJ.Scont Eq.I.3

Microemulsions were classified by Winsor into four main types 10 (Figure 1.1):

Type 1: Surfactant is preferentially soluble in water and o/w microemulsions form (Winsor I). Surfactant-

rich water phase co-exists with the oil phase where surfactant is only present as monomers at small

concentration.

Type 2: Surfactant is mainly in oil phase and wlo microemulsions form. Surfactant-rich oil phase co-exists

with the surfactant-poor aqueous phase (Winsor II).

Type 3: A three phase system where a surfactant-rich middle phase coexists with both excess water and oil

surfactant poor phases (Winsor III).

Type 4: a single-phase (isotropic) micellar solution forms upon the addition of a sufficient quantity of

Figure 1.1: Classification of microemulsions. In the three phase system the middle-phase microemulsion

(M) in equilibrium with both excess oil (0) and water (W).

5



By changing the relative components of the system microemulsion droplet size can be altered. One

important quantity is the w value (for water-in-oil microemulsions) which can be defined in terms of the

molar concentrations of surfactant and water in the system, and is effectively the stabilization efficiency:

w = _...:.[H....:2:....0~)_
[surfactant) Eq. 1.4

The approximate droplet size can be calculated from this w value.

Eq. 1.5

where R is the radius of the spherical microemulsion droplet, v" is the volume of a water molecule r= 30 A).

The range of accessible w values are dependent on the surfactant as well as the solvent combination.

1.3 Magnetism

Electrons orbit around a nucleus and protons orbit around each other inside the nucleus. These orbital

motions may be regarded as flowing electric currents within the atom and these currents generate magnetic

fields." The orbital motions may be described in terms of magnetic dipole moments and how these dipoles

respond (align) in the presence of a magnetic field dictates their magnetic behaviour and classification. ,

paramagnetic, ferromagnetic and diamagnetic.

1.3.1 Atomic Magnetic Moments

A orbiting electron produces a magnetic current with an average current along its orbit of

1= e
znr Iv

e
21fr Eq. 1.6
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where e is the charge moved, r is the radius of the circular orbit (strictly speaking the calculation requires

quantum mechanics and not simply classical mechanics but for simplicity is not included here) and v is the

speed. This circulating current gives rise to a magnetic moment:

[ ] ev 2 evr11= I x area =- x ttr =-
21fT 2 Eq.1.7

The magnetic moment can also be expressed in terms of angular momentum

e
11=-L

2me
Eq.l.8

where L = meYr. Importantly Equation 1.8 remains valid when using quantum mechanics. II In quantum

mechanics the magnitude of the orbital angular momentum must be an integer multiple of n (Planck's

constant, h divided by 21l); this means it is quantized.

In addition to orbital angular momentum the magnetic moment generated by the rotation (spin) of an

electron must also be considered. This has a fixed value of 9.27 x 10-24 A m2 and defines a unit called the

Bohr magneton (B. M.). The net magnetic moment of an atom is the combination of all orbital and spin

moments of all the electrons, taking into account the directions of these moments. The nuclear magnetic

moments should also be considered but are relatively small and usually neglected.

How the magnetic dipoles of all the atoms in a system interact then determines the materials bulk magnetic

behaviour.

1.3.2 Paramagnetism

Paramagnetic materials contain unpaired electrons. These unpaired electrons are not constrained by the Pauli

exclusion principle'{ (whereby their spins must point in opposite directions cancelling out any magnetic

fields), and are free to align their magnetic moments in any direction. When an external magnetic field is

applied, the magnetic moments tend to align themselves in the same direction as the applied field, causing

7



the material to become magnetized and contributing to an extra magnetic field which increases the original

magnetic field.

1.3.3 Ferromagnetism

Just like paramagnetic materials. ferromagnets have unpaired electrons. However. in these materials not only

do the magnetic moments of the electrons align parallel to the applied field but also align themselves parallel

to each other to maintain a lower energy state. This increases the magnetic field significantly. and,

importantly. due to this spin-coupling. ferromagnetic materials. unlike paramagnetic materials. remain

magnetized even when not immersed in an external magnetic field.

Ferromagnetic materials are always magnetized above the Curie temperature (Te• the point above which

ferromagnetism is lost due to thermal tendency to disorder). However. this is not always evident for systems

containing large numbers of molecules. Here. small domains form. within which all magnetic dipoles align,

but where the direction of alignment varies from one domain to the next. Hence. on a large scale there is no

discernible alignment.

When a ferromagnet is small enough it acts like a single magnetic spm, whose magnetization can flip

direction due to thermal effects. Superparamagnetic material are magnetized just like paramagnets in an

external magnetic field. However. their magnetic susceptibi Iity is much larger than the one of paramagnets.

1.3.4 Diamagnetism

Diamagnetism appears in all materials and occurs when an alteration in the orbital velocity of electrons

around their nuclei is induced by an external magnetic field. thus changing their magnetic dipole moment II.

The effect of diamagnetism is quite small and masked when paramagnetism or ferromagnetism is present.
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Chapter 2

Surfactant ionic liquids: potential structured reaction

media?

This chapter is a literature review concerning the recent growth of interest in ionic liquids (lLs). As such the

chapter serves as a justification for the research in this thesis, exploring further developments in ionic liquids

and surfactants. This stems mainly from their unique solvent properties, and the huge permutation of

different possible ionic liquids which can result in strong solvent effects when lLs are used as reaction

media. It has been known for some years that reaction rates and outcomes can also be influenced by the

presence of micellar aggregates formed by common surfactants, as well as by the more concentrated

surfactant lyotropic liquid crystalline (LC) mesophases. Considering these two branches of physical and

organic chemistry leads to the intriguing question: Can the properties of both ionic liquids and surfactants be

combined to generate tuneable and highly selective reaction media? This review addresses the question with

reference to both IL and surfactant literature, and points the way to new directions in the field of structured

reaction solvents.
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2.0 Introduction

Ionic liquids (lLs) and surfactant micelles or mesophases, are two inter-related fields of modem solution

phase physical chemistry. An aim of this review is to describe the behaviour of long chain ionic liquid

surfactants as compared to normal surfactants, and to explore potential applications of such structured media

as phase tunable solvents for chemical reactions.

Ionic liquids are low melting point organic salts, as a result of extreme packing frustrations owing to sizes

and shapes of the constituent cations and anions: As such, the common perception is that ILs are themselves

weakly structured solvents owing to local electrostatic interactions. There is a vast matrix of possible IL

structures, some comprising long alkyl chains coupled to much smaller counterions; these compounds are

structural relatives of common surfactants (see below) and have been coined surfactant ionic liquids

(SAILs).

Surfactants are an important chemical class with multifarious applications and an industrial production

exceeding 10M tonnes per year. Common surfactants possess two moieties with dissimilar properties, linked

together (either covalently or ionically) in the same molecule, and these have been termed "amphiphiles". It

is traditional to classify these units as hydrophobic, normally long chain hydro- or fluorocarbons; or

hydrophilic, being separate ions in the case of ionic surfactants, or zwitterionic and uncharged oligomers in

the case of neutral ampholytic or non-ionic surfactants. Charged ionic surfactants bear the closest structural

relationship to ILs and SAILs. In aqueous solution common surfactant and SAIL molecules self-assemble to

generate micelles above a critical micelle concentration (cmc), which is typically 10-6 - 10-2mol dm-3 for

most common compounds. This aggregation is driven by the hydrophobic effect, where the appropriate ions

aggregate to minimize (hydrophobic ions) or maximize (hydrophilic ions) interactions with the polar water

solvent. Micelles are dynamic aggregates showing rates of monomer uptake/exchange that are close to those

of diffusion control', The polar head groups residing at the micellar interface with the aqueous phase are

highly hydrated, and in the case of ionic surfactants form a Stem layer. This local region, typically of

nanometric dimensions, has important consequences for reagent solubilisation, and consequently "catalysis"

as it influences the local concentrations and solvent environments of added reagents.
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With increasing concentration the amphiphile aggregate packing density increases, and in an attempt to

minimise unfavourable interactions between surfactant aggregates a range of lyotropic liquid crystalline

(LC) mesophases may form: examples of mesophase structures can be seen in Figure 2.1.

IIlllIll
IlInllI

L, " H,
IMICelles) (He.xagona)

v, L "2 Hz
(L.amellar) ( eversed

hexagonal)

Increasing amphiphile concentration

Figure 2.1: The "ideal" sequence of phases as a function of amp hip hi Ie concentration (subscripts 1 and 2

refer to "normal" and reversed" phases, respectively). Lamellar phases can be found in different phase

states, including: lamellar crystalline (Le), lamellar gel (Lp), and lamellar fluid (Lai (from ref. 2 reproduced

by permission of The Royal Society of Chemistry).

For common surfactants, mesophase formation, structures and properties have been extensively studiedl-",

Interestingly it is now appreciated that certain ILs and especially SAILs can also stabilize rnesophases", as

explored in more detail below.

2.1 Solubilization

Hydrophobic compounds solubilise more readily in aqueous surfactant solutions than in pure water, as they

can be accommodated into hydrophobic micellar cores6• The solvent penetrates to some extent into the

micelles, so it can interact with both the hydrophilic head groups and the non-polar alkyl chains, which is

believed to be an important feature in "micellar catalysis". Duynstee and Grunwald first demonstrated the

catalytic effect of surfactant micelles, and since then much work has been done on investigating micellar

effects on both rate and selectivity of different chemical reactions. There are in fact a number of

comprehensive reviews6,8 on the subject, so only key aspects will be covered here.
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2.3 Micellar catalysis kinetics

There is indeed a vast literature in this field, and it is now appreciated that the major factor influencing rate

enhancement in "micellar catalysis" is increased local concentration of the reactants relative to the

surrounding aqueous phases, owing to localized partitioning into the interface/micelles. The field is

dominated by studies with certain common surfactants (e.g. anionic such as sodium dodecylsulfate, SOS, or

cationic such as cetylmethylammonium bromide, CTAB). Substrates are solubilised into different regions of

micellar structures through electrostatic and hydrophobic interactions8• This behaviour has certain parallels

with that typified by enzymes"; both enzymatic and micellar catalysis involve "pre-assembly" of reagents

owing to a balance of hydrophobic and hydrophilic interactions. Both also exhibit substrate specificity, with

kinetic activity proportional to catalyst and substrate saturation. There are distinctions however; generally

rate and regioselectivity enhancements are weaker for micelles compared to enzymes.

The ways in which micellar media alter reaction pathways and kinetics have been accounted for by a

pseudophase model'", This approach regards the micellar and the aqueous medium as discrete reaction

pseudophases in which substrates exist in thermodynamic equilibrium. For un i-molecular reactions the

catalytic effect is accounted for by considering local properties of the aqueous micelles. On the other hand,

for bi-molecular (or higher order) reactions the local concentration of the reacting substrates is also

important.

Aqueous Pseudophase

Am Aw

+ +

Bm Bw

kli k,"j
c C

Scheme 2.1: Kinetic model for a typical A + B ~ Cbi-molecular reaction in a micellar solution. Where A

and B are substrates, located in the external water (w), or internal micellar (m) pseudophases respectively.
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For a generic bi-molecular reaction, the observed micellar kinetics can be accounted for with reference to

Scheme 2.1, and a Michaelis-Menten type equation for the observed rate constant (Equation 2.1):

kobs
k/ {B.i' kt K,\m{Smi

I' K,(SmJ
Eq.2.\

kzwand kz
m are rate constants for reactions in aqueous (w) and micellar (m) pseudophases. respectively.

The other terms are: K; the substrate-micelle binding constant (see Equation 2.2 below): with

Sm representing the concentration of micellised surfactant (Equation 2.3). and Nm the local molar

concentration within the pseudophases (Equation 3.4). The equilibrium constant. Ks. describes the extent of

substrate partitioning, via

K =_l:!d_
, [A.j[Sm] Eq.2.2

and for hydrophobic substrates it is found to increase with increasing surfactant hydrophobicity (alkyl chain

length). Therefore, it can be appreciated that the chemical nature and structure of the amphiphile are of

utmost importance for determining solubility and penetration of solute and substrate molecules into the

micellar pseudo phase.

{S"J = {SJ - cmc Eq.2.3

The total surfactant concentration is {SJ (Equation 3), so that when {SJ»cmc then {S"J :::::{SJ.

The other terms in Equation 2.1 relate to the local molar concentration within the pseudophase, Nm

Eq.2.4

Where {Bm] is the concentration of reactant ions in the micellar pseudophase, Vm is the micellar molar

volume and {Sm] Vm is the fractional volume in which the reaction occurs.
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In the case of bimolecular reactions, competition of the incoming reactant for the surfactant counterion X

must be taken into account, which is done by introducing a term for the ion-exchange equilibrium.

K x _ {B.Hx ..]
B - {N ..J[X.J Eq.2.5

This modification is called the pseudo-ion exchange (PIE) model11, requiring assumptions about Bs: firstly a

continual coverage of the micelle surface by counterions, expressed by the mole fraction, p, where p = 1- a

with a the fractional free charge at the micelle surface; secondly it treats the micellar surface as a selective

ion exchanger with competition between inert counterions X and reactive ions B.

For ionic bimolecular reactions, the second-order rate constant is generally quite similar to that for the pure

aqueous phase reaction. This suggests a water-like medium for the majority of micelle catalysed bimolecular

reactions, and therefore indicates that any rate enhancement results mainly from an increase in local reactant

concentrations in the micellar pseudophase'f.

2.4 Reactions in micelles and lyotropic mesophases

A good example of micellar enhanced reactivity is that of the metalation of picket fence porphyrins toward

Cu2+ and Zn2+ 13. A wide rate range is observed in aqueous anionic surfactant solutions, up to a factor of 3.5

x 104 greater compared to normal homogeneous solutions. Rate depends on alkyl chain length because the

mechanism is a function of the location of the solubilised molecules within micellesl4•

An example demonstrating reaction control owmg to electrostatic effects is the basic hydrolysis of

nitrophenyl esters of carboxylic acids 15. In the presence of CTAB the substitution of a thiol for a nitro group

was increased by a factor of 4 x lOS. and in addition the concentration enhancement was affected by

increased local effects on the acid-base relationship of the nucleophilic thiolation reaction as shown In

Figure 2.2:
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N02

4-NBN

SR

4-RSNBN

Figure 2.2: Thiol substitution for a nitro group where 4-NBN represents 4-nitro-N-n-butyl-1 ,8-

naphthalimide and 4-RSNBN represents 4-heptanothiolate-N-n-butyl-1 ,8-naphthalimidels.

Micellar systems can also act as phase mediators" bringing together insoluble or gaseous reagents such as in

the case of hydroformylation. This process is normally carried out in aqueous systems IS, which present

limitations since many higher olefin substrates suffer from low solubility. For example, Li and co-workers

used a water soluble [RhCI(CO)(tppts)21 (tppts = tris(m-sulfonatophenyl)phosphine) complex to

hydroformylate I-dodecene in water, in the presence of surfactants such as SOS, resulting in enhancements

in both yield and regioselectivity'",

Lyotropic liquid crystal mesophases can also have a profound effect on chemical reactivity as they can exert

a strong control over the orientation of reactants. Reactions performed in surfactant mesophases are sensitive

to phase type, with the more ordered mesophases less able to solubilise guest molecules, limiting somewhat

the potential for higher ordering effects on reactivity". At the time of writing, studies of kinetics and

reaction outcomes in LCs were only very limited. This is surprising because the analogous dilute micellar

systems which are known to confer remarkable effects on catalysis and stereoselectivity, have been much

studied. Ahmed and Friberg!" reported the first reaction (p-nitrophenyl laurate hydrolysis) in a lyotropic LC

phase (CTAB - water - hexanol). They reported that the reactions proceeded readily in isotropic, La and

"middle" (hexagonal) phases. Interestingly, changes in the reaction rate caused by composition variation

within each phase were also noted e.g. 'an increase of factor of 3 ...' when the hexanol-CTAB ratio was

raised from 0.2 to 0.7% w/w. However, they did not simultaneously analyse the mesophase structure ,

leaving doubts to the origin of this rate enhancement.
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Bakeeva and co-workers'" noted an increase in rate up to ten-fold for an alkaline hydrolysis when carried

out in a micellar phase as compared to water. The kinetics was faster with increasing surfactant

concentration. The same reaction in the hexagonal phase resulted in only a two-fold rate enhancement but,

interestingly, it was explained by a change in substrate orientation within the hexagonal cylinders, rather

than a change in mobility (diffusion) as seen within the micellar phase. Clearly mesophases and related

structures have interesting and potentially useful roles to playas media in control of reaction outcomes,

though systematic studies combining kinetics and structural effects are sorely lacking.

2.5 Ionic Liquids

Ionic compounds are typically solids with high melting points, however, as early as 1914 Waldon2o

described neutralization of ethylamine with concentrated nitric acid to create an ionic liquid

(ethylammonium nitrate EAN) having an unusually low melting point of around 13 "C, Today ionic liquids

(lLs) are classed as salts that form stable liquids below (arbitrarily) 100°C. These salts are poorly

coordinated, where at least one ion has a delocalized charge preventing stable crystal lattice formation.

Barre~1 synthesized the first imidazolium IL, on which most of today's ILs are still based (see Figure 2.3).

However it was not until much later when the first imidazolium halogenoaluminate salts were synthesized'",

that ionic liquids really became of interest both academically and commercially. The field advanced in the

early 1980s with the introduction of a homologous series of 1,3-dialkylimidazolium chlorides (Figure 2.3, a-

c), and studies of the properties of mixtures of these salts23•

Anions

BF4"' N03", PF6", CI04", CF3S03", (1-, sr. TfO-,AICI3-

1,3-dialkylimidazolium cations
a b. c.

~\0N- -J-\~Jr~ ~t:)N~
d. e" f.

~N~N~ /-0N-~t:)N-
emim bmim

Figure 2.3: Various I ,3-dialkylimidazolium cation-anion combinations.

17



It was found that reacting AICb with 1,3-dialkylimidozalium halides gave rise to a series of equilibria to

generate Cr. AICI4', AbCh', AI3XIO', etc.24 and that by adjusting the mixing ratios of imidazolium halide to

the halogenaluminate, properties such as viscosity, acidity and refractive index were affected'". It was also

shown that by changing the anions and cations. other physicochemical properties of ILs. such as solubility,

density and melting point, could be controlled26. The chloroaluminate melt prepared from l-methyl-3-

ethylimidazolium chloride [emim]CI, had the most favourable physical properties (large liquidus range and

electrochemical window) and was easy to prepare". These imidazolium salts (Figure 2.3) were used In

organic synthesis" and proved to be an ideal starting point for the development of other ILs24.

Inert anions such as toluenesulfonate'", tetrafluoroborate23 and hexaftuorophosphates'" were used with 1,3-

dialkylimidozalium cations to create the first air and moisture stable room temperature ILs (RTlLs). These

compounds are, however. quite expensive, being often difficult to prepare in high purity, have unknown

toxicity. and so fluorine-free (halogen-free) and hydrophobic anions that are more environmentally friendly

such as tetraalkylborates and tetraphenylborates are currently being reinvestigated ": 32.

The range of potential cations is also vast, with not only imidazoliurn, but also pyridinium, ammonium,

phosphonium, thiazolium, sulfonium and pyrrolidinium salts (and more). These ILs are thermally stable':'

and have low saturated vapour pressures; in fact for a long time it was thought that distillation of these

liquids was impossible until work by Earle34. Because there is such a huge number of permutations (_109)35

ILs are highly tuneable and many have been developed for specific synthetic purposes, replacing molecular

solvents for greener chemistry and earning the designation "designer solvents f".

2.6 Customizing ionic liquids

By modifying the cations and anions of ILs their properties can be dramatically altered: for example,

[bmim]CH3COO' is miscible with water whereas [bmimHPF6] is not37• The size, charge, and charge

distribution and separation are acknowledged as major factors influencing the melting point": 39 and

viscosity". In accordance with the Kapustinskii equation" (Equation 2.6) increasing the cation size and/or
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decreasing that of the anion decreases the lattice energy (Ud of the salt (for example, NaCI has mp 803 °C,

whereas for l-propyl-3-methylimidazolium chloride mp - 60 oC)42.

Eq.2.6

Here z" and z- and r' and r- represent the elementary charges and the anion and cation radii, respectively,

and v is the number of ions in the empirical formula. The terms K and d are salt-specific constants.

Attractive Coulombic and van der Waals interactions decrease the energy of the salt, while repulsive Pauli

forces increase it43• by minimizing this cohesive energy the glass transition (Tg) is lowered; also, due to

higher degrees of freedom, more asymmetric cations result in lower melting points by disrupting crystal

packing'", as shown in Figure 2.4. There is an optimum chain length asymmetry for lowering the melting

point showing that organic chemical structure can have profound effects on physicochemical properties of

ILs.

-·-IC.MlMlBF.
-.- [C.MIMJ(Cl)
- .to", [C.MtM)(Pf J

,~~~~_.~_.~~~~~._~._~~~~_.~
o 2 • • • '0 '2 ,. l' 1. 20

Carbon number of alkyl group

Figure 2.4: Observed melting points for a series of imidazolium based ionic liquids with increasing carbon

chain length on the cation45 (modified and reproduced with permission of The American Institute of

Physics).
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Commonly used anions In ILs include hexatluorophosphates [PF6 -], tetratluoroborates [BF 4-],

tetrachloroaluminates [AICI4 -], bistritlate imides [Tf2N-] and halides, as they are symmetrical and pseudo-

spherical. However, there are a whole host of possible anions, leading to a huge number of low melting

point salts.

There are also other interesting characteristics of ILs including density which does not show much

sensitivity to variations in temperaturef" but does depend greatly on structure. For example, increasing alkyl

chain length decreases density of 1,3-methylimidazolium hexafluorophosphates (Figure 2.5)47.

1.5

1.4

c::;'1 .3
E
w
d,
-...; 1 .2
Q..

1 .1

... • • • [bdmim][PFsl
• • • • - [bmim][N021,.._

II • • • • II le • ~[omim][BF41
1.0+---~----~--~r----r----r---~----'
290 300 310 320 330 340

T (K)
350 360

Figure 2.5: Apparent linear dependence of the density as a function of the temperature for ionic liquids48•

[bmim][bti]: l-butyl-J-methylimidazolium bis(tritluoromethylsulfonyl)imide; [bdrnimjlf'Fc]: l-butyl-2,3-

dimethylimidazolium hexatluorophosphate; [omim][BF 4]: l-octyl-,3-methylimidazolium tetratluoroborate

(modified and reproduced with permission from Elsevier).

Unsurprisingly, there are also strong effects on vapour pressure, often considered advantageous". For many

years it was thought that ILs did not exhibit a measurable vapour pressure?", however new generations of ILs

can be reversibly vapourised at sufficiently high temperatures, and re-condensed on cooling".
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2.7Reactions using ionic liquids

In the mid 1980s, Fry and Pienta'" and Boon et al.51 realized that ionic liquids could act as solvents for

organic synthesis. ILs are often suitable as reaction media as they are thermally stable, having large liquidus

ranges, for example [emim]CI/[emim]AICb (Figure 2.3, b) mixtures are liquid between -90 'C and 300 'C

compared to 0 - 100 "C for water or -114 - 78 'C for ethanol52, 53. In addition ILs are able to dissolve a wide

range of organic, inorganic and organometallic compounds, as well as gases such as H2, CO and 02. All of

these features make ILs attractive solvents for catalytic hydrogenations, carbonylations, hydroformylations,

and aerobic oxidations, and because they can be polar but non-coordinating so they have rate enhancing

effects on reactions involving cationic intermediates". It has also been noted that they can facilitate reaction

t I· . ibl . I I I I 55-57S ereose ectivity, not POSSI e 10 norma mo ecu ar so vents .

The unusual effects of ILs on reactions cannot be explained through traditional theories of polarity and

Lewis acid-base properties, though they still exhibit hydrogen bonding, dispersion, electrostatic, dipolar and

hydrophobic interactions". As with all solvents, altering IL functional groups affects solvent properties.

Bartsch and Dzyuba58 proposed that the polarity difference (based on the Dimroth-Reichardt E-r(JO)

parameter) between the alcohol and ether functionalized imidazolium salts of [Tf2N-] influences the

endolexo ratio of Diels-Alder products formed between cyclopentadiene and methyl methacrylate (Figure

2.6).

ET(30)
endo/exo ratio

52.0
4.3

60.8
6.1

61.4
5.7

Figure 6: Diels-Alder product ratios for the reaction between cyclopentadiene and methyl methacrylate in

IL media with different polarities.
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ILs are also useful for precious metal catalysis as the organic products can be removed without aqueous

workup, the catalyst often remains in the IL, so that it can be directly reused59• There are different systems

for catalysis in/by ILs where the catalyst and substrate are dissolved in the IL, those where the IL acts as

both solvent and catalyst, and those whereby the IL acts as a ligand for the catalyst'" 61, including bi_62• 63

and triphasic'" systems.

2.7.1 Hydroformylation

Hydroformylation is an important process in catalysis, and the first example with an IL was Pt-catalysed

hydroformylation of ethane'f. Since then much work has been done to improve product separation, catalyst

recovery, stability'", and selectivity. To increase alkene solubility and selectivity for the linear aldehyde,

imidazolium tritlate IL was used with a Rh catalyst in a biphasic system with organic solvents (Figure 2.7)67,

giving evidence that all catalytic activity occurred in the ionic phase.

C8H17~

Rh/phosphane
COiH, »<: /CHO +

---I-L....·--II·~CaHd'....... <:>

Rh/TPPTS VCHO

CO/H; • I
[bmimHTfOl #

CHO

+ d'CH'
Figure 2.7: Hydroformylation of I-decene and styrene in IL-biphasic systems'".

2.7.2 Cross coupling reactions

Heck couplings in [bmim][PF61 were demonstrated by Carmichael et ai.6lusing Pd(OAch-Ph3P as catalyst to

couple 4-bromoanisole with ethylacrylate, which gave a yield of 98% ethyl 4-methoxycinnamate (Figure

2.8). Since the IL is virtually insoluble in water and alkenes, but dissolves the transition meal catalyst,

simple extraction and recycling of the expensive palladium catalyst becomes possible.
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rArBr
Meo~ +

OEt
Ph3PlPd(OAch
[bmim][PF61 ~

o Et3N/140"c/24h

OEt

Figure 2.8: Heck reaction to couple 4-bromoanisole with ethylacrylate.

Another example is Heck coupling of l-bromonaphthalene to butyl vinyl ether: in regular solvents such as

toluene or dimethylsulfoxide a mixture of isomers is formed, however Xiao et al.68 showed that in

[bmim][PF6] >99% selectivity to the u-arylation product occurs (Figure 2.9).

OBu

+ /'OBu
Pd(OAchIDPPP

Et3N/l QOOC/ISh
+

Solvent Conv.O/o alP
[bmim][PF6J 50 >99%
Toluene 23 46/54
Acetonitrile 36 69/31
OMF 100 60/40
OMSO 100 75/25

Figure 2.9: Coupling of l-bromonaphthalene to butyl vinyl ether in different solvents".

a/~ is the isomer ratio.

In Suzuki coupling reactions [bmim][BF4] afforded good yields69, 70, and a phosphonium ionic liquid

allowed nanofiltration and recovery of the solvent and catalyst 71. There were problems with Negeshi cross-

coupling reactions though; by using an imidazolium salt with a phosphine ligand the problems of cation

deprotonation with amine base could be avoided. Interestingly, where [bmirnj-based ILs met with failure,

[bdmim][BF4]/toluene biphasic solvents gave high yields (-90%)72. This IL was also used for a copper-
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catalysed, ligand-free Sonogashira reaction, however ultrasonic irradiation had to be used to assist the

reaction 73.

Although it has been shown that ILs can enhance the activity and stability of catalysts in cross-coupling

reactions as well as stereoselectivity, there are sometimes drawbacks to using ionic liquids in synthesis. In

particular, ILs may have high viscosities compared with conventional molecular solvents, which can slow

heat and mass transfer, thereby lowering reaction rates. For example, Diels-Alder" reactions occur faster in

water than IL media due to the absence of hydrophobic interactions, and weaker hydrogen bonding, so it is

important to realize that conventional solvents still offer the best media for certain reactions.

2.7.3 Other reactions

The first reports of hydrogenation in ILs showed the rhodium catalysed hydrogenation of pent-f-ene with

reaction rates up to five times higher than in acetone solvent and Rh losses below detection 75.Regioselective

hydrogenation in ILs has also been reported ", Two other industrially important processes include aromatic

substitution reactions, for which selectivity, reaction time and yields can be improved by ILs77. For olefin

dimerisations, Ni-catalysed dimerisation of propene in [bmim][AICI4] was the first to be reported": Many

catalysed oxidations such as epoxidation, dehydroxylation and the oxidation of alcohols 78, thio

compounds79, oximes'" and alkanes, amongst others, have made use of ionic liquids. A good example of

aromatic aldehyde oxidation to the corresponding acid was that studied by Howarth": Nickel II

acetylacetonate catalyst was employed in [bmim][PF6] at 60 QCwith oxygen; and the reaction was repeated

three times using the recovered ILlNi system without a decrease in yield.

Recently biocatalytic reactions in ionic liquids have also been investigated as, unlike organic solvents of

comparable polarity, they often do not deactivate enzymes, which simplifies reactions involving polar

substrates such as sugars82. IL solvents permit faster rates and enantioselectivity which can be

advantageous'i'; work on amino acid/peptide chemistry shows not only that the polar nature of ionic liquids

is particularly suitable for synthesis, but also that amino acids can be used as starting materials for the

generation of chiral ILs84-86. Ionic liquids also otTer new possibilities as buffers in non-aqueous systems
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which is especially exciting for the optimization of acid-base conditions and enzymatic reactions'", an area

recently reviewed by Rantwijk and Sheldon'",

2.8 Ionic liquid applications and industrial processes

Initial optimism about potential industrial utilization of ionic liquids was perhaps misplaced; however, there

are numerous real-life applications. There may still be an "ionic liquid revolution", especially since current

as well as proposed applications of ILs are no longer limited to solvent replacement, but diverse applications

ranging from catalysis, separations, data storage'", photochernistry'", C02 capture", hazardous gas storage'",

lubrication'" and rocket propulsion": 95 to name just a few. Commercial, as well as up and coming

applications are reviewed below.

2.8.1 The BASIL process

The Basil process (Scheme 2.2) (Biphasic Acid Scavenging using Ionic Liquids) was first introduced by

BASF in 2002 and is used commercially in the preparation of alkoxyphenylphosphines. The improved

process uses a l-methylimidazole to scavenge acid, the resulting salt is an IL which forms a discrete phase,

and is much more easily removed from the reaction mixture than traditional solid by-products.".

pure liquid product
_ R' ....0-( ,

ROU

N-
l1-~N-

'[\
+N~w·.......

ionic liquid

Scheme 2.2: The BASIL TM process.

Compared to the conventional liquid process the space-time yield (mass of product formed per volume of

the reactor and time, kg m03 sol) is increased by a factor of over 8.5 x 10\ and yield increases from 50% to
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98% have been possible. The ionic liquid produced is also recycled via base decomposition of the I-H-3-

imid I' hlorid 96mu azouum c on e .

2.8.2 Cellulose processing

Rogers and co-workers'" found that technically useable concentrations of cellulose could be produced by

using ILs. This shows great potential as it prevents the disposal of huge quantities of waste water as well as

various other compounds such as CS2. Now their techniques are being commercially developed by BASF to

make cellulose-polymer blends as novel plastics.

2.8.3 Nuclear fuel waste disposal

ILs exhibit good stability against radiation and hence can be used in solvent extraction systems as alternate

non-aqueous electrolyte media for high temperature pyrochernical processing of spent nuclear fuel98•

Recovery of uranium", and other useful fission products such as palladium 100,using ILs have been reported.

In a further development uranyl ions in nitric acid has been extracted by using [bmim][Tf2N] and transferred

to supercritical C02101, because ILs do not dissolve in C02 so their recycling and repeated use should be

possible.

2.8.4 Plastic recycling

Although not yet an economical approach, recycling of thermosetting plastics has been demonstrated by

depolymerising nylon in ILs at 300°C to regenerate the cycloprolactam feedstock'I'i. This is especially

exciting as up until now most thermosetting plastics are simply unrecyclable.

2.8.5 Ionikylation 103

This process, developed by Petrochina (Beijing. China). employs aluminium chloride based ILs in place of

sulfuric acid catalysts for alkylation of isobutene, which is a key step in gasoline generation. This process is

employed on an industrial scale with 65,000 tonnes produced per year. being the largest commercialization

of ILs to date. They are also employed as the transport medium for reactive gases at sub-ambient pressures,

and as paint additives to enhance the drying properties and finish of paintlO4. 105.
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2.8.6 Other applications

ILs exhibit high thermal stability and thus show potential for use in solar energy thermal power plantslO6•

Furthermore, owing to low volatility they can be used for safer microwave synthesis, as they reduce sudden

pressure surges. The dipolar characteristics of ILs also facilitate rapid excitation by microwaves, and

consequently faster reactions'".

2.9 Micellisation and lyotropic mesophases of SAILs

In the early 1980s Evans and coworkers described micelle formation by added surfactants in EAN107, 108,

being the first reported case of self-assembly in ILs. For typical cationic amphiphiles the cmcs determined in

EAN were 5-10 times larger than in waterl09, and it was proposed this was due to enhanced solubility of the

surfactant hydrocarbon chains in the ILI08.

Unlike water and other molecular solvents capable of supporting amphiphile self-assembly, ILs themselves

consist of cations and anions which can obviously undergo ion exchange with surfactants 110. ILs can also be

mixed with other solvents, as either the major or minor constituent. The first systems studied were IL:H20

systems because ILs are often very hygroscopic, and physico-chemical properties and reactivity should be

dependent on water content. Reverse micelles with IL polar cores and reverse microemulsions with nano-

sized IL droplets dispersed in cyclohexane (continuous phase) by non-ionic Triton X 100 surfactant were

first reported by Han and coworkers in 2004111• Since then much work has continued concerning ILs both as

the dispersed and continuous phase.

Some ILs can also act as amphiphiles, not just solvents, and interestingly, if the IL molecules comprise long

alkyl chains, which are termed surfactant ionic liquids (SAILs), then they have additional thermotropic

properties, forming liquid crystals1l2• Examples of such IL amphiphiles include I-alkylimidazolium nitrates

or chlorides 113, which form Les in water, acidic water, or tetrahydrofuran (THF). The lyotropic phases of

SAILs based on l-alkyl-3-methylimidazolium cations (Figure 2.3) have been investigated by Firestone and

co-workers'!" and then Bowers and co-workers lIS. These systems showed aggregation in aqueous solution,

yielding micellar-like structures just above the cmc. In 2007 Inoue and co-workersl " showed evidence of
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both lamellar (La.) and hexagonal (H,) phases for the SAIL l-dodecyl-3-methylimidazolium bromide with

water in the range 10-50% v/v (Figure 2. I0). In fact relatively short alkyl chain ILs (C8) have been shown to

form rnesophases'Y, which was further confirmed by 2H-NMR and X-ray diffraction':". Recently, El Seoud

and co-workers'<' and Eastoe and co-workers"9 have clearly demonstrated that the IL nature of SAILS has

no notable effect on aggregation properties. Nevertheless, the development of SAILs is advantageous as it

presents the opportunity to combine the catalytic properties of surfactant systems with those unique to ILs,

especially for separations and extractions. Furthermore, this also offers the possibility to switch between a

"pure" IL solvent, with favourable solvating properties. and an IL mesophase which may confer different

selectivity and kinetics.
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Figure 2.10: Temperature-concentration phase diagram for C12mimBr/H20 mixtures. SIL (solid phase of

CI2mimBr), La (lamellar phase), HI (hexagonal phase), LI (micellar solution)"6 (reproduced with permission

from Elsevier).

2.10 Reactions in IL mesophases

Many studies on l-alkyl-f-methylimidazolium salts have been undertaken!" showing self-organizationl21

and tendency to supercool to a glassy state. Bowlas and co-workers122 produced imidazolium salts with long

alkyl chain lengths (Cn = 12-18) that exhibited mesophases over large temperature ranges, showing promise

as a solvent with catalytic ability"4. Through using N-alkylimidazolium ILs (Figure 2.11) Lin and co-
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workers115 demonstrated stereoselectivity of a Diels-Alder reaction, a condensation reaction of

cyclopentadiene with diethyl maleate. In ethanol the endo product was favoured 88:12, whereas in the LaLC

phase the endo product was favoured 46:54.

ON
~c
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Figure 2.11: Bilayer lamellar structure of [C14H29-imH][N03] used as a solvent to enhance endo selectivity

in a Diels Alder reactionllS (reproduced with permission of The Royal Society of Chemistry).

This thermotropic LC result is extremely promising and leads to intriguing questions about the possible

combined effect of ionic liquid solvent properties and mesophase structure on organic reactions. Savelli and

co-workers'P demonstrated, through an accelerated decarboxylation in an imidazolium-based SAIL, that

microenvironment properties vary with SAIL concentration as well as modifications of SAIL structure, such

as anion type or alkyl chain length, with results a consequence of the system's structural conformation in

water. This presents tantalizing possibilities for control over reaction outcomes, owing to changes in the

nature of the ILs and the solvent employed to induce the mesophases, as well as the composition of

IL:solvent mixtures. Then it would be possible to consider the entire mesophase as being the "supporting

solvent" for any reaction under investigation.

2.11 Conclusions and future prospects

This review has explored how rate, stereoselectivity and mechanism of reactions can be altered by

performing them in structured reaction media, comprising surfactants, mesophases as well as less well

ordered ionic liquids. It has also been shown that certain ILs self-assemble opening up the possibility of new



ordered. tunable solvents. With a dearth of systematic studies in ordered ionic solvent systems interesting

questions can be posed.

• How does substrate partitioning. orientation and reactivity in micelles compare to that in the pure

structured IL solvent?

• Is there a balance between increased local concentrations and limited diffusion In more ordered

mesophases?

• Where do reactions occur in a given mesophase? Could reactions pathways be switched during a

reaction by modulating the solvent structural environment?

Reactions in ILs will continue to be studied due to often facile extraction and separation, but by

simultaneously investigating control of the underlying solvent structure to manipulate reaction behaviour,

exciting new potential applications may be found.
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Chapter 3

SURFs and SAILs: anionic surfactants and ionic liquids with

quaternary ammonium counterions

In this chapter small-angle neutron cattering (SAN ) and surface tension were used to characterize a class

of surfactants ( URFs), including surfactant ionic liquids (SAILs). These SURFs and SAILs are based on

organic surfactant anions (single tail dodec Isulfate (OS), double chain AOT and the tri-chain TC) with

substituted quaternary ammonium cations. This class of surfactants can be obtained by straightforward

chemistry, being cheaper and more environmentally benign than standard cationic SAILs. A surprising

aspect of the results is that, broadly speaking, physico-chemical properties of these SURFs and SAILs are

dominated by the nature of the surfactant anion, and that chemical structure of the added cation plays only a

secondary role.
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3.0 Introduction

There is ever increasing interest in applications of ionic liquids (ILs). One area of live interest is in reaction

control, as ILs have a drastic effect on rates and stereoselectivity of certain organic reactions, due to the

different microenvironments and solvent properties compared to conventional molecular solvents I. They

have also been touted as environmentally benign solvents due to extremely low vapour pressures and their

potential for recyclability. Because there is such a huge number of possible ILs (_109)2 these "designer

solvents" are highly tuneable and may be developed to overcome specific synthetic problems. Wilkes et al.3

were the first to investigate 1,3-dialkylimidazolium electrolytes, finding lower melting points than for

analogues l-alkylpyridium cations: ever since then imidazolium salts have dominated IL research.

Imidazolium salts have proved useful as their properties may be easily altered, for example, on increasing

the alkyl chain length and symmetry of the cation melting points decrease, whereas on changing the anion,

hydrophobicity may be controlled due to differing hydrogen-bond accepting ability. In fact l-alkyl-3-

methylimidazolium salts were used in the first studied surfactant ionic liquids (SAILs), these ILs showing

aggregation in aqueous solution4• Just like for normal surfactants, Inoue et al.5 showed evidence of both

lamellar (La) and hexagonal (H,) lyotropic mesophases in mixtures of the SAIL I-dodecyl-3-

methylirnidazolium bromide with water over a concentration range 10-50% v/v. The use of ILs as solvents,

also capable of self-assembly and nanostructuring, may allow the generation of a new class of highly

tuneable and highly selective reaction media, offering unique opportunities for controlling solvent properties

in localized self-assembled nanodomains (tuneable nanostructured solvents).

El Seoud et al.6 have shown that the main difference between micellization in imidazolium-based SAILs and

conventional cationic surfactants is down to the chemical structure of the head group. For imidazolium-

based SAILs H-bonding of the heterocyclic-ring compensates for the hydrophilic character of the head

group, promoting aggregation. Apart from this they suggest there is nothing particularly special about

imidazolium-based SAILs (aside structural versatility) or, in fact, any cationic SAILS in terms of physico-

chemical properties of micellar solutions.

The attraction of imidazolium cations as components in ILs and SAILs is twofold. Firstly, the positive

charge is de localized over the heterocycle conferring high cation stability. Secondly, when the C-2 position

bears a proton substituent the imidazolium moiety is also able to act as a catalyst, ligating to metal atoms
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(planar geometry may also be an important factor for future catalyst design) or simply provide an acidic

medium appropriate for other types of reaction (for example Diels-Alder or Friedel-Crafts)",

However, imidazolium salts also suffer from numerous drawbacks, including relative expense; only a

limited range of commercially available N-substituted imidazoles; often unknown toxicity and

environmentally hazardous starting materials, finally there are well documented problems with purification''.

In addition, because of the acidity of the C-2 proton, imidazolium ILs are also unsuitable for reactions

involving basic salts (e.g. silver (I) oxide) and active metals (Na, K, etc.)" or in reactions involving strong

bases (Grignards, organolithiums, NaBH4 etc)lO. Indeed, even with weaker bases such as NR3,

decomposition of the imidazolium IL has been observed".

In this work a new class of surf act ants (SURFs) is presented, which includes ILs and SAILs, comprising the

well known homologous series oftetraalkylammonium cations (TAA) and common surfactant anions, as

alternatives to imidazolium-based systems. The new SURFs and SAILs are shown below in Figure 3.1,

being derived from dodecylsulfate (DS) (a), Aerosol-OT (AOT) (b), and a novel Aerosol-OT trichain (TC)

analogue (c).

The advantages of this group of anionic SURFs and SAILs being they are synthesised from cheap,

environmentally benign, commercially available starting materials by a simple ion exchange process. In

addition purification is easier than for imidazoliums, importantly with no halide contamination.

Cations Anions

1.
2.
3.
4.
5.
6.

Na+
NH +4TMA
TEA
TPA
TBA

a.DSo,s~

(CH3)4N+

(CH3CH2)4N+

(CH3CH2CH2)4N+

(CH3CH2CH2CH2 )4N+ b.AOT
Figu re 3.1: Surfactants studied.

Interestingly, the results show that properties of these SURFs and SAILs depend strongly on the chemical

structure of the surfactant anion, but only weakly on the cation type, despite the obvious fact that there are

significant changes in the organic substituents. This suggests that symmetrical highly substituted TAA

cations are merely of secondary importance for the global physico-chemical properties.
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3.1 Experimental

3.1.1 Surfactant Synthesis

SDS was purchased from Sigma-Aldrich and purified by recrystallization using methanol as solvent. AOT

was purchased from Sigma-Aldrich and purified by Soxhlet extraction using dry acetone as the solvent

followed by dissolving in the minimum amount of dry acetone and subjecting to repeat centrifugation 12.

TAA hydroxide solutions and D20 were used as purchased (Sigma-Aldrich) without further purification.

The synthesis, purification and chemical characterization of TAA-AOTI3 and TAA-DS 14compounds were

synthesized according to literature, whereby purified Na-AOT and SOS were converted into the surfactants

bearing different counterions by an ion-exchange technique using strong ion exchange resin (Amberlite IR

120 H+ form) by dissolving 1 eq. in EtOH/H20 (I:1 v/v) and passing through a column (30 cm x 1 crrr') of

the ion exchange resin. The column was first of all rinsed with pure water. The free sulfonic acid formed on

passing the Na+ salt through the resin was then immediately neutralized with an aqueous solution of

tetraalkylammonium hydroxide of the desired counterion. These tetraalkylammonium hydroxide solutions

were bought from Sigma Aldrich and not purified further. The solvent was then removed by evaporation and

drying in vacuo for 36hrs.

The TC analogue was synthesized following a method previously reported 15: Transaconitic acid (5 g,

28.75 mmol) and hexanol (3.2 eq., 9.39 g, 92 mmol) was dissolved in toluene (lOO ml) and p-toluene

sulfonic acid (0.99 g, 5.75 mmol) added. The reaction mixture was heated to 110 QC for 15 h and the water

generated removed via Dean and Stark apparatus. The reaction mixture was washed repeatedly with

saturated NaHC03 (aq.) solution, the organic phase dried over MgS04 and solvent removed to give an off-

white oil. Purification was achieved via flash column chromatography over Si02 using 10% EhO/petroleum

ether. The resulting triester (9.57 g, 22.4 mrnol), was dissolved in ethanol (100 ml) and water added up to

saturation. Na2S20S (2.2 eq., 9.37 g, 49.3 mrnol), Na2S03 (1.8 eq., 5 g, 40.3 mmol) was then added and the

mixture was allowed to heat under reflux for 6 h. Solvent was completely removed to give white solid

product which underwent crude purification via Soxhlet extraction using dry distilled AcOEt. Further

purification was achieved by dissolving in the minimum amount of dry MeOH and centrifuging at

6,000 rpm for 30 min. The supernatant solution was decanted from residual salts and solvent removed to

yield white solid.
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The synthesized surfactants were characterized by elemental analysis and NMR all being consistent with

experimental chemical structures.

Figure 3.2 shows the IH-NMR spectrum of Na-TC after purification. The spectrum was recorded (as were

all NMR spectra reported here) on a Varian 400-MR machine at 25 QC in CDCh. Details of peak

assignments and integrations are as follows: (8=0.88-0.92) (a, 9H), (8=1.21-1.40) (a, 18H), (8=1.53-1.69) (c,

6H), (8=2.75-3.19) (d, 2H), (8=3.67-3.89) (e, IH), (8=3.95-4.24) (f, 6H), (8=4.30-4.48) (g, IH).

OIlU ",~ 0,,)1 Hiol J"_ <;J()!"

\...-t'---'l1......J ~ ~ 1"......J "--'
~!. 30 25 :0

\.~.Snlt:~,

Figure 3.2: IH-NMR profile for Na-TC.

The 1H-NMR spectra of the TMA containing compounds are recorded below (Figure 3.3 - 3.5). Other TAA

surfactants have spectra consistent with molecular structure and were treated in the same way). Integrals are

as follows: TMA-DS (8=0.81-0.95) (a, 3H), (8=1.16-1.40) (b, 18H), (8=1.56-1.71) (c, 2H), (8=3.31-3.42) (d,

12H), (8=3.93-4.04) (e, 2H); TMA-AOT (8=0.77-0.92) (a, 12H), (8=1.15-1.43) (b, 16H), (8=1.46-1.66) (c,

2H), (8=3.00-3.24) (d, 2H), (8=3.29-3.38) (e, 12H), (8=3.85-4.12) (f, g, 5H); TMA-TC (8=0.80-0.95) (a, 9H),

(8=1.18-1.41) (b, 18H), (8=1.49-1.71) (c, 6H), (8=3.00-3.19) (d, 2H), (8=3.19-3.31) (e, 12H), (8=3.49-3.77)

(f, IH), (8=3.93-4.20) (g, 6H), (8=4.21-4.44) (h, 1H).

Elemental analysis was obtained for each compound with good agreement between experimental and

theoretical values (Table 3.1).
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Figure 3.3: IH-NMR profile for TMA-DS.
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Figure 3.4: IH-NMR profile for TMA-AOT.
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Figure 3.5: IH-NMR profile for TMA- T'C.
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Compound C H N S
TMA-DS
TMA-
AOT
TMA-TC

58.3 (58.1)

58.3 (58.2)
61.0(61.2)

9.8 (9.9)

9.8 (9.9)
10.1 (10.0)

2.5 (2.8)

3.1 (2.8)
3.1 (2.6)

6.7 (6.5)

6.5 (6.5)
5.4 (5.8)

Table 3.1: Elemental analysis results, experimental and theoretical (brackets), for TMA-compounds.

Elemental analysis was obtained for each compound with good agreement between experimental and

theoretical values (Table 3.1).

3.1.2 Melting Points

Melting points were recorded using a Nikon Optiphot-2 optical microscope combined with a Linkam TH600

controller comprising a THS 91 heating and LNP 1 cooling stage.

3.1.3 Polarizing Light Microscopy (PLM)

A Nikon Optiphot-2 microscope fitted with polarizing filters and Linkam heating/cooling stage was used.

Images were captured on a PC via a video camera and colour processor connected to the microscope. The

liquid crystal phase progression of each surfactant was investigated by the solvent penetration method (Le.

phase cut). A small amount of surfactant was placed on a microscope slide, under a cover slip. The slide was

mounted on the cover slide and heated until fluid and completely isotropic. After slowly cooling (1.0 ·C

min-I) to 25 ·C a drop of water was added at the edge of the cover slip. As the water penetrated the

surfactant, a concentration gradient was established, from water at one side to pure surfactant at the other,

enabling the entire range of mesophases to be observed in the field of view.

3.1.4 Surface Tension

Surface tensions were taken using the Wilhelmy plate method on a Kruss K11 or K100 instrument.

Glassware was pre-washed with 50% nitric acid solution and then rinsed thoroughly with distilled water.

The Pt plate was cleaned with distilled water and dried in a blue Bunsen flame before each measurement

The cleanliness of the glassware and plate were tested by checking the surface tension of pure water (Elga

18 Ma cm). All measurements were carried out at 25 ·C. For the standard sodium forms of AOT and TC
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surfactants measurements below the cmc were carried out using low levels of the chelating agent EDT A

(99.5% tetrasodium salt hydrate, Sigma-Aldrich) at constant surfactant to EDTA ratio in order to sequester

trace impurities of divalent cationic species M2+. This is standard practice for obtaining reliable surface

tensions with these classes of surfactants 12,16.

Measurements were repeated at appropriate time intervals to ensure equilibrium had been reached between

the bulk phase and the surface. Furthermore, where there was overlap with literature datal4. 17 the new

measurements were in very good agreement. The cmc was taken as the intersection of the two branches of

behaviour describing the steep tension decreases, and higher concentration plateaux, respectively.

3.1.5 Small-Angle Neutron Scattering (SANS)

Scattering was measured on the LOQ and SANS2D diffractometers at the ISIS Facility, Rutherford

Appleton Laboratory, UK, and the 022 diffractometer at ILL, Grenoble, France. LOQ and SANS2D are

both time-of-flight instruments SANS2D uses neutrons with an incident wavelength 2.2 < A < 14 A, and

with the 1m2 detector offset sideways and vertically by 150mm, the resulting Q-range was 0.006 < Q < 0.7

A·I. For LOQ the incident wavelengths were 2.2 < A < loA giving 0.006 < Q < 0.24 A-I. 022 is a reactor-

based diffractometer, and a neutron wavelength of A = loA was employed at two different detector

distances giving 0.0024 < Q < 0.37 A-I. Appropriate normalization using site-specific procedures gave the

absolute cross section I(Q) (cm") as a function of momentum transfer Q (A-I). Measurements of the dilute

aqueous systems ranged from 0.25-4 wt% in 020 (scattering length density p = 6.33 x 1010 cm') to provide

the necessary contrast, and were placed in Hellma fused silica cuvettes with a path length of 2 mm, which

allow an incident beam diameter of 12 mm (on SANS2D and 8 mm LOQ). Raw SANS data were

normalized by subtracting the scattering of the empty cell and a solvent background, using appropriate

transmission measurements. Any low level of residual incoherent scattering was accounted for by a flat

background term during the fitting process. Details on data analysis and scattering laws employed in the

model fitting are presented in Appendix B I. Data analyzed were in absolute units, with the scale factors

being consistent with expectations based on the sample compositions.

One model employed was for an ellipsoid form factor (P(Q» multiplied by a Hayter-Penfold charge

repulsion SeQ) explicitly declaring molecular fragment sizes and scattering lengths, giving the effective
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structure factor for charged micelles IS. To constrain the model, the alkyl tail lengths, and the head group and

counterion volumes were input as constants (anionic head group volumes determined by SPARTAN, see

below, cation volumes based on radii in Tables 3.1 and 3.2), as well as the sums of scattering lengths Eb, of

these fragments. The hydration numbers were; head group 4, cation 6 (for TAA ions). The fit parameters

were: ellipsoid P(Q), aggregation number N, principal radius RI. aspect ratio X; S(Q), micellar charge z; and

volume fraction, ¢, Debye length, K-
1
, and the effective radius of the charged micelle, RS(Q). The fractional

charge of micellized surfactant p = zIN. Other systems showing a Q-2 regime were fitted with a multilayer

stack model'",

3.1.6Molecular modelling for packing parameter determinations

The hydrocarbon chain volumes and lengths were determined by SPARTAN (Wave function Inc., Irvine,

CA) molecular modelling program. The molecules were created with all bonds in the trans configuration,

with energy minimization calculations using a Merck molecular force field (MMFF).

3.2 Results and discussion

3.2.1 Phase behaviour and physical properties

For inorganic salts an increase in ionic radius leads to a marked decrease in melting point (mp), consistent

with the Kaputinskii equation (Eq. 3.1).20

Eq.3.1

Here z and r represent ion charges and radii respectively with v the stoichiometric coefficient, the terms K

and d are salt-specific constants. This effect of ion size on mp can also be seen with organic salts, however

in these cases r + and r are more difficult to determine owing to non-symmetrical structure and smaller

polarization effects, especially there for larger TAA salts. Furthermore, with organic ions structural effects

can become dominant: branching or lengthening of substituent tails will lead to disruption of crystal packing,

generally decreasing mps. Figure 6 shows melting points for the three different classes of surfactant anions

(melting points below -50 °C were not measured), with common cations, and a boundary line of 100 °C
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which is commonly recognized as defining "ionic liquid,,21. The x-axis has been ordered in line with cation

radius (values given in Table 3.2) and it is clear that the melting point falls substantially with only a small

increase in organic cation size. This behaviour is also consistent with deviations from Eq. 3.1, as expected

for organic salts. As can be seen all surfactants with the most highly substituted cations TPA and TBA (see

Figure 3.1 for structures) can be classified as ionic liquids and surfactant ionic liquids (SAILs). Interestingly,

except for the sodium and ammonium (NH/) materials, all the tri-chain (TC) compounds are ILs.

300

250

200
}'-~ 150
(5
a.
Cl 100c
."
Qi
:E

50

........OS
0 -&- AOT

........ TC

-50
Na' NH;

true IL

TMA TEA TPA TBA

Cation

Figure 3.6: Melting points of surfactants given in Figure 1 with x-axis scaled to the cation radius (Table 3.2).

Melting points below -50°C were not measured.

The effect of cation type on the physical properties of the neat surfactants, and concentrated phases with

water was investigated using PLM to seek evidence of mesophase formation. This is most obvious when

looking at the mesophase structure of the AOT compounds (Figure 3.7, other PLM textures may be found in

supporting information). Studies of mesophase behaviour were limited to visual observation, with shown

textures spanning a steep concentration gradient with water. The transition from fluid micellar to liquid

crystalline phases can be explained due to a competition between the increase in free energy associated with

loss of orientational entropy, and reduction of free energy related to excluded volume and additional

interactions.
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With no added water Na+-AOT exhibits a fan-like texture characteristic of hexagonal phases, the phase

progression also agrees with previous work22: LI- La- Vr H2, where LI represents a non-birefringent micellar

solution, La a lamellar phase with parallel streak patterns, V2, a non-birefringent cubic bi-continuous phase,

and finally, H2, a fan-like mosaic texture representing a reverse hexagonal phase.

Na+-AOT N~ '-AOT TMA-AOT TEA-AOT TPA-AOT TBA-AOT TPentA-AOT

.-•.', (...•(
Na'-OS N~+-OS TMAOS TEADS TPADS TSADS TPentA-OS

UNIVERSITY
OF

BRISTOL
WORSLEY
CHEMICAL
LIBRARY

Na+-TC NH.. -TC mA·TC TEA-TC TPA-TC TBA-TC TPent-ATC

Figure 3.7: Polarising light microscopy textures showing mesophase formation of DS, AOT and TC-based

compounds on addition of water at 25 ·C.

This progression was also observed as alkyl substitution of the cation was increased up to TPA

(tetrapropylammonium), with further substitution of the cation leading to the extinction of mesophases for

the butylated analogue.

The phase penetration PLM images for OS and TC series of SURFs and SAILs are shown in Figure 3.7.

Because the experiments were done at 25 ·C the Na-DS does not show a phase progression which becomes

evident >30 ·C23. All the compounds studied follow broadly the same pattern: the pure dry surfactants are

birefringent and meso phase progressions are evident (TC series), but birefringence disappears for butyl and

pentyl substituted TAA cations. It is recognised that further work would be needed to correctly assign the

mesophase structures (X-rays 2H-NMR quadrupolar splittings).

3.2.2 Surface tension data and analyses

In the pre-cmc region trace impurities of polyvalent cationic species M"+ can give rise to a lowering of the

surface tension leading to error in adsorption isotherm interpretation. To explore if this would be a potential
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source of error for the Na + surfactants N84EDT A (Aldrich) was used as a chelating agent as has previously

been reported 12. 16. 24. The amount of EDT A required was determined by measuring y at fixed surfactant

concentrations as a function of [EDTA], and example data are shown in Figure 3.8 for the surfactants Na+-

DS, Na +-AOT and Na- Te.
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Figure 3.8: Effect of EDT A on surface tensions of surfactant solutions at 25 "e. [Na-DS] = 0.37 mM (1/20

erne), [Na-AOT] = 0.10 mM (1/30 erne), [Na-TC] = 0.04 mM (1/30 erne).

For Na +-AOT and Na +-Te a raised y occurred at I x 10-4 M of added EDT A; in this region it is expected that

all the divalent cationic species are chelated. At higher [EDT A] the tension begins to decrease due to

enhanced ionic strength provided by EDTA. Therefore. for the surface tension measurements a constant

EDT A to surfactant ratio I :30 was used representing the lowest concentration needed to give the maximum

increase in y, and recovery of the "pure surfactant" isotherm.

It may expected that forming the TAA compounds adds no extra M2+ to the system (Sigma lists no M2+

impurities in the quaternary ammonium hydroxide solutions used). However, Na +-DS and some TAA

compounds show no increase in y until I x 10-2 M EDTA. so for the reason of enhanced ionic strength

EDTA it was not added at such high levels. Instead I x 10-4 M EDT A was added to all these systems to

allow direct comparison between the different Na and TAA systems studied.

Surface tension isotherms were recorded at 25 T to establish critical micelle concentrations (erne).

identified by sharp break points in the plots, in combination with the parameters derived from fits to
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adsorption isotherms (Figure 3.9). The limiting headgroup areas at the erne (Acmc) were calculated by fitting

pre-cme tensions to quadratics. to generate adsorption isotherms using the Gibbs equation (Eq, 3.2)12, 24b. It

has been establishedl2•24 that when appropriate trace levels of EOTA are used with sodium AOT-type

surfactants then the pre-factor m = 2. as expected for I: I dissociating ionic surfactants.

1 dyf=---
mRTlne

Eq.3.2

1
Acme =-t»; Eq.3.3

To readily compare the different surfactant adsorption isotherms a reduced concentration axis

(concentration/erne) has been used (Figures 3.9b and 3.9d). Table 3.2 lists other adsorption parameters

derived from the surface tension curves.

cmc/mx! erne/mM YcmJ Acmc/A2
Packing

Cation r" I A Anion ± 0.03 predicted by (mN m") ± 10%
Parameter

experimental e9·4 ±0.5 Pc
Na+ 0.95a OS 8.00 (8.3e) 34.9 56 (47.4') 0.30
NH4+ 1.48 • OS 5.52 (7.ld) 5.52 30.6 48 0.35
TMA 3.47b OS 4.21 (5.4~) 0.345 33.2 65 (52 ± 5g) 0.26
TEA 4.00b OS 2.76 (3.7~ 0.022 33.7 78 0.22
TPA 4.52b OS 1.42 (2.2 ~ 1.35 x 10.3 32.7 67 0.25

Na+ 0.95- AOT 2.88 (2.63h) 30.6 (30.8i) 70 (75i) 0.65
NH4+ 1.48 • AOT 3.0 I (2.70h) 3.01 28.3 109 0.45
TMA 3.47b AOT 2.48 (2.90h) 0.188 29.4 96 0.52
TEA 4.00b AOT 2.07 (2.4Sh) 0.012 28.7 101 0.49
TPA 4.52b AOT 1.27 (0.97) 7.35 x 10-4 26.1 96 0.52
TBA 4.94b AOT - (0.80h) 4.59x 10's

Na+ 0.95- TC 0.11 24.9 136 0.39
NH4+ 1.48 • TC 0.07 0.07 25.5 117 0.45
TMA 3.47b TC 0.12 4.38 x 10.3 24.7 129 0.41
TEA 4.00b TC 0.10 2.73 x 10-4 25.1 132 0.40
TPA 4.52b TC 0.07 1.71 x lO's 25.4 137 0.38

Table 3.2: Parameters derived from surface tension measurements. BOata from Pauling25. bOata from

Robinson and Stokes". 'Data from Mukcrjcc27, dOata from Balcsl4B, ~Oata from Benrraou14b, fOata from

Thornas'", 'Oata from Thomas2Q, hOata from Chakraborty". "Data from Eastoe12,
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Figure 3.9: Surface tension data and derived adsorption isotherms for homologous SURFs and SAILs
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Previous studies show that the free energy of micellization becomes increasingly negative with increasing

counterion size, indicating that micellization is favoured by increasing counterion hydrophobicity'Y', The

work presented here is in agreement, and with that of Chakraborty'{ who reported the effect of TAA size on
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AOT micellization. Importantly, however, the data reported here also includes the effect of varying the

anion on micellization and reveals some unexpected trends and findings in that respect.

It is well known that cmcs are dependent on the nature of the counterion '", This effect can be seen with the

homologous series of AOT compounds (Figure 3.9, Table 3.2) where the cmc decreases

NH/>Na+>TMA>TEA>TPA. As the hydrated radius decreases from NH/ to Na+ so should the degree of

dissociation, promoting micellization (3.01 mM for NH/, and 2.88 mM for Na+). However, this effect is

weak and for organic counterions can be overshadowed by hydrophobic interactions: this appears to be the

case here since the cmc decreases only a little for TAA compounds, even though hydrophobicity increases

greatly down the homologous series. The arguments of Whitten31 and later Bonilha et 01.32 are consistent

with this. They showed that binding strength increases with additional methylene groups to the surfactant

chain, independent of the spatial distribution of the alkyl groups attached to the nitrogen. The binding

affinities were considerably lower than might have been expected from the total chain hydrophobicity.

For a series of linear single-chain surfactants the cmc decreases logarithmically with alkyl chain carbon

number. This relationship usually fits the Klevens equation':' (Eq. 3.4).

19(cmc) = A - Bn; Eq.3.4

where A and B are constants and, for paraffin chain salts having a single ionic head group, B is

approximately equal to Ig 2 and I1c is the number of carbon atoms in the chain, CnH2n+1(Le. reducing the cmc

to approximately one-half per each additional CH2 group). Applying this equation to symmetrical TAA

chain substitutions is not very accurate but gives an idea of the region the cmc might be found. The total

carbon number n/ol of these compounds increases greatly from NH/ to TPA (an increase of 12 carbons) and

so a significant decrease in cmc is expected based on equation 3.4, if it is assumed each carbon added to the

entire surfactant (including the hydrophobic cation) contributes equally to the cmc (Table 3.2, column 5): in

fact TPA-AOT would be essentially insoluble. However, nothing so dramatic is seen. Surprisingly the

experimental decrement in cmc (column 4) from NH/-AOT to TPA-AOT is merely a factor of 2. This

highlights a very interesting observation "not all carbons are thermodynamically equivalent" in these

systems.
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Methylene groups added to the surfactant anions decrease cmc in line with Klevens behaviour (this kind of

anion effect has been reported before for a similar series of compounds with a sodium cationr'", whereas

methylene groups added to organic TAA cations pack a weaker thermodynamic punch, and exert only a

minor influence on the cmc value.

Benrraou 1411 discusses the possibility of TAA counterions penetrating into micelles, thus lowering the free

energy of micellization. This is supported by neutron reflection experiments by Lu et al_29, who showed

TMA did indeed penetrate into DS mono layers at the air-solution interface. Also by Bain et al." who

showed that for hexadecylammonium-tosylate the methyl groups of the p-tosylate anion point away from the

aqueous sub-phase, and that the tosylate aromatic rings locate in the hydrophobic region of the monolayer.

There have also been reports in the literature alluding to TPA and TBA self association in solutiorr". All of

this points to only minor effects of TAA structure on the most fundamental surfactant property, the cmc.

The effective area per head group at the respective cmc increases significantly with increasing anion size

due to the effect of the tail volume on the packing parameter, whereas for cations the values are hardly

effected. This may be due to the anion dominating in size, but might also lend support to a model where a

single alkyl chain of TAA penetrates into the micelles, rather than one where the face of a TAA tetrahedron

is present at one of the fatty patches at the micelle surface 14b.

A further point of interest is the effectiveness of the tri-chain surfactants at reducing surface tension

(expressed by Yem,.). The values in the range 24.7 - 25.5 mN m', are very low for hydrocarbon surfactants

and are comparable to some fluorocarbon surfactantsr'" The TC compounds bear linear hexyl chains, hence

the effective limit for Yeme would be Yhexane = 18.43 mNm-1 at 25 °C38
• Therefore, hydrocarbon surfactants of

this type of structure are beginning to approach the physical limit of surface tension reduction. This is likely

due to hydrocarbon tail packing efficiency being balanced against electrostatic headgroup repulsions, and an

increase in the number of low energy methyl groups per head group. It is, however, remarkable that straight

chain anions have produced such an effect and at such low concentrations.

3.2.3 Micellar structures by SANS

SANS data were collected as a function of concentration for all the water soluble surfactants, but not for the

insoluble compounds TBA-AOT and TBA- TC (Figure 3.11). Most of the scattering profiles were indicative
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of charged micelles, showing an obvious charge repulsion S(Q) peak, others bore logarithmic Q-2 scattering,

signatures of sheet-like structures.

The scattered intensity I(Q) is a product of the size and shape of the aggregates (form factor, P(Q» and the

interaction between these aggregates (structure factor, S(Q»,

J(Q) 0( P(Q, R)S(Q) Eq.3.5

where R is the particle radius. Data have been fitted with different models using FISH39 interactive fitting

program, which can be found online (http://www.small-angle.ac.uk).

The main model employed was for an ellipsoid form factor (P(Q» multiplied by a Hayter-Penfold charge

repulsion S(Q), explicitly declaring molecular fragment sizes and scattering lengths, giving the effective

structure factor for charged micellesI8•40•

There are three structural dimensions in the ellipsoidal form factor model used, and these are the radius of

the principal axis, RI, the axial ratio, X, and the radius of the secondary axis, RJ• X is I for a spherical, < I

for an oblate and> I for a prolate structure. To constrain the model, the alkyl tail lengths, and the head

group and counterion volumes were input as constants (anionic headroup volumes determined by

SPARTAN, see below, cation volumes based on radii in Tables I and 2 in the main paper), as well as the

sums of scattering lengths !:bi of these fragments. The hydration numbers were; headgroup 4, cation 6 (for

TAA ions). Fit parameters: ellipsoid P(Q), aggregation number N, principal radius RI, aspect ratio X; S(Q),

micellar charge Z. and volume fraction, ;, Debye length, K-I• and the effective radius of the charged micelle,

RS(Q). Note the fractional charge p = ZIN.

For S(Q) the value of ; is known based on composition and K-I can be estimated to a first approximation

using

_ (2FZPI)1/2K- -
EoErRT

Eq.3.6
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where F is the Faraday constant, p is the solvent density, I the ionic strength, co is the permittivity of free

space and Er is the dielectric constant of the solvent. K-
I has the dimensions of length and is a measure of the

extent of the electric double layer.

Other systems (certain AOT and Te surfactants) were fitted with form factors for scattering from a thin

interface combined with a one dimensional para-crystalline stack model":

I(Q) -+ N(tJ. )2V2 (Sin (QTt /2))2
P (QTt/2)

Eq.3.7

with N a concentration in ern", !!.p the scattering length difference between solvent and surfactant sheet and

T the planar sheet thickness. A modified Lorentz factor allows for Gaussian distribution of surface normals

around the Q vector. The model approximates the local extent of planarity, RO, the mean layer thickness L,

number of layers M, planar spacing D and the Gaussian distribution of Land D as oi. and aD respectively

(Table 304).

For all the single chain OS surfactants the scattering shown on Figures 3.11 and 3.12 is consistent with

charged ellipsoidal micelles, and a (P(Q» with principal axis RI and aspect ratio X multiplied by an

electrostatic interparticle structure factor S(Q)18. At 1 wt% Na-OS the fitted micellar dimensions RI = 22 A

and X = lA (Table 3.3), are similar to literature": On moving to NH/-OS this micellar dimension is not

greatly affected (RI = 22 A, X = 1.1). For the TAA cations RI shows no variation and the aspect ratio

changes only slightly (1.5 to 1.7). It might be expected that for strong binding of TAA to OS at the micellar

surface, the plane of contrast between hydrocarbon chains and 020 would move out from the micellar core.

hence the cross section dimension seen by SANS would increase concomitantly (the hydrocarbon micelles

would get fatter). In the extreme case of TPA-OS the cross sectional dimension should have increased by

over 9 A (SANS profiles for aggregates around 20 A and 30 A being notably different, crossing in the high

Q region). However, this is not the case (Figure 3.11) therefore a model of strong association (complexing)

of TAA and OS at the surface must be ruled out. This is supported by the degree of ionization, p, which is,

on the whole, constant with increasing cation size, indicating 20-30% ion dissociation at the micellar surface.
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In an earlier study Zana et of. 42 assumed enhanced penetration of TAA into OS micelles, this would also be

inconsistent with the apparent constant micellar size seen by SANS for this series of compounds. In addition,

they calculated that for the case of TBA the maximum number of cations that can be packed in contact with

the micellar surface is limited, and so a second layer ofTBA ions was predicted to form. That idea is again

inconsistent with SANS data reported here (SANS profiles almost invariant, no obvious increases in RI or X).

• 1 wt"A>Na -os
• 1 wt"A>TMA-OS... 1 wt"A>TPA-OS

1000 0 1 wt% Na '-AOT
0 1 wt"'" TMA-AOT

100 " 1 wt"A>TPA-AOT

~ 1 wt"'" Na '- TC
-;- !I 1 wt% TMA-TC
E 10 ~ 1 wt"'" TPA- TCo

Q:
0.1

0.01

0.001

AOT

OS

Figure 3.11: SANS profiles for OS, AOT and TC surfactants in 020 at 1wt% and 25 "C. Lines through

data points are fits using a model for charged ellipsoid micelles or paracrystalline stacks, with parameters

listed in Table 3.3. Data from SANS20 and 022.
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0.1

• 4 wt% Na +-OS
• 4 wt% TMA-OS
• 4 wt% TPA-OS
o 4 wt% Na+-AOT
o 4 wt% TMA-AOT
V 4 wt% TPA-AOT
~ 4 wt% Na+-TC
I! 4 wtOfoTMA- re
~ 4 wt% TPA- re

-
Q..

10

1000

100

0.01

Figure 3.12: SANS profiles for OS, AOT and TC surfactants in 020 at 4 wt<'10 and 25 "C. Lines through

data points are fits using a model for charged ellipsoid micelles or paracrystalline stacks, with parameters

listed in Table 3.3. Data from SANS20 and 022.

Surfactant r+/ A Shape N R,JA ±J X±O.2 Z f!_=ZIN
Na+-OS 0.95a ellipsoid 68 (64)C 22 (17C) 1.4 (1.3C) 14 0.21 (0.24C

)

NH/-OS 1.48a ellipsoid 79 23 1.1 14 0.18
TMA-OS 3.47b ellipsoid 106 25 (19d) 1.5 (1.6d) 22 0.21
TEA-OS 4.00b ellipsoid 78 23 1.5 21 0.27
TPA-OS 4.52b ellipsoid 76 23 1.7 16 0.21
TBA-OS 4.94b ellipsoid 81 23 1.7 17 0.21

Na+-AOT 0.95a ellipsoid 55 21 2.1 21 0.37

TMA-OS 3.47b ellipsoid 106 25 1.5 22 0.21
TMA-AOT 3.47b ellipsoid 55 20 2.0 18 0.32
TMA-TC 3.47b biphasic

'able 3.3: Parameters fitted to SANS using the model for charged ellipsoid micelles. amples dispersed in

020 at 1 wt% and 25 ·C. aOata from Pauling". bOata from Robinson and Stokes26• cOata from Griffiths'['.

dOata from Paul44 at 11.5 wt<'10 with Hayter Penfold method40c.
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Surfactant wt 0/0 r+ I A L±0.5 tTL± 0.05 R*± 10 ftl ± 0.5 D± 10 tTD± 0.05
Na+-AOT 4 0.95a 11.4 0.2 240 4.9 188 0.2
NH/-AOT 4 1.48a 15.2 0.2 247 1.7 330 0.2
TMA-AOT 4 3.47b 14.1 0.3 310 32.6 134 0.1
TPA-AOT 4 4.52b 25.1 0.4 439 12.8 498 0.2
NH4+-AOT I 1.48a 15.2 0.1 173 1.2 191 0.2
Na+-TC I 0.95a 14.3 0.1 317 2.9 307 0.1
Na+-TC 4 0.95a 15.9 0.1 270 2.1 301 0.1
TMA-TC 1 3.47b 17.1 0.1 289 2.5 297 0.2
TMA-TC 4 3.47b 190
TPA-TC 4.52b 23.9 0.3 1014 1.7 609 0.3
TPA-TC 4 4.52b 24.2 0.3 356 32.9 603 0.5

Table 3.4: Parameters fitted to SANS data from biphasic systems in water at 25 GC

"Data from Pauling". bOata from Robinson and Stokes'",

At the higher concentration of 4 \\-t% SANS from the OS compounds are still similar across the series;

analyses show no significant changes in shape or size (Figure 3.12). This is in good agreement with Paul et

al.44 who reported constant micellar shape and size for TMA-OS over a much wider concentration range.

(For example at 11.5 wt% the literature fit parametcrs'" are essentially the same as those reported here at

lower concentrations of 1 and 4 wt%). The other TAA-OS compounds also show concentration invariance of

the overall micellar structures of the range 1-4 wt%. If the cation and anion were strongly bound, forming

a 1:1 complex, then the micellar radius would increase because the plane of contrast against the 020 solvent

would move out from the micellar centre. Notably, this does not happen and so it is to be assumed that the

TAA surface binding is only very weak in the case of single chain OS surfactant anions.

Moving to the other chemical structural extreme, the tri-chain compounds at 1 and 4 wt% all give Q-2

regimes of scattering consistent with diskllamellar like structures, and also show strong undulations at lower

Q regions, dependant on concentration, suggesting longer range ordering. This scattering is consistent with

stacked lamellar phase fragments of repeat distances -300 A (=2ll1'Qmax)for Na +-TC up to -600 A for TPA-

TC. This SANS behaviour is analogous to common AOT, which is known to exhibit a mixed structure (LI +

La) under these conditions22•45, giving striking SANS profiles such as seen here. SANS curves from the TC

series could be adequately fit by a model for multi-lamellar stacks!", with parameters R· the local extent of
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planarity. L a mean layer thickness of M layers. spaced by D with a superimposed Gaussian distribution of L

and D as lTL and lTD respectively. Now the principal dimension. the layer thickness L is consistent with the

sum of molecular fragment sizes (anion + cation). and also does increment in line with increased counterion

size. Hence. it appears that ion association can be detected in these extended 2-D systems with triple-chain

surfactants, in contrast to single tail DS surfactants. However. none of the other fitted parameters show any

obvious trend down the counterion series. making it difficult to draw firm conclusions about relationships

between cation structure and aggregation. Taking all of these results and fitted parameters together for the

Te series it is clear multi-lamellar dispersions are present. but that beyond that the results cannot be

interpreted further.

The case of the twin-tailed AOT-based compounds is a little more complicated. being more strongly

concentration and cation dependent. At the lower concentration of I wt% Na + -AOT in this Q-range SANS is

consistent with the charged ellipsoid model. having RI = 21. X = 2.1 (Figure 3.13 and Table 3.5). For the

TAA-AOT compounds at I wt% the SANS profiles are also consistent with this model, reporting increasing

micellar size and aggregation number. N. with increasing cation size. consistent with cation-anion

association at the micellar surfaces. Furthermore, the degree of dissociation ~ decreases with increased alkyl

substitution of the ammonium cation, suggesting enhanced surface binding.
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Figure 3.13: SANS profiles for AOT surfactants in 020 at 4 wt% and 25°C. Lines through data points are

fits using a model for charged ellipsoid micelles (TEA-AOT only) or paracrystalline stacks (other systems).

Data from 022 and LOQ (restricted Q-range).

Surfactant wt 0/0 r+ / A N RJ/ A± 2 X±O.2 Z P=ZIN
Na+-AOT 0.95a 55 21 2.1 21 0.37
TMA-AOT 3.47b 55 20 2.0 18 0.32
TEA-AOT 4.00b 78 23 2.3 23 0.29
TPA-AOT 1 4.52b 131 27 5.5 10 0.08
TEA-AOT 4 4.00b 139 28 2.6 14 0.10

Table 5: Parameters fitted to SANS data from ellipsoidal micelles of the AOT series in water

at 25°C. aData from Pauling". bData from Robinson and Stokes'".

Now at 4 wt% for the AOT series (Figure 3.13) both surfactant concentration and cation type affect

aggregation. Here Na+-AOT, NH/-AOT and TMA-AOT (4 wt%) have scattering profiles consistent with

mixed systems (L, + La)45 whereas in contrast TEA-AOT forms small charged ellipsoidal micelles (R, = 28,

x = 2.6 Table 5). Finally, the largest counterion system TPA-AOT displays strong Q-2 scattering, again

consistent with extended disk-like micelles. Obviously counterion radius strongly impacts the shape of

aggregates", and these AOT-ba ed systems appear to sit in an interesting position, where even small

changes in cation size and shape cause tructural difference. However, the overall picture still shows that
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These broad changes in aggregation may be expected based on the packing parameter'", (Pc) (Eq. 3.8).

surfactant anion effects are much greater than cation effects, and that the "anomalous" behaviour of the

AOT compounds is down to the sensitivity of the anion.

Eq.3.8

where V is the volume Ie is the surfactant chain length, and Ah the headgroup area. If as a first approximation

Ah is taken to be equal to the limiting surface area Acmc (Table 3.2) then for all the AOT compounds P; >

0.33 ruling out purely spherical micelles, as observed by SANS. Furthermore, this simple model is clearly

consistent with the evolution from small ellipsoidal micelles to the more extensive sheet-like structures, seen

on increasing hydrophobic volume V from single to double to triple chain compounds. However, the

packing parameter model breaks down when applied to the alkyl substituted cation systems with the

different surfactant anions, being unable to predict the concentration dependent structural changes seen with

AOT. This is likely owing to limitations of the P, model with regard to specific cation-anion interactions at

the micellar surface.

Certainly, comparing all these results with the phase behaviour from section I, there is no threshold

delineating aggregation of regular solid surfactants (SURFs) from the ionic liquid analogues (SAILs). The

indications are there is nothing unusual about a surfactant which is also an ionic liquid, supporting the

findings of El Soeud et at. for a range of cationic SAILs6•

3.3 Conclusions

The synthesis and characterization of physico-chemical properties of new surfactants (SURFs) and

surfactant ionic liquids (SAILs) with wide variations in chemical structure have been presented. Although

some compounds have been previously reportedl4b, 17,34 others are new (especially the tri-chain TC series).
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Melting points become depressed on increased substitution of the TAA cation so that true ionic liquids could

be formed with the larger TAAs. As such these series of compounds span the threshold between standard

solid surfactants (SURFs) and the newer class of surfactant ionic liquids (SAILs).

Polarizing light microscopy shows mesophase formation which disappears once alkyl substitution on the

TAA ion increases above a C3 propyl chain. Surface tension measurements reveal some surprising findings:

firstly, a weak dependence of aggregation and adsorption parameters on TAA structure, these properties

being largely dominated by the nature of the surfactant anion; secondly, a very low surface tension at the

cmc (I' ::::25mblrn") for TPA-TC, being the triple chain anion coupled with tetrapropylammonium cation.

This value is amongst the lowest ever reported for a hydrocarbon surfactant, being typical of fluorocarborr'"

48 rather than H-surfactants. Aggregation was studied by SANS showing a strong dependence on surfactant

anion structure, whereas cation structure had only a secondary effect.

The different roles played by the surfactant anion and associated cation in governing aggregation were

strongly evident, single chain anions and double chain anions at low concentrations result in (broadly)

ellipsoidal micelles, but increasing the hydrophobic bulk by introducing a third surfactant chain induced a

transition to extended sheet-like micellar aggregates and/or dispersed lamellar phases. This structural

evolution is consistent with packing parameter arguments commonly used to account for micellar shapes".

there does appear to be a shift in the tendency from cation-anion complexation as a function of the surfactant

anion type: no evidence for that was found for the single tail DS system, in contrast to both of the double

and triple tailed surfactants.

Taking all these results together it can be seen there is no magic switch in behaviour as traditional crystalline

solid surfactants (SURFs) are transformed into surfactant ionic liquids (SAILs) by chemical structure

modification. Similar conclusions were presented recently by El Seoud et 01.
6
, but for imidazolium SURFs

and SAILs. Hence, the findings appear quite general, casting a shadow of doubt over frequent claims that the

ionic liquid nature confers special properties on SAILs.

The study has revealed another (quite surprising) finding, in surfactants bearing highly substituted organic

cations, not all methylene groups and methyl groups contribute equally to the net hydrophobicity. In the

compounds investigated here methylene groups added to the TAA counterions have only a minor effect on

adsorption parameters and cmcs, much less so than if these were added to the carbon framework of the
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surfactant anion. Thus, it appears that these common symmetrically substituted alkyl ammonium ions act as

"spectators" in the underlying physical chemistry of these amphiphiles.
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Chapter 4

Anionic surfactant ionic liquids with I-butyl-3-methyl-
imidazolium cations: characterization and application

This chapter deals with a series of anionic surfactant ionic liquids (SAILs) based on organic surfactant

anions and imidazolium cations. These compounds are more environmentally friendly and chemically

tuneable as compared to other common ionic liquids. A detailed investigation of physico-chemical

properties, studies into aqueous aggregation behaviour, structuring in the pure ILs, as welI as

electrochemical investigations has been conducted. The results suggest potential applications In

electrochemistry, battery design and catalytic reaction control.
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4.0 Introduction

As mentioned in chapter 2 ionic liquids (ILs), commonly thought of as liquid salts below 100 DC, are of

immense interest as they have physico-chemical properties different from conventional molecular solvents 1.

Typical ILs are l-butyl-S-methyl imidazolium halides (bmim X), and the bmim moiety is a common

component in many ILs. Ionic liquids are often considered to be environmentally benign due to low vapour

pressure; with up to ]09 cation-anion combinations' they are highly tunable and may be designed for specific

chemical and synthetic applications.

It soon became appreciated that long chain analogues of the common cationic imidazolium based ILs could

self-assemble to form micelles in aqueous solutions', these systems were then dubbed "surfactant ionic

liquids" (SAILs)4. Since then catanionic SAILs have been reported", these are novel systems being

composed of cations and anions both having an amphiphilic character. Initial studies of cationic SAILs were

limited in scope, with only minor chemical variations centred around substituted imidazolium analogues". In

this chapter a systematic study of catanionic SAILs is undertaken, comprising the l-butyl-Svmethyl-

imidazolium (bmim) cation and common anionic surfactant anions, which also bear bulky hydrophobic

chains (Figure 4.] ).

The results in Chapter 3 have shown that the ionic liquid nature confers no special properties in terms of

surfactant properties or aggregation behaviour of SAILs: essentially they behave just like regular surfactants.

Nonetheless, the development of these SAILs is advantageous as it presents interesting opportunities to

combine the properties of surfactants with those of imidazolium-based ILs, and this dual nature may well be

beneficial in applications such as separation, condensation and extraction. Recently', it was shown that

hydrophobic analytes, such as hydrocarbons, partition strongly into micellized SAILs, suggesting

advantages in aqueous phase transfer catalysis, being also appropriate liquid media for extraction and

recycling of reagents.

The SAILs reported here are appealing for various reasons. Firstly, aggregation is controlled by the chemical

structures of the anions, being more tailorable than the chemically limited sub-set of imidazolium cations

commonly employed: in these new systems small structural changes feed through to significant effects on

aggregation properties such as critical micelle concentration (erne), mesophase behaviour, and also on bulk

physico-chemical properties such as melting point and solvent miscibility. Secondly, since the compounds
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contain imidazolium heterocycles it is probable that these SAILs could act as catalysts. either ligating to

metal atoms or providing an acidic medium appropriate for certain chemistries (for example Diels-Alder or

Friedel-Crafts reactions)". Thirdly. since they are halogen-free the compounds are more environmentally

friendly than traditional imidazolium-based SAILs. In addition to this. the intrinsic nature/properties of the

cations and anions selected are also important. For example. anions such as AOT (Figure 3.1) have

antibiotic and pesticidic properties", and imidazolium cations are also known to have antibacterial

properties". Another reason for selecting a short alkyl chained imidazolium group is that aquatic toxicity is

reduced compared to longer chain analogues 10.

<, -0 /,0
N~+ -«
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o
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Figure 4.1: Surfactant ionic liquids (SAILs) studied here.

This chapter describes the synthesis, chemical characterization. and physico-chemical properties of neat ILs

(viscosity. density. melting point. etc.) as well as for aqueous solutions (surface tensiometry. small-angle

neutron scattering). Furthermore. a potential application of the SAILs in electrochemistry is explored.

Aqueous phase studies are important to learn how self-assembly structure is related to the IL molecular

architecture. useful for example in applications where the underlying phase structure can be tuned to provide

a new dimension for control over outcomes of organic reactions. Densities are important when considering

electrochemical and battery applications. where weight is a concern. In addition. low density may also be

advantageous for phase separation of immiscible liquids. Knowledge of viscosity " is important for
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chemical engineering applications, but is also fundamental for uses as chemical reaction media, since 17

affects reactant ditTusion coefficients.

Ionic liquids were originally conceived as electrochemical solventsll and are industrially important because

they are etTective at moderate temperatures, being also less corrosive than classical molten salts. The

electrochemical windows of ILs are often> 4 V12
, which permits deposition of elements that cannot be

delivered from normal aqueous solutions, such as elemental and compound semi-conductors.

Halogen-free ILs are attractive not only for environmental reasons (F- can react with water, giving off HF,

for example) but also because the presence of cr or Br' can atTect electrochemical behaviour. In addition, by

introducing large organic anions. the hydrophobicity of the ILs may increase, limiting water uptake that can

also be detrimental to electrochemical applications. In contrast to variable cathodic potential limits,

generally there is little variation in the anodic edge of the potential window, with the most common anions

(BF4-, PF6-, N(Tf)2") lying within a 0.5 V range!'. However, this is not the case with the compounds

presented here, allowing the possibility to fine tune the anion chemical structure and properties to achieve a

much wider electrochemical window than for other available solvent media.

Although, there have been reviews in the field of micellar electrochernistry'i', the use of SAILs as

electrochemical solvents has so far not been investigated. In addition, the combination of surface active IL

properties presents intriguing material properties, otTering advantages to using microheterogeneous fluids as

electrochemical media. Ionic surfactants above the cmc form full coverage aggregates on metal and carbon

electrodes with structures (bilayers, surface micelles) depending on the applied potential, electrode surface

and surfactant type", which allows manipulation of surface electrode properties and surface structures. The

surfactants solubilise reactants in these structures allowing penetration to the electrode while also excluding

water. Hence, the development of SAILs may give rise to both the large potential windows seen for normal

ILs and increased surface selectivity fund with surfactants, but now in the same medium. Finally, extremely

high capacitances of these new ILs have been determined, which may prove of interest for the future design

of supercapacitors and batteries IS.
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l-butyl-3-methyl-imidazolium chloride (~ 99%) was purchased from Sigma-Aldrich and used as received.

Sodium dodecylsulfate (SOS) was purchased from Sigma-Aldrich and purified by recrystallization from

methanol. Aerosol-OT (AOT) was purchased from Sigma-Aldrich and purified by Soxhlet extraction using

dry acetone and subjected to repeated centrifugation 16. 020 and ethyl acetate (~ 99.S%) were purchased

from Sigma-Aldrich and used without further purification.

4.1 Experimental

4. t. t Materials

4.1.2 Synthesis

Synthesis of the precursor triple-chain Na-TC surfactant (Figure 4.1) followed the method reported in

Chapter 317
. Bmim AOT and bmim TC were synthesized by adding 1.0 mol. eq. of I-butyl-3-methyl-

imidazolium chloride and Na-AOT or Na-TC in a round-bottom flask and stirring in dichloromethane for 6

hours, the resulting NaCI precipitate was then filtered off and solvent removed under reduced pressure. The

ILs were then dissolved in dry ethyl acetate and centrifuged at 6000 rpm for I hour. The pure solution was

separated from excess salt, solvent was removed under reduced pressure, and the ILs were then dried in

vacuo at 70 DCfor 24 hours. A similar procedure using methanol as solvent was employed to make bmim

OS. Bmim AOT and bmim TC were clear liquids, whereas bmim OS was an opaque viscous liquid/solid

(depending on cooling rates due to polymorphism). The synthesized surfactant ionic liquids were

characterized by NMR (Figures 4.2 - 4.4) and elemental analysis (Table 4.2), all being consistent with

expected values. IH-NMR spectra of the ILs were recorded on a Varian 400-MR machine at 25 DCin CDCI).

Details of peak assignments and integrals are as follows: bmim OS (£5=0.86-0.89, 0.94-0.98) (a, 6H),

(6=1.25-1.42) (b, 20H), (6=1.64-1.71)(c, 2H), (6=1.83-1.91) (d, 2H), (6=4.03-4.07) (e, f, SH), (6=4.23-4.26)

(g, 2H), (6=7.28-7.29) (h, IH), (6=7.37-7.38)(i, IH), (6=9.68) (i, IH); bmim AOT (6=0.84-0.98) (a, ISH),

(6=1.27-1.4S) (b, 18H), (6=I.SI-1.64) (c, 2H), (6=1.82-1.90) (d, 2H), (£5=3.11-4.27) (e, f, g, h, i, 12H).

(6=7.23-7.24) (j, IH), (6=7.31-7.32) (k, IH), (6=9.6S) (I, IH); bmim TC (6=0.83-0.95) (a, 12H), (6=1.21-

1.39) (b, 20H), (6=1.50-1.67) (c, 6H), (6=1.77-1.87) (d, 2H), (o=2.80-4.3S) (e, f, g, h, i, j, ISH), (£5=7.27-

7.28) (k, IH), (6=7.38-7.40) (I, IH), (6=9.56) (m, IH).
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Figure 4.4: 'H-NMR profile for bmim TC,
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Sodium content was obtained by atomic absorption spectroscopy by measuring 1ppm. 5ppm and lOppm

samples, The error in calculation is ± 0,3 %,

Compound C H N S Na
9,86 (9,89) 6,98 (6,93) 7,83 (7,96) 0,0 (0)
9,14 (9,28) 5.49 (5,00) 5,98 (5,72) 0,0 (0)
9,02 (8,97) 4,54 (4,33) 4,96 (4,91) 0,0 (0)

bmim DS
bmimAOT
bmim re

59.49 (59,38)
59,39 (60,01 )
58,79 (59,46)

Table 4.1: Elemental analysis results. experimental and theoretical (brackets),

Synthesis of 1-hexyl-imidazolium Te (Hmirn Tf'. Figure 4,13) was synthesized using the same method as

for the other ILs, l-hexyl-3-methyl-imidazolium chloride was synthesized by refluxing I-methylimidazole

(~99%. Sigma-Aldrich) and I-bromohexane (98%. Sigma-Aldrich). 1,1 eq .. at 80 'C for 48 hours. The salt

was then purified by removing excess bromodecane under reduced pressure for 24 hours and repeated

washing with ethyl acetate (minimum of six washes) before drying for 24 hours at 70 TIM,

Bmim-TCf a (Figure 4,13) was synthesized using the same method, TCI4 was synthesized according to

literature!". Transaconitic acid and neopentyl alcohol. 3,2 eq .. were dissolved in toluene and p-toluene

sulfonic acid (catalytic amount. in this case 0,2 eq.) added, The reaction mixture was refluxed at 110 °C for

12 h and the water generated removed using a Dean and Stark apparatus, The reaction mixture was washed

repeatedly with saturated NaHe03 (aq.) solution. the organic phase dried over MgSO" and the solvent

removed to give an off-white oil. Purification was achieved via nash column chromatography over Si02

using 10% Et-Ozpetroleum ether,

4.1.3 Karl Fischer Analysis

Karl Fischer coulometric titration (Metrohrn) was used to measure the residual water content of the ILs:

analyses were conducted as a function of time over three days. under ambient atmospheric conditions. until

no more water was detected,

4.1.4 Differential Scanning Calorimetry (DSC)

The melting points and thermal behaviour of the ILs were measured using a TA instruments DSC Q200. The

heating and cooling ramp for each sample was lOT min-I and cyclic profiles were repeated three times,

Example profiles can be seen in Figure 4.5, Bmim DS is not included for reasons explained below,
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Figure 4.5: Cyclic DSC profiles (x3) of a) bmim AOT and b) bmim TC at a scan rate of 10 ·C min-I.

4.1.5 Density Measurements

Density was measured with an Anton Paar vibrating tube densitometer (DMA 4100), from 25 ·C to 90 ·C.

The measurements were viscosity corrected and carried out in atmospheric conditions. The instrument was

calibrated using ultrapure water (Elga, resistivity = 18 MO cm) and atmospheric air, temperatures were

controlled to within ± 0.01 'C using a thermostatted water bath. The temperature dependence fit a simple

linear regression, and by plotting In(p) as a function of T, the thermal expansion coefficient (d1n(p)/dT= -ap)

was calculated.

4.1.6 Viscosity Measurements

A Bohlin CVO (Malvern Instruments), fitted with a cone and plate (4· / 20 mm), was used to determine

viscosities between 25-70·C (water bath). First, repeat scans of viscosity as a function of shear stress (10-

1000 Pa) at 25 ·C were carried out to ensure the materials gave linear responses with no shear history. Scans

were then repeated at 40 'C and 70 ·C (Figure 4.8). Once Newtonian behaviour was verified, plots of

viscosity against temperature were recorded at constant shear stress (50 Pa) The experiments for bmim DS

are not included for reasons given below.
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4.1.9 Surface Tensions

Surface tensions ywere measured at 25 °C using the Wilhelmy plate method, on a Kruss K I00 instrument as

described in chapter 3. Glassware was pre-washed with 50% nitric acid solution and then rinsed thoroughly

with distilled water. The Pt plate was cleaned with distilled water and dried in a blue Bunsen flame before

each measurement. The cleanliness of the glassware and plate were tested by checking the surface tension of

pure water (Elga, resistivity = 18 MO cm). For all SAILs, measurements below the cme were carried out

using low levels of the chelating agent EDTA (99.5% tetrasodium salt hydrate, Sigma-Aldrich), at constant

surfactant to EDT A ratio, in order to sequester trace impurities of divalent cationic species (M2+). This is

standard practice for obtaining reliable yvalues with these classes of surfactants (c.f. Chapter 3)16,20.

Measurements were repeated at appropriate time intervals to ensure equilibrium. The cme was taken as the

intersection of the two branches of behaviour describing the steep tension decreases, and higher

concentration plateaux, respectively. Limiting surface tensions (Ycmc) were also measured by shape analysis

of a pendant drop on a DSA 1O-MK2 instrument (Krtiss, Germany), by fitting pendant drop spatial

coordinates to the Laplaee- Young equation. Interfacial tension measurements between n-dodeeane and water

were made by shape analysis of a pendant drop of water ( -40 ul.) in 4 mL of n-dodecane using the DSA 10

MK2.

4.1.7 Small-Angle X-Ray Scattering (SAXS)

Samples were simply placed onto a thin film of mica and measurements recorded with home-built SAXS

(Physics Department, University of Bristol), using a sealed-tube CuKa source with a wavelength of 1.54 A.

The scattering pattern covered scattering vectors ranging from 0.01-0.5 A-I.

4.1.8 Polarizing Light Microscopy (PLM)

A Nikon Optiphot-2 microscope fitted with polarizing filters was used, and images were captured on a PC

via a video camera and colour processor connected to the microscope. The liquid crystal phase progression

of each SAIL was investigated by the solvent penetration method (i.e. phase cut)I?
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4.1.10Small-Angle Neutron Scattering (SANS)

Scattering was measured on the 022 ditTractometer at ILL, Grenoble, France. A model for multilayer

stacks21was employed (see Chapter 3 for more detail).

U.ll Electrochemical stud ies

Measurements of potential windows were carried out at room temperature on pre-dried SAIL samples

(vacuum oven). An Autolab PGST AT -30 potentiostat (Metrohm, Switzerland) was used and the IL medium

was contained in a custom built electrochemical cell, designed to accommodate small sample volumes (0.5

mL). A silver wire was used as a quasi-reference electrode, with a platinum coil as a counter electrode, and a

25 11mdiameter gold micro-electrode as the working electrode.

4.2.Results and discussion

4.2.1Physico-chemical properties

Karl Fischer analyses revealed that bmim OS contained the highest water levels, with bmim AOT and bmim

Te considerably drier (Table 4.2). The value for bmim AOT is lower than that for pure dry Na-AOT (-4052

ppm)22, possibly due to the larger counterion limiting hydration around the sulfonate group. These values are

comparable to that found for a dried standard IL, bmim BF4 (4538 ppm)23.

It has been established that residual water content can have a major effect on physico-chemical properties of

ionic liquids'", however most previous work either fails to mention this or goes to the extreme of carrying

out experiments under rather difficult to establish moisture-free conditions'". Although the latter is necessary

for fundamental research, it does not prove useful for practical applications of ILs. It is in fact impractical to

exclude water from the compounds used in this chapter owing to water being very difficult to remove in the

starting materials (for example, Na-AOT cannot be easily dried to less than 10 mol % wateri2: on the other

hand, this structured water may actually be beneficial for certain applications. Recently, Fujita et al.26

showed that small amounts of water strongly atTect protein solubility in ILs, while retaining the properties of

the IL. This is because the water is strongly solvated to the ions, thus limiting its chemical activity.
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Compound Melting Water content Density at 25°C Viscosity at 25 °C
I!oint / °C / I!l!m / {g crn-3} qrnPas}

bmim DS 11790
bmimAOT -19 3367 1.08 3916
bmim TC -22 5232 1.08 3639

Table 4.2: Bulk physico-chemical properties of SAILs studied

The melting points of both bmim AOT and bmim TC are far below room temperature, being -19 QC and

-22 QC respectively, as expected due to the asymmetry and large size of the anions in such ILs. For bmim

AOT, a liquid crystal phase is seen up to 25 QC, which melted to yield an isotropic liquid. Other

imidazolium-based ILs with straight chain sulfonate anions have shown this behaviours. It has been

suggested that the C2 proton is essential to promote liquid crystal stabilization6b. For the largest anion

studied here, the triple-chain, TC, no liquid crystal phases were observed within the operating range of the

DSC (>-60 QC) (Figure 4.5). Profiles for bmim DS were measured with vastly different melting points

recorded, probably due to polymorphism and so no firm conclusions could be made about that compound.

This is not uncommon behaviour: for example, bmim Cl has two possible non-interconvertable crystal

structures (and melting points) due to the various possible trans gauche arrangements of the cation/".

Crystallization is promoted when two different local structures (trans and gauche conformers) with different

enthalpies of melting transition can coexist. However, for those with similar enthalpies, crystallization is

hindered and lower melting are points observed. This may explain the results seen here, and also implies the

possibility of polymorphism in the bmim AOT and bmim TC should not be ruled out.

The density p values (Table 4.3) agree with those previously reported for cationic ILs, for which p decreases

with increasing alkyl chain length substituent on the cation (methylene groups are less dense than

imid I )23tmt azo e .
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bmimAOT bmim TC
ap = 7.40 x 104 oel

pI (± 0.001 g cm-3)
25.0
30.0
40.0
50.0
60.0
70.0
80.0
90.0

1.082
1.078
1.071
1.063
1.055
1.047
1.039
1.032

1.079
1.075
1.067
1.059
1.052
1.044
1.037
1.030

Table 4.3: Experimental values of density, p, as a function of temperature. Also included is the thermal
expansion coefficient, ap.
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Figure 4.6: Variation of density p with temperature.
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Interestingly, bmim AOT and bmim Te contain high methylene contents so that that their densities (p ::::::

1.08 g ern") are much lower than most other ILs. For example, the densities of bmim based ILs have the

following densities23 (units in g ern"):

TC (1.08)::::::AOT (1.08)::::::er (1.08) <BFi (1.12) < PF6-(1.36) <Tf2N (1.43) < r (1.44)

Small-angle x-ray scattering was carried out on the neat SAILs (Figure 4.7). Even though the bmim OS

sample was isotropic during the experiment, DSC showed that the system was polymorphic around this
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temperature (25 QC). A broad diffraction band is centred around Q = 0.2745 A-I (27r/Q = 22.88 A). This peak

becomes broader for bmim AOT and bmim TC, suggesting a more disordered structure.

6. bmim DS
o bmimAOT

10 0 bmim TC

1

0.1

Fig. 4.7: SAXS profiles for neat bmim DS, bmim AOT and bmim TC at 25 QC.

The peaks also lower in intensity and shift to higher Q values (bmim AOT = 21.47 A, bmim TC = 18.83 A),

consistent with reducing anion lengths DS>AOT>TC. Further investigation would be required to determine

exactly how the anion/cation pair orient relative to each other. However, X-ray data reveal ordering present

even in the isotropic liquid phase, which may be important for explaining electrochemical properties such as

capacitance (discussed later). Investigation of the structure of "neat" SAILs may also be important for

possible applications controlling stereoselective outcomes of organic reactions.

4.2.2 Viscosity measurements

For bmim DS, shear thinning was observed, possibly due to a structural change (as previously mentioned

various polymorphs may be possible). Measurements for bmim DS were not reproducible and so an

analogous straight chain surfactant from the literature (bmim CgS04) was included in Figure 4.9 for

comparison. The common IL Bmim PF4 was also selected for a more detailed comparison.
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Viscosity measurements for the other compounds (bmim AOT and bmim TC) were taken at temperatures

ranging from 25 - 70°C, with a maximum viscosity of 3640 mPa s reducing to 295 mPa s (Figure 4.9, Table

4.4).

Most ionic liquids23 may be classed as Newtonian fluids as viscosity remains constant as shear rate increases.

This was observed for the most highly branched IL surfactant, bmim TC, even after multiple hystereses of

shear stresses had been repeated at increasing temperatures (Figure 4.8, bottom).

bmim AOT Ea= 49.46 kJ morl bmimTC Ea= 47.08 kJ morl

T I {OC} ~I {± 2% mPa s} T I (OC) ~I (± 2% mPa s)
25.0 3916.3 25.0 3639.2
29.9 2719.8 30.0 2506.3
35.0 1881.4 35.0 1793.6
40.0 1343.2 40.0 1308.1
44.9 995.48 45.0 976.58
49.9 745.22 50.0 741.03
55.0 568.94 55.0 585.28
60.0 442.97 60.0 451.38
65.1 347.54 65.0 359.87
70.1 279.93 70.0 294.69

Table 4.4: Experimental values of viscosity, '1 (mPa s), and the associated activation energies for
viscous flow, Ea.
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Figure 4.8: Shear rate (r) vs shear stress (0) and viscosity ('7) vs shear stress (0) for bmim AOT and bmim

re at different temperatures (solid lines are a guide for the eye only). Plots clearly describe Newtonian

behaviour where viscosity is independent of shear rate. Each measurement was repeated three times with no

shear history observed.

Seddon28 reported that ILs of the imidazolium BF4 family (cationic surfactants) with longer alkyl chains

(typically n >12) exhibit non-Newtonian behaviour. Surprisingly however, the anionic compounds studied

here, with more alkyl carbons than compounds in the previous study", are still Newtonian. For bmim AOT

Newtonian behaviour is also seen with the viscosity ranging from 3920 mPa s to 280 mPa s over the

temperature range examined (Figure 8, left). Astonishingly, the viscosity falls by over 50% between 25 QC
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and 35°C. These values indicate that branching of the anion causes similar behaviour to that reported in

literature, whereby increasing alkyl content on the anion slightly increases viscosity. However, the

viscosities are around an order of magnitude higher than similar alkyl sulfate based ILs, perhaps owing to an

increase in van der Waals interactions owing to long branched alkyl chains, competing with electrostatic
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Figure 4.9: Effect of temperature on viscosity.

Literature data for bmim PFlo and bmim CSS0431 have been included for comparison.

In order to calculate the activation energies for viscous flow from Equation 4.1, semi-logarithmic Arrhenius-

like plots were made. Plots ofbmim AOT and bmim TC deviate slightly from the Arrehnius-like expression

at higher temperatures.

An extra factor affecting bulk viscosity may also be hydrogen bonding between the C2 proton and the

anionic sulfonate group. An interesting observation is that anion chain branching opens up a much wider

window of viscosity, and that this should be tunable depending on the anion chemical architecture. Such

control over viscosity may be useful in chemical engineering applications involving reaction kinetics and

heat transfer.
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The experimental viscosities were calculated from the integrated form of an Arrhenius-like expression

(Equation 4.1), which is more appropriate than the comparative Vogel-Fulcher-Tammann (VFT) equation,

due to the asymmetry and bulk of the anions28.

Eq.4.1

7100 is the apparent viscosity at infinite temperature and Eo is the viscosity activation energy (the semi-

logarithmic plots can be seen in Figure 4.10, results in Table 4.5).

2~----------------------------------------~
o bmim AOT
o bmim TC
o bmim CaSO,

0 V bmim PF,
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Figure 4.10: Semi-logarithmic Arrhenius-like plots.

Data for plots ofbmim CgS04 and bmirn-Pf', from Jacquemin et al.30-31

Compound '100 / (10-6 mPa s)
bmimAOT
bmim TC
bmim CgS04
bmim PF4

49.5
47.1
38.0
34.1

7.413
18.00
179.3
271.9

Table 4.5: Correlation parameters (floc., Ea) for the Arrhenius equation for viscosity for ILs as a function of

temperature. Data for l-butyl-3-methylimidazolium octyl sulfate (bmim CgS04) and bmim PF4 from

J . /30-31acquemm et a .
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The magnitude of Ea is an indication of the difficulty of transfer of molecules through the liquid matrix. The

value for Ea with bmim AOT is a little higher than that for bmim TC (49.46 and 47.08 kJ mol",

respectively), suggesting more order in the bmim AOT system. The activation energies are also higher

(approx. 30%) than those ofbmim PF4 (dry = 34.1 kJ marl, and saturated with H20 = 29.0 kJ morlio and

much higher than for typical molecular solvents (c.f. H20 (20°C) = 17.0 kJ mol", benzene = 10.4 kJ marl,

and acetone = 7.1 kJ morl)32. Addition of co-solvents has also been shown to reduce viscosity", and this

might be used to provide finer control still. For example, small additions of solvent could affect meso phase

formation resulting in larger viscosity changes.

4.2.3 Phase behaviour by polarizing light microscopy (PLM)

The phase penetration PLM method was used to seek evidence of mesophase formation with added water

(Figure 4.11): different mesophase optical textures appear across the steep concentration gradient set up

against water. The transition from fluid micellar to liquid crystalline phases can be explained by a

competition between increase in free energy associated with loss of orientational entropy, and reduction of

free energy related to excluded volume and additional interactions.

bmim OS bmim AOT bmim Te

Figure 4.11: Optical textures of SAlLs in phase penetration experiments (T = 25°C).

As mentioned above, the single chained SAIL (bmim OS) exhibits irreproducible properties, possibly

because of polymorphism. All batches produced, whether liquid or solid at 25°C, showed birefringence as

neat ILs, evidence of liquid crystalline ordering and mesophase formation in the presence of water. Both

bmim AOT and bmim TC showed evidence of mesophase formation on addition of water, but no

birefringence in the neat sample, consistent with findings from DSC and SAXS analysis.
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4.2.4 Surface tensiometry and analysis

Surface tensions as a function of concentration in dilute aqueous solutions were recorded at 25°C to

establish critical micelle concentrations (cmc) (Figure 4.12, Table 4.6), and generate adsorption parameters.

Although the self-aggregation behaviour of SAILs has recently attracted much attention, it now appears that

in this respect they behave just like regular ionic surfactants'" 34. For example, the cmcs of the SAILs

decrease with increasing carbon numbers on the anion tails, ne in broad accordance to the Klevens

equation":

log(cmc) = A - Bn; Eq.4.2

where A and B are constants and, for paraffin chain salts having a single ionic headgroup, B is approximately

equal to log 2 (i.e., reducing the surface tension to approximately half per each additional CH2 group). It is

known that chain branching in hydrocarbon surfactants gives higher cmc values than comparable straight-

chain surfactants".

The cmcs for bmim DS and bmim AOT lie lower than their respective normal sodium forms (Table 4.6)17.

This may be because the bmim cation is more effective at screening intramicellar electrostatic repulsions

compared to Na + 6C, but also because bmim is more hydrophobic, thus reducing the free energy of

micellization.

The tri-chain SAIL (bmim TC) has a cmc a little higher than that of its sodium analogue. There are

contrasting reports in the literature to how bmim ions might order at an interface'". This ordering may be

influenced by the structural nature of the anion tails, and in turn affect the ability of the cation to screen

head group repulsions.
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Figure 4.12: Surface tension data (with quadratic fits to pre-cmc data) and derived adsorption isotherms.

SAIL cmcl mM± 0.3 'Ycmt'/(mN m-I) ± 0.5 ~mcl AZ

{Wilhelm;r ~Iate} ±10%
Na-DS 8.00 34.9 56
Na-AOT 2.88 30.6 70
Na-TC 0.11 24.9 136

bmim DS 2.30 32.9 56
bmimAOT 1.78 25.7 86
bmimTC 0.55 24.8 111

hmim TC 0.76 24.7 116
bmimTC14 9.48 24.7 95

Table 4.6: Parameters derived from surface tension measurements.

Data for sodium analogues taken from Eastoe et al.l?

The effectiveness of these ILs at reducing limiting surface tensions is very interesting. It has been observed

before that for such SAILs with bulky organic cations, aggregation properties are dominated by anion

structure!". The single chained bmim DS has a surface tension lower than its sodium analogue (32.9 mN m"

c.f. 34.9 mN m-I)17, as does bmim AOT (25.7 mN m" cf 30.6 mN m" for Na-AOT)17, with values

comparable to those of these anions with tetrapropylammonium cations. However, with bmim 'I'C a lower

limiting surface tension is reached, having what is believed to be the lowest surface tension for any

imidazolium containing compound. Furthermore, these values are as low as any hydrocarbon surfactant,

being comparable to some fluorocarbon surfactants", possibly representing the physical limit of surface
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tension reduction for such compounds. It is instructive to compare these Ycmc values with those for linear

alkanes such as hexane (Ymrc' = 18.4 mN m-I at 25 0C)3'1.

It has been suggested that the lowest surface tensions are reached when the cation and anion tails are similar

in sizes. and although this may be true for single chain compounds, for these SAILs there is no further

reduction in surface tension (because hydrophobic bulk of the anion governs micellization). This was

concluded by combining the TC anion with a cation with a comparatively long alkyl chain (l-hexyl-3-

methyl irnidazolium, hmirn, Figure 4.13 and 4.14). No further reduction in Ycmc was observed (Table 4.6).

Another approach was to use a branched tri-chain anion, TC 14 (Figure 4.13 and 4.14), as the sodium form

has been show to exhibit very low Yemc (27.0 mN m-I)40. Again, for bmim TC 14 no further decrease in Yemc

was observed. lending support to the claim of reaching the physical limit for this type of surfactants.

a. hmim T( b. bmim T(14

Figure 4.13: Compounds studied for comparison of surface tension
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Figure 4.14: Surface tension data for SAILs at 25°C.
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The limiting headgroup areas at the cmc (Acme) were calculated by fitting pre-erne tension data to quadratics

to generate adsorption isotherms using the Gibbs equation (Equations 4.3 and 4.4)16.41. A prefactor of m = 2

is expected for I: I dissociating ionic surfactants 17.

r = - _,!_.!2:.
mRT tne

Eq.4.3

1
Acme =-

rNA
Eq.4.4

Previous studies have shown that for the parent surfactants (Na-DS, Na-AOT, Na-TC)(Table 4.6), Acmc

increases dramatically, consistent with expectations based on packing parameter arguments 17. The same

studies also showed that on replacing the Na + with large bulky tetraalkylammonium cations, Acmcwas still

dominated by the identity of anion, appearing to also be the case with the bmim cation used here. The Acmc

value for Na-TC is larger than that for the bmim TC but, as mentioned above, this may be a result of

ordering of the bmim cation at the air-water interface.

4.2.5 Micellar structure by SANS

SANS data were collected as a function of concentration in dilute aqueous phases, with all bmim

compounds exhibiting strong Q-2 scattering (Figure 4.15). This scattering is consistent with stacked lamellar

phase fragments, and curves could be adequately fit by a model for multi lamellar stacks'".

The SANS profiles were fitted with form factors for scattering from a thin interface combined with a one

dimensional para-crystalline stack model":

I(Q) -+ N(~p)2V2 (Sin (QLt /2»)2
( QLtl2) Eq.4.5

With N a concentration in cm", ~p the scattering length difference between solvent and surfactant sheets and

L the planar sheet thickness. A modified Lorentz factor allows for a Gaussian distribution of surface normals

around the Q vector. The model approximates the local extent of planarity, RO, the mean layer thickness L,
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number of layers M, planar spacing D and the Gaussian distribution of Land D as a; and (JD respectively.

The properties for 2 wt% bmim AOT and 0.5 - I wt% bmim TC could not be fitted, perhaps evidence for

polymorphism. (Figure 4.16, Table 4.7).

.. bmim DS 4wt%
10000 0 bmim AOT 0.5 wt%

• bmim AOT 4 wt%
1000 0 bmim TC 0.5 wt%

• bmim TC 4wt%

100
.-

t

Eo 10

..--
0 1-

0.1

0.01

0.001 bmimAOT

bmim 05

Figure 4.15: SANS profiles for bmim OS, bmim AOT and bmim TC surfactants in 020 at 0.5 and 4 wt% at

25 QC. Lines through the data are fits using the model for paracrystalline stacks,

with the parameters listed in Table 4.3.

M=3----~

oa::

*a::

Figure 4.16: Schematic of paracrystalline stack structure.
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SAIL wt% LIA R M DIA
bmim DS 0.5 27.3 415 2.39 136
bmimOS 1.0 30.8 223 3.47 82
bmim OS 2.0 29.2 150 13.8 55
bmim OS 4.0 28.4 154 15.1 68

bmimAOT 0.5 12.6 676 1.9 559
bmimAOT 1.0 17.9 625 1.9 559
bmimAOT 2.0 (537)
bmimAOT 4.0 19.0 555 6.1 462

bmimTC 0.5
bmim TC 1.0 (659)
bmim TC 2.0 21.2 529 1.8 679
bmimTC 4.0 20.5 312 5.1 489

Table 4.7: Parameters fitted to SANS data using the model for polycrystalline stacks". Values in brackets

estimated using (21l/Q).

Bowers et al.3 showed that bmim BF 4 aggregates above the "cmc" form spherical micelles around 13 A in

radius. It is known that SOS forms spherical micelles)7.42, and even when substituting sodium for bulky

tetraalkylammonium cations the micellar size and shape is maintained17•42. Mislkolczy investigated bmim

CgS04 by turbidity and conductivity measurements, and also observed micelles". Surprisingly, however, at

0.5 wt% in water this longer C12 chain analogue, bmim OS, forms multilayer stacks where the bilayer

thickness (L) is approximately twice the OS· anion length. Increasing the concentration increases the layer

rigidity (R*), whilst also increasing the number of bilayers (M). This SANS behaviour for bmim AOT is

analogous to other AOT containing ILsl7, which are known to exhibit a mixed structure (Ll + La) under

these conditions'r'. In comparison to bmim OS, the decrease in bilayer separation is less pronounced, as is

the extent of bilayer aggregation, M, and the stiffness parameter, R·. On increasing the anion size from

straight chain to double and triple chain, it appears that the bilayer separation, D, increases substantially.

However, none of the other fitted parameters show any obvious trend down the anion series, making it

difficult to draw firm conclusions about relationships between anion structure and aggregation.

4.2.6 Electrochemical properties

Cyclic voltammograms of bmim AOT and bmim TC employing an Au microelectrode at scan rate of 100

mV S·I are displayed in Figure 4.7. Taking an arbitrary scale of 100 nA, it could be estimated that the
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potential windows of both SAILs are approximately 4 V. This potential window is significantly wider than

those found in aqueous solutions (water - 2 V44) and comparable to those reported in conventional I-butyl-

3-methyl-imidazolium containing ILs. For example, using a platinum microelectrode, Schroder et al.45

reported potential windows of 4.15 V and 4.10 V for dry samples of bmim BF4 and bmim PF6 respectively,

and Suarez et al.46 recorded potential windows of 4.0 V and 5.0 V. It is also noteworthy that these new ILs

have beneficial electrochemical properties, even under anaerobic conditions. Continuous potential cycling of

bmim AOT showed progressive passivation of the electrode at high positive potentials (results not shown).

This can be observed from the relatively slow rate of current increase at the anodic potential limit (Figure

4.17). The greater anodic/cathodic current of the bmim TC as compared to bmim AOT could be a result of

the lower viscosity (cf Figure 4.9).

4

-- bmimAOT
-- bmimTC
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Figure 4.17: Cyclic voltammograms for bmim AOT and bmim TC on an Au microelectrode at a scan rate of

100 mV s' at room temperature.

The anodic responses observed between I and 3 V are linked to the formation of Au oxide, as well as

oxidation of products generated at the negative end of the potential window. As shown in the inset of Figure

4.7, part of the current responses observed around 1 V disappear when the potential window is restricted to-

1.5 V. The fact that the reduction products of the imidazolium ring can be oxidised in the reverse scan is
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likely linked to the high viscosity of the SAILs. Indeed, the hemispherical geometry of the diffusion profiles

characteristic of microelectrodes tends to enhance the rate of product diffusion away from the electrode. In

this case, the diffusion coefficients are expected to be low, allowing the oxidation of products in the reverse

scan. It should also be mentioned that the presence of impurities, such as water, may also be connected to

someof the smallest features observed in the voltammograms. A key issue to be investigated in the future is

the solubilisation of metal precursors, which could be electrodeposited upon negative polarisation. It is

envisaged that structural ordering (Figure 4.6) could be translated in to the structure of the electrodeposits.

Ionic liquids exhibiting large capacitances offer potential for the development of supercapacitors, which are

presently considered to be energy storage devices of choice. The capacitances of these SAILS have been

estimated at the ionic liquid-electrode interface using the following formula:

Eq.4.6

where E/ and E2 represent electrode potentials and I is the current. Integration was carried out between 0.1 V

and 0.5 V, this region being well within the potential window for both bmim AOT and bmim TC.

Values obtained were 260 ± 97 IlF cm-2 and 34 ± 12 Il F cm-2 for bmim AOT and bmim TC respectively.

The electric double layer capacitances for bmim BF4 and bmim PF6 have been determined in a detailed

study by Lockett et 01.47 and showed strong potential dependence, with maximum capacitances in the order

of 10 IlF cm-2; significantly less than the capacitances obtained here. Unlike aqueous electrolytes or high-

temperature molten salts the ions in ILs are often more complex, with delocalised charges, hydrogen

bonding capability and high ion polarizability, leading to microstructuring at the IL-electrode interface. The

high capacitances observed here are most probably due to increased amphiphilic nature of the anions,

leading to more regular ionic domains (cf X-ray scattering data) and shifting the potential of zero charge

(pzc). Conventionally, large anions lead to lower capacitance", but here the anions account for most of the

hydrophobic bulk which seems to further increase capacitance.
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4.3 Conclusions

This chapter reports the synthesis and characterization of physico-chemical properties of new SAILs with

wide variations in chemical structure, and potential applications have been explored. The advantages of

these compounds over existing ILs and SAILs are facile synthesis: they can also be readily generated from

commercially available, cheap starting materials, with lower potential environmental hazards (halogen free)

and toxicity (short imidazolium alkyl chain) than normal imidazolium based SAILs. Interestingly, the

experimental data obtained under atmospheric conditions suggest suitability of these ILs for electrochemical

applications, without the need for excluding air or water, which is a limitation of other common ILs. For

example, low densities have been recorded which could be ideal for producing lightweight batteries, and the

50% drop in viscosity over 10 DC shows that these ILs may be useful transport media at convenient

tern peratures.

Polarizing light microscopy shows evidence for mesophase formation, and surface tension measurements

show that cmc can be controlled by hydrophobic bulk of the anion. These SAILs have also been shown to

promote very low air-water surface tensions: bmim TC promotes what appears to be the lowest surface

tension of any imidazolium based IL, and also of any normal hydrocarbon surfactant, this Ycmc of - 25 mN

m-i is equivalent to values of typical low surface energy fluorocarbon analogues ". This could potentially

lead to replacement of hazardous fluorinated surfactants, with cheaper more benign hydrocarbon compounds,

such as reported in this chapter.

In dilute aqueous phases SANS data indicate sheet-like structures for all compounds in dilute aqueous

phases, with parameters such as interlayer distances, D, controlled by concentration and anion structure, all

consistent with packing parameter arguments'". Particularly interesting is how bmim OS follows this trend,

deviating from the spherical aggregates seen for other dodecylsulfate anions with large organic counterions,

such as the tetraalkylammonium dodecylsulfates 17.

These results suggest that the ionic liquid nature of bmim SAILs confers no special properties on their

aggregation behaviour'" 34. The unique combination of ionic liquid with surfactant properties may pave the

way to the development of novel reaction media, where the possibility of mesophase catalysis may be

combined with subsequent separation and extraction from an IL phase. Furthermore, these novel SAILs may

find applications in electrochemistry, since the accessible potential window is influenced by the intrinsic

92



ionic liquid nature, with partitioning of reactants at electrodes influenced by the inherent surface active

properties. Electrochemical results also indicate that these compounds, although containing trace water, still

have relatively large potential windows and that this may be further increased through anion substitution.

Other possible applications include templating electrodeposition, and due to large capacitances and low

densities, in batteries and supercapacitors.
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Chapter 5

Magnetic Control Over Liquid Surface Properties with

Responsive Surfactants

Non-magneti
surfactant

Magnetic
surfactant

This chapter contains two parts. The first part looks at new magneto-responsive surfactants based on transi-

tion metals, their characterisation and potential applications. Part two investigates lanthanide based surfac-

tants, and then considers the possibility of calculating critical micelle concentrations as a function of mag-

netic susceptibility.
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Part One

5.0 Introduction

Surfactants responsive to pH I, temperature', col. and light" are already known: this chapter reports the first

surfactants, which are also ionic liquids (ILs), and magneto-responsive.

Although ILs containing transition metal complexes have been known for some tirne ', it had always been

assumed that the metallic centers were isolated, lacking long range interactions and communication neces-

sary to be magnetically-active". Only recently have ILs containing magneto-active metal complex anions,

such as l-methyl-S-butylimidazolium tetrachloroferrate ', been reported':". These magnetic ILs (mag-ILs) are

especially interesting since typical magnetic fluids (ferrofluids) comprise magnetic colloidal particles (~10

nm) dispersed in a carrier fluid. Whereas these nanoparticle-free mag-Il, fluids are themselves paramagnetic;

containing high effective concentrations of metal centers, allowing physico-chemical properties (hydropho-

bicity, electrical conductivity, melting point, etc.) to be controlled by external magnetic fields. Furthennore,

because mag-Il.s and MILSs, are non-volatile they offer advantages over conventional ferrofluids which of-

ten employ flammable organic solvents.

Compound Anion Cation

('101111111('1 Cl' --NA.~

(' 101111111 F FeCI~' W
DTAB Br .........+/

N
DTAF Fe<'I.lBr· /
DD:\B Br: \+

/N
DDAF FeCl.,Br"

Table 5,1: Inert (SURFs) and magnetic surfactants (MILS) studied.

Previous work has shown numerous ILs exhibiting magnetic responses" Rh. The compounds introduced here

(Table 5.1) extend this approach, but now importantly encompass surface activity, which is a fundamental
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property of liquids and solutions. With this, magneto-responsive emulsions become accessible, which to date

have exclusively been realized in Pickering emulsions comprising surface active magnetic nanoparticles",

Synthesis of the MILSs can be achieved by mixing appropriate metal halides with cationic surfactants. In the

"pure" ionic liquid form such compounds also represent progress towards cheaper and more environmental-

ly friendly mag-Il.s,

5.1 Experimental

5.1.1Synthesis

I-decyl-3-methyl imidazolium chloride (96%, ClOmim Cl), dodecyltrimethylammonium bromide (DTAB,),

didodecyltrimethylammonium bromide (DDAB), octaethylene glycol monododecyl ether (C)2Eg), iron tetra-

chloride and D20 were purchased from Sigma Aldrich without further purification. t-butyl-S-methyl

imidazolium tetrachloroferrate ([bmim]FeCI4) was purchased from TCI chemicals and used without further

purification.

l-decyl-3-methyl imidazolium tetrachloroferrate (ClOmim F) was synthesized similar to previous literature",

whereby 1 equivalent of iron tetrachloroferrate was added to the imidazolium halide and stirred overnight at

80°C dehydrating at reduced pressure at 80 °C overnight to yield a viscous brown liquid. DTAF

(dodecyltrimethylammonium trichlorobromoferrate) and DDAF (didodecyldimethylammonium

trichlorobromoferrate) were synthesized by stirring the appropriate parent surfactant with and equimolar

amount of metal halide in methanol overnight. The solvent was removed under reduced pressure and dried

in vacuo at 80°C overnight.

5.1.2 Surfactant Characterization

Elemental analysis shows that all the compounds contain the expected molecular ratios.

Compound c H N Cl
ClOmim F
DTAF
DDAF

40.0 (40.1)
38.3 (38.3)
50.2 (50.0)

6.4 (6.5)
7.2 (7.2)
8.9 (9.0)

6.7 (6.7)
3.0 (3.0)
2.0(2.2)

33.7 (33.5)

Table 5.2: Elemental analysis results, experimental and theoretical (brackets) as % wt.
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The visible absorption spectra of the MILS were recorded on a Nicolet Eco 300 UV-Vis spectrometer, in

acetonitrile (0.1 M, 500 - 900 nm, Figure 5.1). MILS I shows the three characteristic bands of the [FeCI4)"

ion at 534, 619 and 688 nm and agrees with previous literature for [bmim]FeCI41O, suggesting that [FeC14r is

the dominant anion in the system. However it is known from the literature that there is probable small quan-

tities of [Fe2Ch)" species present". The other MILS showed bands for the [FeC13Brr ion similar to those for
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oj-.?; 3
'"c:s
oS

FeCI, In MeCN (0 1M)

-- FeCI, In H20 (0 1M. x4)

15~-----------------r============~
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:i 10
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o~------~------~------~------~ oo+-------~------~------~------~
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Figure 5.1: Visible spectra of FeCI3 (starting material) and MILS at a concentration ofO.1 M in acetonitrile.

The intensity for FeCb (in H20), [bmim]FeCI4 and DTAF has been scaled up by a factor of 4.

5.1.3 Differential Scanning Calorimetry (DSC)

The melting points and thermal behaviour of the MILS were measured using a TA instruments DSC Q200.

The heating and cooling ramp for each sample was 10°C min-I and cyclic profiles were repeated three

times. All the MILS can be classified as ionic liquids as they have melting points below 100°C and much
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lower than their equivalent parent surfactants. Cl Omim Cl also has many glass transition temperatures 13

which were not observed for Cl Omim F.

5.1.4 Conductivity

Electrical conductivities were determined using a Jenway Model 4510 Conductivity/TUx conductivity meter

with temperature controlled at 25 ·C ± 0.1 (thermostatic water bath). Dissociation constants (j3), were esti-

mated from the ratio of the slopes of two intersecting lines.

5.1.5 Magnetic susceptibility

Magnetization curves were monitored at room temperature with an ADE Magnetics Vibrating Sample Mag-

netometer EV7 up to a maximum field strength of2.2 T (Figure 5.3 and 5.4). A typical experiment consisted

of a virgin curve, followed by a full hysteresis loop. Samples were measured in sealed Teflon vessels, placed

on a glass sample holder between two poles of an electromagnet, and vibrated at a frequency of 75 Hz.

5.1.6 Polarizing Light Microscopy (PLM)

A Nikon Optiphot-2 microscope fitted with polarizing filters and a Linkam heating/cooling stage was used.

Images were captured on a PC via a video camera and colour processor connected to the microscope. The

liquid crystal progression of each surfactant was investigated by the solvent penetration method (i.e., phase

cut). A small amount of surfactant was placed on a microscope slide under a coverslip. The slide was

mounted on the cover slide and heated until fluid and completely isotropic. After slow cooling (1.0 ·C min-I)

to 25 ·C, a drop of water was added to the edge of the coverslip. As the water penetrated the surfactant, a

concentration gradient was established, from water at one side to pure surfactant at the other, enabling the

entire range of meso phases to be observed in the field of view.

5.1.7 Small-Angle Neutron Scattering (SANS)

Scattering was measured on the reactor-based 022 diffractometer at Institut Laue-Langevin (ILL), Grenoble,

France (further details can be found in Chapter 2).

101



5.1.8 SANS fitting

Scattering intensity I(Q) is a product of the size and shape of the aggregates (form factor. P(Q» and the in-

teraction between these aggregates (structure factor. S(Q».

I(Q) ex: P(Q, R)S(Q) Eq.5.1

where R is the particle radius.

Different models were employed to fit the raw data using FISH!~ interactive fitting program. which can be

found online (http://www.small-angle.ac.uk).C IOmim C and DTAB used the model for an ellipsoid fonn

factor (P(Q» multiplied by a Hayter-Penfold charge repulsion (S(Q». giving the effective structure factor

for charged micelles!5.

There are three structural dimensions in the ellipsoidal form factor model used. and these are the radius of

the principal axis. RI. the axial ratio. X. and the radius of the secondary axis. RJ. X is I for a spherical. < 1

for an oblate and> I for a prolate structure. Fit parameters: ellipsoid P(Q). principal radius RI. aspect ratio

X: S(Q). micellar charge Z. volume fraction. ¢. Debye length, K·
I
• and the effective radius of the charged mi-

celle, RS(Q).

For S(Q) the value of ¢ is known based on composition and K can be estimated to a first approximation using

Eq.5.2

where F is the Faraday constant. p is the solvent density. I the ionic strength. 1;0 is the permittivity of free

space and Dr is the dielectric constant of the solvent. K·
I has the dimensions of length and is a measure of the

extent of the electric double layer.

For MILS I this model was further constrained by inputting the alkyl tail lengths. and the head group and

counterion volumes constants (determ ined by SPARTAN). as well as the sums of scattering lengths r.b; of

these fragments. The hydration numbers were: hcadgroup 4. anion 8. Fit parameters now also include aggre-
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gation number N allowing the calculation of the fractional charge f3 = ZlN. And OT AF was fitted using a

hard sphere structure factor (HSS(Q»,16 fitting to parameters of Ri, X, and HS¢.

OOAF was fitted to rods (disks) of radius, R, and length, L, with the form factor'" expressed as:

Eq.5.3

where V, is the rod volume, J1 is the first-order Bessel function of the first kind, and P is the angle between

the rod axis and the scattering vector, Q.

DOAB was fitted using the program SansView (http://danse.chem.utk.edulindex.html) and a LamellarPS

model." This model provides the scattering intensity for a lyotropic lamellar phase where a random distribu-

tion in solution is assumed. The scattering intensity I(Q) is:

I(Q) = 21l'P(Q)S(Q)
6Q2 Eq.5.4

The form factor is:

2/lp2
P(Q) = -;;2 (1 - cos(Q8)) Eq.5.5

and the structure factor is:

Eq.5.6

where

a(n) = ~ (In(rrn) + YE Eq.5.7

YE=0.577216 = Euler's canst.
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1JQ = Qo2kB~ = Caille canst.
8rrru Eq.5.8

Here d is the lamellar periodicity. related to the bilayer thickness. e.id = e/o, where qJ is the volume fraction),

K = smectic bending elasticity. B = compression modulus and t··,' = number of lamellar plates (bilayers).

Fitting parameters include calculation of the scattering length densities of the solvent and headgroup with

the assumption of a basic core-shell form factor such that one might imagine a hollow sphere with an inner

and outer radius. The model also accounts for smearing of the data due to the instrumental resolution as a

result of finite size of the direct beam and of the wavelength spread. Finally. the Caille parameter, '1, intro-

duces bending modulus constants accounting for bilayer displacement around its equilibrium position.

The adjustable parameters in the model include: 'l- N. and d.

5.1.9 Surface Tensions

Surface tension measurements between aqueous surfactant solutions and air were performed at 2S ± 1°C,

using a Krilss Drop Shape Analysis DSA I apparatus. This instrument obtains the coordinates of the drop

edge (shape and size). which are used in an algorithm to calculate surface tension. Prior to use, the capillary

needle (diameter, 1.834 mm) and syringe were rinsed with copious amounts of distilled water. Before being

mounted on the dosing dispenser. the syringe was rinsed a few times with the surfactant solution to be

measured. An aqueous drop was manually formed at the tip of the capillary. Measurements were acquired

until steady values of surface tension were reached. Calibration was carried out by measuring the surface

tension of pure water (Elga, 18 MO cm) at the air-water interface!".

Measurements were taken on the same drop (0.2 M for maximum visual effect) with and without a magnet.

The magnet was held in position at an approximate distance of I mm from the drop. The magnet Was a

NdFeB magnet (N42. 20 mm x 10 mm with a magnetic field density of 0.44 T on the surface and 0.26 T at 5

mm).

As a control FeCI) was dissolved in pure water and surface tensions measured. Paramagnetism is common in

dilute transition-metal salts as the unpaired electrons interact weakly and their spins, which are randomly

orientated at room temperature, align slightly to an external field20• It should also be expected for inorganic
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salts that the interfacial tension increases. A slight decrease was seen but was assumed to lie within the

range of error. On placing the magnet 1mm from the surface tension dropped dramatically due to FeCI3 relo-

eating from the bulk to the surface and reducing the internal pressure of the droplet.

For comparison a non-ionic surfactant (0.2 M), octaethylene glycol monododecyl ether (C12Eg), was chosen.

5.2 Results and Discussion

5.2.1 Electrical conductivity

Electrical conductivity measurements of dilute aqueous solutions show that the cmcs (Table 5.3) are not

greatly affected by the changes in anion alone. At first sight this is surprising as the larger anions ([FeCI3]'.

[FeChBrn should be less effective at screening cation-cation head group repulsions, thus increasing the cmc

(surfactants become more hydrophilic). However, the [FeChf and [FeChBrf anions may interact with the

hydrophobic moieties, and it is seen that the degree of dissociation, p, increases exchanging halide for the

tetrahalogenferrate (III) anion.

Compound Mw/ Mp/DC cmc/(mM) p
(g mol") ± 0.005

CIOmim C 258.61 31113 37.0 (3921) 0.55
DTAB 308.35 246 15.5 (14.522) 0.26 (0.2522)
DOAB 420.81 161-163 0.05 (0.0723) 0.533

CIOmim F 462.64 -60 40.6 0.73
DTAF 470.55 32 13.6 0.81
DOAF 624.84 40 0.06 0.87

}lefJ / (B. M.)

1.53 X IO·7b
1.37 X 10.7
1.31 X 10.7

5.38 (5.666l
5.09
4.99

Table 5.3: Properties of surfactants studied. "Estimated as 0.5 at low surfactant concentrationsv'. Brackets

indicate literature values. bFor comparison, (C4) [bmim] FeCI4 (1.77 x 10.7 m3 kg", 5.90 B. Ml and (Cs)

[omim] FeCI4 (1.76 x 10'7 m3 kg'l, 5.78 B. M.)lOb.

5.2.2 Magnetic behaviour

The MILSs investigated here show no saturation magnetization; but do exhibit paramagnetic behavior (Fig-

ure 5.3 and 5.4) and the values for magnetic susceptibility, X, are similar to those reported in the literature

(Table 5.2)7. lOb.Any discrepancy could be due to either water adsorption or incomplete conversion of FeCI)

to [FeCI4]'. but is more likely attributable to the structure of the pure ionic liquids. This may perhaps be ex-
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plained in the fact that Cl Omim F has a different level of anion dissociation or that [FeC13Brr may not be

the dominate anion in this system due to a different equilibrium constant for all po ible anion. ba ed on

L is acid II ~~eWls aCI arguments .~ .

Effective magnetic moments (~fT). have also been estimated. are similar to literature reported and lie do e

to that expected for high-spin d5 Fe"I ions (spin-only value: 5.92 B. M.)25. X decrea e vvhen rnov ing from

CIOmim F to DTAF and DDAF. A slight decrease should be expected a Br"] a larger anion than Cl' (1.9

A and 1.81 A respectively) and more polarisable. occupying an out of plane po ition forcing the Fe~- ion

towards the planes containing Cl resulting in smaller contact angle of the spin 26. It rna) al 0 be e .plained

in terms of lower ligand field strength (Br is before Cl in the electrochemical eries) I b. urpri ingly, even

micellar solutions of these MILSs demonstrate a field response. leading to the intriguing que tion of the ef-

feet of micellar structuring in comparison to a non-micellizing magnetic IL.
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Figure 5.2: Magnetisation curve for C1r.mim F.
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It has been shown that a homogeneou mixture of [bmim] FeCI4 in water could not be separated by a I T

magner'". However. concentration \\ a spatially aried in the magnetic field gradient and it is expected that

MILSs showing a higher magnetic u ceptibility in water could also be created by altering cation-anion

structure (lowering molecular weight of cation or changing the paramagnetic anion) or perhaps further in-

creasing alignment of magnetic moieties b) creating non-ionic MILS. This may then open up the possibility

of combining a magnetic field \\ ith other eparation techniques such as centrifugation. filtration and adsorp-

tion. For example. locally increa ed concentrations of magnetic ionic liquids can increase the efficiency of

ultracentrifugano-r' .

5.2.3 Polarizing light micro copy (PLM)

PLM textures (Figure 5.4) clearly how that all the RF exhibit transitions from fluid micellar to liquid

crystalline phases. under tood as due to a competition between the increase in free energy associated with

loss of orientational entrap) and a reduction of free energy related to the excluded volume and other interac-

tions. With no added water pure I,mlm I exhibit a fan-like texture characteristic ofa hexagonal phase (or

focal conic lamellar phase). The phase progre ion of DTAB and 3 at 25 QCare consistent with the litera-

t DTAB2Q L H I DD "n,1'(1\O\OIO. • D D h L bi J::'ure: 1- a-cl)sta : B . I otropic- t: : (w ere 1 represents a non- iretnngent

micellar solution. Ha a mo aic texture repres enting a rev er e hexagonal phase. DJ a dilute lamellar phase.
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and D2 a collapsed lamellar phase). Mesophase formation is lost when progressing from ClOmim Cl to C.

lOmim F and DTAB to DTAF, though dilute isotropic (micellar) phases are still present. This may possibly

be explained by the increased hydrophobicity of the MILS. DDAF still retains mesophase structure (cj

SANS) though less extended than its parent surfactant.

Figure 5.4: PLM textures showing mesophase formation of surfactants studied

on addition of water at 25 °C.

5.2.4 Small-angle neutron scattering

SANS conclusively shows that the SURFs and M ILSs aggregate at concentrations in excess of their critical

micelle concentration (cmcs). Data analyses, through scattering law model fitting, show minor changes in

micellar size or shape after exchanging the halide for tetrahalogenferrate (III), and also with concentration.

The SANS for Clomim Cl, DTAB, ClOmim F and DDAF micelles can be fitted using a model for ellipsoidal

micelles with principal radii RI 11-18 A and aspect ratio X 1.0 - 2.4 depending on surfactant and concentra-

tion (Figure 5.5 and 5.6, Table 5.4 and 5.5)
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Figure 5.5: SANS profiles for ClOmim Cl and ClOmim F. Lines through the data are fits using the models

listed above with parameters listed in Tables 5.4 and 5.4.
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Figure 5.6: SANS profiles for DTAB and DTAF. Lines through the data are fits using the models listed

above with parameters listed in Table 5.4.
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Compound Conen! M Shape
C10mim Cl 0.040 ellipsoid
ClilmimCI 0.050 ellipsoid
C,omim Cl 0.080 ellipsoid
ClOmim Cl 0.160 ellipsoid
ClOmim Cl 0.200 ellipsoid

DTAB 0.020 ellipsoid
DTAB 0.040 ellipsoid
DTAB 0.080 ellipsoid
DTAB 0.160 ellipsoid
DTAB 0.200 ellipsoid

DTAF 0.020 ellipsoid
DTAF 0.040 ellipsoid
DTAF 0.080 ellipsoid
DTAF 0.160 ellipsoid
DTAF 0.200 ellipsoid

X±O.2
11 (10.021)
11 (12.821)
13 (13.721)
13 (l3.821)a
13 (13.621)

1.0 (1.021)
1.0(1.121)
1.1 (1.121)
1A (1.12 I)a

1.4 (1.221)

1.7
lAb
IS
1.6
1.8

17
18
18
18

1.7
2.0
2.2
204

Table 5.4: Parameters fitted to SANS data using the Hayter-Penfold model for charged ellipsoid micelles.

"Data recorded at 0.17 M. "At 0.05M and for a hard sphere model literature reports RI = 19.8 A, X= 1.2.31

CAtO.IM literature reports RI = 15 A,x= 1.8.32

Com~ound Conen 1M Sha~e RI! A ± 2 X±O.2 N z I!.= tIN
ClOmim F 0.040 ellipsoid 12 2.1 27 4.2 0.16
ClOmim F 0.050 ellipsoid 12 2.1 27 2.6 0.10
ClOmim F 0.080 ellipsoid 13 1.5 35 4.5 0.13
C,omim F 0.160 ellipsoid 14 1.5 43 2.6 0.06
ClOmim F 0.200 ellipsoid 14 1.5 45 1.7 0.04

Table 5.5: Parameters fitted to SANS data using the HSS(Q) model for charged ellipsoid micelles.

On the other hand DDAB and DDAF both show strong Q.2 scattering, described by a model bilayer micellar

disks (thickness - 22 A, radius >900 A) (Figure 5.7, Table 5.6 and 5.7).
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Fig. 7: SANS profiles for DDAB and DDAF. Lines through the data are fits using the models listed above

with parameters listed in Tables 5.6 and 5.7.

Compound Conen I M Shape RIA±2 LI A±5
DDAF
DDAF
DDAF

0.005
0.010
0.020

disk
disk
disk

22
22
21

953
867
845

Table 5.6: Parameters fitted to SANS data using the model for rods.

Compound Shape
DDAB
DDAB
DDAB

Conen 1M e/ A± 1 Nd±5
0.005
0.010
0.020

bilayers
bilayers
bilayers

3
3
3

24
23
24

1096
1068
1036

0.59
0.59
0.59

Table 5.7: Parameters fitted to SANS data using the model multilamellar vesicles.

An interesting feature of the profiles for ClOmim F and DTAF is the lack any obvious structure factor,

(S(Q)), indicating only weak electrostatic interactions. One possible reason for this could be association of

metal halide anions around micelles (or even into the micellar core), thereby compressing the electrical dou-

ble layer as compared to the regular surfactant micelles
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5.2.5 Surface tension

In the absence of an applied field. the MIL s are more effecti e surfactants than their parent urfactants

showing greater surface tension y reduction of water for the same concentration (Figure 5.8. Table 5.8). On

placing a magnet (0.4 T) in close proximity (I mm) to aqueous solutions of the MI yreduce e en further.

The paramagnetic C JOmim F and DT AF are bi-functional. being both intrin ically urface acti e and also

showing a magnetically-induced reduction in yon the order of -4 m m·1 (po ibly due to unpaired elec-

trons aligning with the external field and anion partitioning at the interface). The ob erved magnetic effect

decreases with decreasing MI LS concentration. On the contrary, for the inert urfactant y increased b~

about +2 mN m·1 in the magnetic field. This is a surprising re ult, however, recent reponsB ha e hown that

strong magnets can indeed affect y for liquid water due to development of hydrogen-bonding and a weaken-

ing of van der Waals forces. For pure water saturated with 02 large effects on contact angl at the lid-

liquid interface have been seen in magnetic fields (6 T).34

Figure 5.8: Pendant drop profiles of (left) Clomim Cl and ClOmim F. and (right) DT Band D F \\ith

and without a magnet. nits are m m'.
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without magnet with magnet

Figure 5.9: Pendant drop profiles of water and non-ionic surfactant CI2Eg (0.2 M) with

and without a magnet. Units are mN m·l.

Compound Conen / I'no mag / I'mag / AI'
M {mN m·l} {mN m-I}

H~O 72.1 (72.019) 74.1 +2.0
ClOmim Cl 0.20 42.3 44.6 +2.3
DTAB 0.20 32.3 33.5 +1.2
CI~E 0.20 34.2 35.4 +1.2

FeCI) 0.05 71.7 71.4 -0.3
FeCI3 0.08 71.8 70.2 -1.6
FeCI) 0.16 71.2 67.3 -3.9
FeCI3 0.20 71.2 65.7 -5.5

ClOmim F 0.05 40.6 40.5 -0.1
ClOmim F 0.08 40.4 39.0 -1.4
ClOmim F 0.16 38.9 36.5 -2.4
ClOmim F 0.20 38.4 34.8 -3.6

DTAF 0.05 37.9 37.3 -0.6
DTAF 0.08 37.4 36.7 -0.7
DTAF 0.16 35.7 34.5 -1.2
DTAF 0.20 34.2 31.1 -3.1

Table 5.8: Surface tension data from pendant drop experiments at 25 "C, with

and without a magnet.
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5.2.6 Applications

Figure 5.10 shows an application of C IOmim F (20 wt% in H20) in biphasic aqueous surfactant solution-

organic solvent (dodecane) systems. Using a vertically applied magnet it is possible to perturb the equilibri-

um, overcoming both gravity and the water-oil interfacial tension, "levitating" the lower polar magnetic liq-

uid and pulling it through the upper organic solvent. This phase inversion is energetically unfavorable since

it both increases water-oil interfacial area, and inverts the liquid phases of different density, but occurs due

to lowering of the system magnetic energy.

NORMAL SURFACTANT

MAG NETIC SU RFACTANT

Figure 5.10: Effect of magnetic field through dodecane on 20 wt% aqueous surfactant sol utions. Above in-

ert ClOmim Cl, below magnetically active ClOmim F. The ClOmim Cl solution was dyed with trace methyl

orange (to aid the eye).

5.3 Conclusions

Materials combining rnagneto-responsivity with surface activity offer tantalizing possibilities in potential

applications. With the exception of photosensitive surfactants ", in order to alter properties of normal inert

surfactant solutions such as cmc, surface tension, aggregate size and shape, or to control phase separa-

tion/recovery it is necessary to perturb the composition, such as with electrolyte or pH, or external thermo-

dynamic variables temperature and/or pressure. Disadvantages of these control methods are irreversible
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changes in system composition, or significant energy inputs. Now, with the magnetic ionic liquid surfactants

(MILSs) reported it is possible to control physico-chemical properties non-invasively and reversibly, simply

by switching "on" or "off' the magnetic field. Further to this the potential for controlled orientation of col-

loidal dispersions, resulting in magnetophoretic effects may also have application, such as in display tech-

nology. These MILSs also have the potential to combine partitioning and enrichment of catalysts induced by

internal magnetic field effects (due to faster proton transfer) in photochemical reactlons", or allow clean re-

covery of expensive products and facile recyclability of the "solvent medium".
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Part two

S.4 Introduction

In part two newr-block metal based compounds are presented and also uses SQUID magnetometry is em-

ployed to provide a detailed investigation into the magnetic properties of these compounds. The use of 1-

block metals is important not just because they have the highest known effective magnetic moments but also

because of their interesting magnetic phase behaviour, exhibiting ferro- or antiferromagnetism as well as

paramagnetism. Lanthanide metals also have many uses as catalystsn, superconductors38, active ions in lu-

minescent materials used in optoelectronics and ceramics'", and as surfactant counterions they have been

used in spectroscopic studies because of their well defined luminescence'".

It is important to note that the structures of the magnetic materials presented in part two include no covalent

bonds between spin sites. As such, they may be considered as a novel and interesting variant of molecular

magnets, whereby the organic surfactant moiety provides some control over magnetic behaviour through

partitioning of the metal ions." As the organic moiety is also surface active it is interesting to investigate

whether self-aggregation might lead to further control of magnetic behaviour.

It has been shown that magnetic water-in-oil microemulsions can be made using magnetic anionic surfac-

tants (based on transition and lanthanide metals). These magneto-responsive microemulsions exhibit

superparamagnetism and unprecedented magnetic susceptibilities owing to a lack of bulk anisotropy due to

the partitioning of surfactant molecules at the water/oil interface (Chapter 7). This chapter furthers this work

by investigating the susceptibility of micellar solutions in order to elucidate whether the formation of mi-

celles at the critical micelle concentration (cmc) leads to ordering which significantly increases any observa-

ble magnetic susceptibility.

S.S Experimental

5.5.1 Materials and Synthesis

Gadolinium chloride hexahydrate (99%), holmium chloride hexahydrate (99.9%) and cerium chloride

heptahydrate (99.9%), were purchased from Sigma Aldrich and used without further purification. All com-

pounds were synthesized as mentioned in Part One, whereby 1 eq. of metal trichloride was added to a
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methanolic solution of I eq. of either DTAB or ClOmimCl and stirred overnight at room temperature, then

dehydrated in vacuo at 80°C overnight.

5.5.2 Polarizing Light Microscopy (PLM), Electrical Conductivity Measurements, Surface Tensiome-

try and Small-angle neutron scattering (SANS) Carried out as detailed in Chapter 5, part one.

5.5.3 Magnetometry

Magnetic susceptibility data were collected for dried surfactant samples, placed in sealed polypropylene

tubes and mounted inside a plastic drinking straw for measurements in a magnetometer equipped with a su-

perconducting quantum interference device (SQUID, MPMS XL-5) and reciprocating sample option (RSO).

After demagnetizing at 298 K, the samples were cooled in zero field to 5 K. The data were then collected in

500 Oe from 5 to 300 K at 2 Klmin.

5.6 Results and Discussion

5.6.1 Characterization

The new magnetic surfactants (Figure 5.11) were readily synthesized by mixing an equivalent of lanthanide

metal trihalide with the appropriate cationic surfactant.

Compound Anion Cation

DTAB Br ..........+/
DTAG GdCI,Br N
DTAH lIoCI)Br /
DTAC CeCI,Br

ClOmimCI Cl'

ClOmimG GdCI4' --N~N
ClOmimH HoC14' bJ
ClOmimC CeC14'

Figure 5.11: Compounds studied (DTAB and [ClOmim]Clare non-magnetic).

Polarizing light microscopy (PLM) textures (Figure 5.12) show that all the compounds exhibit some transi-

tion from fluid micellar to liquid crystalline phase. Mesophase formation was lost for the previously reported
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Fe(III)-based surfactants (Figure 5.4)42 but is thought to exist here due to the large hydration numbers (in-

creased hydophilicity) of the metal counterions.

Again, electrical conductivity measurements of dilute aqueous solutions show that the critical micelle con-

centrations (cmcs, Table 5.1) are not greatly affected by the changes in anion alone. However, this may in

part be explained by the increased dissociation constant, [3; a result perhaps of partial coordination of the cat-

ion-anion pair.

Figure 5.12: PLM textures showing mesophase formation of surfactants studied on addition of

water at 25°C.

Small-angle neutron scattering (SANS) shows unambiguously that these surfactants aggregate above their

cmc. Data were collected (Figure 5.13, Table 5.9) for every compound except Gd-based surfactants owing to

exceptionally high neutron absorbance. At 0.04 M the inert parent surfactant DT AB formed ellipsoidal ag-

gregates of radius 18 A and aspect ratio, X = 1.4, commensurate with the alkyl chain length and agreeing

with literature ". On exchanging the counterion almost no change in shape or size was observed and im-

portantly almost all structure factor, (SQ), which represents interparticle interactions between micelles, was

lost. A similar result could be seen for the imidazolium based surfactants. However, the Ce- and Ho-based

surfactants lead to some larger scale aggregates, indicated by an upturned profile at low Q, and were fitted

using an ellipsoid model rather than that for spheres used for the chloride analogue.
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Figure 5.13 : SANS profiles for inert and magnetic surfactants. Lines through data are fits using parameters

listed in Table 5.9. CIOmimCI 0.04 M (D), CIOmimCI 0.04 M (c), ClOmimCI 0.04 M (D), OTAB 0.04 M

(o),OTAC 0.04 M (o),OTAH 0.04 M (0).

Compound Shape RI / A ± 1 X±O.2

DTAB ellipsoid 18.0 (19.8l' lA (1.2)3'

DTAC ellipsoid 18.0 1.3
DTAH ellipsoid 1704 1.6

CIOmim Cl ellipsoid 11.0 (10.0)2I.a 1.0 (1.0)2', a

ClOmim C ellipsoid 10.1 3.3
ClOmim H ellipsoid lOA 204

Table 5.9: Parameters fitted to SANS data using the Hayter-Penfold model for ellipsoid micelles with a hard

sphere structure factor (HSSQ). Brackets indicate literature values. "Data recorded at 0.05 M.

5.6.2 Magnetic behaviour

All the compounds displayed simple paramagnetic behaviour at room temperature. OTAH had the highest

XmTvalue of all the surfactants (10.15 emu K mar' Oe") corresponding to an effective paramagnetic mo-

ment of 9.05 B.M. (Table 5.10), followed by C,omimH (8.55 emu K mar' oe', 8.30 B.M.). These values

are lower than the theoretical spin-only values (Ho3+ has the 518 electronic ground state, with the predicted
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effective magnetic moment. gf./(J+ 1)] 1/2 giving 10.61 B.M.). The same pattern is observed for Gd and Ce

based surfactants with the respective with the tetraalkylammonium surfactants exhibiting effective magnetic

moments above that of the analogous imidazolium surfactant. This is especially surprising as lanthanide

metals possess 4f (inner) electrons that are effectively shielded from the influence of external forces by the

overlying 5s2 and 5p6 shells. Therefore they have large spin-orbit couplings resulting in large effective mag-

netic moments, but only weak ligand field effects thus exhibiting magnetic properties little affected by their

chemical surroundings. The result may be due to the DTAB analogues being less amorphous (due to molec-

ular packing arguments) than the imidazolium based surfactants, therefore exhibiting longer range structural

ordering, longer range interactions and stronger communication between metal ions. The difference in pack-

ing may also influence bulk anisotropy.

It is clear from Figure 5.14 that most of the compounds exhibit magnetic phase transitions. Firstly, for

DTAH a reduction of effective magnetic moment <Xm7) is observed when temperature decreases resulting in

a Curie temperature (Tc) at 5.1 K. Only weak ferromagnetic transitions are observed as seen by the positive

Curie-Weiss values, Bp = 4.09 K (Table I). A Neel temperature, TN, around 133 K occurs in crystalline H043

but no such transition was observed within the studied range. C IOmim H exhibits much the same behaviour

as DTAH, however a T; was not observed above 5 K as indicated by a plot of I/Xm as a function of tempera-

ture (Figure 5.15), which is linear. Unlike for DTAH, without any obvious magnetic transition, the calculat-

ed value of Bp 2.78 K for ClOmimH gives an approximate upper bound on the possible ordering tempera-

ture. A full hysteresis of the solid sample at 2K (Figure 5.16) supports this conclusion as no hysteresis was

observed. In addition, the curve can be distributed into two components, one having a magnetic moment of

4.6 B.M. and the other 2.7 B.M., both of which are too small to suggest a ferromagnetic state.

The gadolinium compounds showed no sign of a Neel temperature (TN) (which occurs at 298.4 K in the pure

metal") and followed the Curie-Weiss law within the measured regime.

The magnetic behaviour of the Ce compounds was particularly interesting. A plot of t IXm vs T (Figure 5.17)

suggests a phase transition at 12.2 K (TN); understood to be the transition from antiferromagnetism to

paramagnetism and similar to literature values for crystalline p_Ce.45 In these compounds ordering is sup-

pressed from the Curie-Weiss constant by a factor often, as might be expected for anisotropic systems. The
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likelihood is that Ce compounds are anti ferromagnetic at lower temperature and paramagnetic at higher

temperatures.
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Figure 5.14: Magnetic susceptibility as a function of temperature. DTAH (0), ClOmim H (0), DTAG (0),

ClOmim G (0), DTAC (x I0, ~), ClOmim C (x I0, ~).
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Figure 5.15: Temperature dependence of I/Xm for Gd and Ho based compounds, measured under 0.50 kOe.
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Figure 5.16: SQUID magnetometry data showing full hysteresis slope for ClOmimH at 2K.

1000
-- DTAC
-- C,omimC

800

Q)
0
"0 600
E

";"
::J
E
~ 400

E
X-..--

200

o 50

T (K)

100 150 200

Figure 5.17: Temperature dependence of llXm for Ce based compounds, measured under 0.50 kOe.
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Compound M", I cmcl p XmTI llefJl Opl Tel TNI
(g mol"] mM (emu K B.M. K K K

morIOe-l)
DTAB 308.35 15.5 0.26
DTAH 579.34 11.6 0.76 10.15 9.05 (10.68) 4.09 5.1 (85C

) - (l33C
)

DTAG 571.66 11.9 0.59 6.89 7.45"(7.948) 0.06 (293.4b)
DTAC 554.53 10.9 0.82 0.43 1.86 (2.548) -60 12.2

CIOmim Cl 258.61 37.0 0.55 (85C
)

CIOmim H 529.89 31.3 0.74 8.55 8.30 (10.68) 2.78 20 ( 133C
)

CIOmim G 522.21 30.0 0.82 6.41 7.19 (7.948) -0.18 (293.4b)
CIOmimC 505.08 27.6 0.75 0.32 1.61 (2.548) -72 12.2 ( 12.5d)

Table 5.10: Selected physical properties of surf act ants. *At 250 K. "Brackets indicate spin-only/calculated

values'". "Expected values for Gd47, 'Expected values for H048
, dExpected values for Ce45•

5.6.3 Surface tension

As in part one, pendant drop measurements were made for each surfactant (Figure 5.18). In the absence of

an applied field, the magnetic surfactants behave like conventional inert surfactants and lower the surface

tension (y) at the air-water interface. In fact they show more effective surfactant behaviour than their parent

surfactant, showing greater y reduction of water for the same concentration (Figure 5.18). On placing a mag-

net (0.4 T) in close proximity (-1 mm) to aqueous solutions of the Gd and Ho based surfactants 'Y reduces

even further. The magnetic surfactants may therefore be considered bi-functional, being both intrinsically

surface active and also showing a magnetically induced reduction in y (possibly due to unpaired electrons

aligning with the external field and anion partitioning at the interface). The effect is often quite remarkable.

For example, the y of ClOmim H solutions reduces by a further 12 % in a magnetic field.

It is important to note that for the inert surfactants 'Y increased by about 1 mN rn' in the magnetic field. This

is perhaps not so unusual as recent reports33a. b have shown that strong magnets can indeed affect y for liquid

water due to development of hydrogen-bonding and a weakening of van der Waals forces. In fact it actually

implies that the real magnetic surface reduction is around 1 mN m-I greater than observed for Gd and Ho

based surfactants and explains the slight increase observed for the Ce based surfactants.
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Figure 5.18: Determining pendant drop profiles of magnetic surfactants (0.10 M) with

and without a magnet. Units of surface tension are mN m'.

5.6.4 Effects of Micellar structure on Magnetic Behaviour

It has recently been demonstrated'" that the formation of microemulsions by magnetic anionic surfactants

leads to a large increase in magnetic susceptibility (as compared to solid surfactant samples) and a change in

magnetic behaviour (paramagnetic in the solid to superparamagnetic in solution) attributed to a loss of bulk

anisotropy, with all the surfactant molecules partitioned at the oil/water interface (Chapter 7). It was there-

fore considered of interest to ascertain how the formation and structuring of micelles might affect magnetic

susceptibility and phase behaviour. In order to test this magnetic susceptibility was calculated (by YSM) as a

function of concentration for ClOmimH (Figure 5.20). This may be considered analogous to conducti ity vs.

concentration plots where a change in gradient may be observed at the cmc".
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The corrected magnetization graphs for all concentrations show straight lines with no sign of hysteresis

(Figure 5.19). The measured value for the volume susceptibility of water, Xll'alm is (-6.78 ± 1.36)'10-6 and

differs from the literature value of -9.04'10-6 by 25%51. The relative standard deviation increases with de-

creasing concentration of C JOmim H below 20mM, up to 33.4% for sample for the concentration of 2.5 mM,

and no trend can be observed in the plot (Figure 5.20, Table 5.11).

100
- 200mM- 40mM
-150mM 30mM
-100mM - 25mM

90mM 20mM
-BOmM - 15mM
-70mM 10mM

-100

-1500 -1000 -500 o
Field (kAlm)

500 1000 1500

Figure 5.19. VSM curves of the solutions made from C10mim Ho with different concentrations.

C/mM r-« IB. M. A Ileffl B. M. A!leffl %

200 8.86 0.09 1.04
150 9.09 0.07 0.75
100 8_97 0.08 0.84
90 9.09 0.10 1.12
80 8.96 0.25 2.78
70 9.17 0.40 4.41
60 9.03 0.32 3.52
50 9.45 0.29 3.04
40 9.19 0.57 6.21
30 9.29 0.18 1.98
25 9.16 0.35 3.77
20 9.66 0.44 4.52
15 9.38 1.36 14.5
10 8.50 0.84 9.83
5 9.11 1.87 20,6
2.5 11.9 3.96 33.4
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Figure 5.20; The relationship between the mean effective magnetic moment and the concentration of the

ClOmimH.Red dotted line represents cmc predicted by conductivity.

The most probable reason that no transition was observable is that magnetic counterions in these systems are

hghly dissociated (Table 5.10) with as few as -20% of the magnetic counterions "structured" around the

micelles. This is in complete contrast to the microemulsions (inverse micelles) recently studied'", where.

although dissociated, the counterions are partitioned into the small volume of the aqueous droplet and are in

close proximity to one another.

5.7 Conclusions

In conclusion part two introduces new magnetic surfactants that have greater magnetic responsivity than

previously reported magnetic surfactants.Y It also looks in detail at their magnetic phase behaviour. which

indicates that these systems may be considered as novel molecular magnets," with interspin coupling tuna-

ble through careful consideration of molecular architecture, selection of metal ion and now potentially ag-

gregation.

At room temperature, aggregation (micellization) appears to have no effect on molar magnetic susceptibility

for the cationic surfactants systems studied here and it was not possible to determine a critical micelle con-
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centration through magnetometry. However, a wider range of magneto-surfactants would be needed to be

studied to confirm this behaviour more generally. What the study does reveal is that even very dilute sys-

tems exhibit magnetic susceptibility which should be controllable given a large enough applied magnetic

field.

Finally, magnetic effects on surface tension combined with catalytic and luminescent properties of lantha-

nidemetals suggest diverse potential appllcations.l" 40
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Chapter 6

Magnetic Emulsions and Microemulsions

This chapter is split into two part. In Part One magnetically-responsive emulsions are investigated with

special attention being paid to their potential applications. In Part Two magnetically-responsive

microemulsions are characterized and their phase and structural behaviour investigated.
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Part One

6.0 Introduction

Emulsions are mixtures of two or more immiscible fluids. stabilised by interfacial adsorption of surfactants

or particles. As such emulsions are essential components in multifarious processes and products. such as

foods. pharmaceutical and agrochemical formulations. paints. inks. lubricants. oils and oil recovery. Stability

and structure of responsive colloids and emulsions can be controlled by changes in composition. pH. as well

as by external stimuli temperature. pressure and light.

To-date magneto-responsive emulsions (MREs) have only been realized with Pickering emulsions,

stabilized by pre-synthesized magnetic nanoparticles I. and this limits scale up applications. Here it is shown

that MREs can be readily generated from water and oil mixtures using surfactants only: the key is to employ

magneto-surfactants (MagSurfs. Figure 6.1 )2. This chapter investigates easy to formulate magnetically-

responsive emulsions (MREs). readily generated from water and oil mixtures and stabilized by magnetic

surfactants.

Owing to adsorption and aggregation properties of surfactants these MagSurfs allow control of physico-

chemical properties non-invasively and reversibly. by simple use of external fields2• opening up new

possibilities for control over interfaces. dispersions. colloids and nanoparticles. The field effects seen on

these responsive emulsions suggest applications from environmental cleanup. water treatment. separation

and enhanced oil recovery', through to ernulsion-ternplating", catalysis5• microfluidics. nanomedicine and

targeted drug delivery". In addition. nanoparticle-free magnetic foams. aerosols. gels and microemulsions

are accessible for applications in mineral separation by magnetic froth floatation 7. or magnetic drug

delivery'. Importantly. the MagSurfs are readily recovered. beneficial in environmental remediation and

clean-up.

6.1 Experimental

6.1.1 MagSurf Synthesis

Dodecyltrimethylammonium bromide (99%. DTAB). iron (III) trichloride and gadolinium (III) chloride

hexahydrate were purchased from Sigma Aldrich and used without further purification. n-Dodecane (<99%)
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was purchased from Fluka and purified USIng fuming sulfuric acid to reach surface chemical purity.

Dodecyltrimethylammonium trichloro-monobromoferrate (DT AF) was synthesized according to the

procedure described in Chapter 5, by mixing equimolar amounts of DT AB with iron trichloride in methanol

and stirring overnight at room temperature. The solvent was then removed and the product dried at reduced

pressure at 80°C overnight to yield a viscous brown liquid. Dodecyltrimethylammonium

trichloromonobromogadolinate DTAG} was synthesized using a similar procedure, yielding a white solid.

MagSurfs were characterized by UV -Vis spectroscopy and elemental analysis.

6.1.2 Elemental Analysis,

Experimental and theoretical (brackets) as % wt. DTAF: C 38.29 (38.31), H 7.22 (7.23), N 2.98 (2.97);

DTAG: C 31.45 (31.51), H 6.39 (5.95), N 2.73 (2.45).

6.1.3 UV- Visible Spectroscopy

UV-Vis absorption spectra of 0.1 0 M MagSurf acetonitrile solutions were recorded on a Nicolet Eco 300

machine (500 - 900 nm). The spectrum for DTAF shows three bands characteristic of the [FeC13Brr ion,

similar to those for the [Felsrd]' ion, in agreement with Chapter 5, and literature2• 9. There is no absorption in

the UV-Vis range for GdCl, or the [GdCbBrr ion.

6.1.4 Dodecane Purification

n-Dodecane (Fluka >99%), is known to contain surface-active impurities'", Prior to making emulsions,

dodecane was purified by washing with fuming sulfuric acid, then neutralising with 10 wt% sodium

bicarbonate (aq.). Further washing was done with pure water and the dodecane was dried with calcium

chloride. The dodecane was then fractioned under reduced pressure with the middle fraction of the disti IIate

collected for experiments II. The cleaned dodecane was assessed for surface chemical purity by interfacial

tension YoIw measurements as a function of surface age (protocol outlined below): good agreement of Yolw

compared with literature'? was found.
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Figure 6.1: Interfacial tensions as a function of surface age determined by drop hape analysis ( ee below)

for dodecane-water interfaces at 25°C: red-dashed lower curve, as received dodecane: blue upper curve

purified dodecane.

To assess the purity of dodecane, interfacial tensions between pure water and either purified or "as

purchased" dodecane were performed at 25 ± 1°C, using a Kruss Drop hape Analysis D A) apparatus. A

drop of water was formed at the tip of the capillary. then submerged in a couvette containing dodecane.

Measurements were acquired every 5 minutes for 60 minutes using the automatic fitting function on the

DSA I software.

6.1.5 Electrical Conductivity Measurements

Electrical conductivities and critical micelle concentrations (cmcs) were determined as normal, from the

break points between the high (low concentration) and lower branches of behaviour (see Chapter 3).

Surfactant ionic dissociation constants (jJ), were estimated using the ratio of the slopes method.f
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6.1.6 Surface Tensiometry Method

Surface tensions between aqueous surfactant solutions and air were performed at 25 ± I °C (see Chapter 5

and Figure 6.4). Measurements of MagSurf aqueous solutions at 0.20 M were taken on the same drop with

and without a magnet: NdFeB (N42, 20 mm x 10 mm magnetic field density of 0.44 T on the surface and a

gradient of about 36 mT rnrn") and was held in position at an approximate distance of I mm from the

bottom of the drop surface.

6.1.7 Emulsion preparation and characterization.

Emulsions were prepared with surface chemically pure n-dodecane, a commercial base oil chosen to

represent the chief constituent of engine lube oil13, pure water and also a set of emulsions were made with

brine. For this 20 wt% aqueous (or brine) solutions of the appropriate surfactant were used to make up 10.5

wt% Triton-X I00 ( igma Aldrich) solutions. These mixed surfactantfMagSurf+Triton-X I00 solutions were

vortexed for 5 minutes. before either base oil (Exxonmobil core 150) or pure n-dodecane was added (7.8

wt% with respect to the final emulsion). The resulting emulsions were voretxed for a further 10 minutes and

then sonicated (M E oniprep 150 (UK), 23 kHz) five times. each time at full power for four minutes with

30 seconds cooling time between succe ive sonication. The visual appearances of the water, oil, oil + water

bi-phasic system, and the resulting MagSurf emulsions are shown in Figure 6.2.

Figure 6.2: Oil and brine do not mix. However on adding a surfactant and sonicating, oil in brine (o/b)

emulsions form.

The emulsion droplet ize were determined using a Brookhaven Instruments Zeta-PALS Dynamic Light

Scattering (DL ) apparatu (Brookhaven Instruments Corporation. Holtsville, NY) with the detector set at

90°. Measurements were taken of the neat emulsions. and then at a series of dilutions with pure water or
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brine as appropriate. At high concentrations DLS is sensitive to interparticle interactions, in the region of 10

vol% dilution with solvent (water or brine) the DLS particle sizes stabilized to limiting values.

Sizing for neat mixed micellar solutions not containing oil were also carried out. However, very weak

scattered intensities owing to the small sizes (~2 nm) gave rise to unreliable analyses of the correlation

functions.

6.1.8 Magnets

The magnet used for Figure 6.4 were NdFeB (20 mm x 10 mm) with a field density of 0.44 T on the surface,

and a gradient of about 36 mT mm". In addition a NdFeB rod magnet (25mm diameter x 50mm) with a

maximum field density of - 1.0 T. varying along the length was employed. Both magnets were purchased

from e-magnets (UK).

6.2 Results and discussion

A Gd(lII)-containing surfactant (DTAG) (Figure 6.3) and a related high-spin Fe(III)-based analogue

(DT AF)2 were synthesised, UV -Vis spectroscopy for DTAF being consistent with the proposed structure.

The DTAG offers greater responsivity owing to a higher effective magnetic moment (spin only) of Gd (III)

compared to high-spin Fe (III) (7.94 B.M and 5.92 B.M. respectively", Table 6.1).

DTAF

DTAG

DTAB

Figure 6.3: Magnetically-responsive surfactants DTAG and DTAF, and the inert analogue DTAB.
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Compound M" I Mpl emel p
(g mol") °C (mM)± 0.005

DTAG 571.85 11.9 0.59
DTAF 470.55 32 13.6(13.6) 0.81
DT B 308.35 246 15.5 (14.5) 0.26 (0.25)

Table 6.1: elected physical properties of surfactants studied.

In dilute aqueou olution Mag urf lower surface tension y. just as for normal surfactants. Interestingly,

because these Mag urf are inherent I) paramagnetic they exhibit pronounced magnetically-induced

reduction in y. \'. hich are not een for the inert DTAB. Electrical conductivity studies are consistent with

charged micelle formation with the Mag urfs.

Figure 6.4: Pendant drop profile of the urfactants studied with and without a magnet. Units of surface

tension are mN m-I.

Magneto-respon ive ernul ion (MRE) were made u ing the MagSurfs at 16.5 wt% (volume fraction ¢

0.123) a co-surfactant. TritonX-IOO 9.7\'.1% (¢ = 0.094) and 7.8 w1% pure dodecane (¢ = 0.104), or a

commercial lubricant oil (¢ = 0.093) (Table 6.2 and 6.3). Emulsions were also made in brine (Table 6.2 and

6.4), therefore demon trating not only pro f of principle but also showing how they may be prepared and

implemented for application involving ea water. out ide of the laboratory. Emulsions do form without co-
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surfactant, but are less stable separating over hours rather than days. A further benefit of co-surfactant is that

MagSurf levels can be minimized, whilst still retaining magnetic responsivity. More concentrated MREs at

41 wt% DTAG (¢ =:: 0.34) indicate emulsion stability to composition variation at constant oil (7.8 wt%).

Particle sizing by dilution studies with dynamic light scattering (DLS) show average domain sizes of the

MREs are commensurate with those stabilized by the inert DTAB.

Compound Density / (g cm- ) Volume fraction (¢)
DTAB I DTAF IDTAG

TritonX-IOO
Base oil
dodecane
water

lAO
1.07
0.87"
0.75
1.00

0.123
0.094
0.093
0.104
0.690

Table 6.2: Parameters for emulsion characterization. •At 15°C.

Compound MagSurf ¢ 100 vol% 50 vol% 25 vol% 10 vol% 5vol%
DTAG
DTAF
DTAB

0.123
0.123
0.123

21707
10817
1308

159
222
175

138
172
176

150
158
220

154
158
239

159
136
240

Table 6.3: Apparent emulsion size (nm) for emulsions of lube oil in water as a function of concentration

determined by DLS: vol% represents the final volume % of emulsion diluted in water.

Compound MagSurf ¢ 100 vol% 50 vol% 25vol% 10 vol% 5vol% 1 vol%
DTAG
DTAF
DTAB

0.123
0.123
0.123

773
1722
1307

93
118
250

99
75
198

212
187
184

232
207
166

260
209
164

Table 6.4: Apparent emulsion size (nm) for emulsions of dodecane in brine as a function of concentration

by DLS: vol% represents the final volume % of emulsion diluted in brine

Figure 6.5 shows DTAB and MagSurfemulsions (lower phases) in equilibrium with excess dodecane (upper

phases). As can be seen, introducing a small-sized magnet overcomes both gravity and water-oil interfacial

tension (ca. 50 mN m"), pulling the lower MREs through the upper oil phase. Furthermore, Figure 6.2 also

shows an MRE being "levitated" through air using a strong rod magnet. The magnet is static, but after - lOs
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in the field the emulsion begins to dimple in high flux regions. lOs later the viscous emulsion has jumped

the gap owing to strong magnetic attraction.

Figure 6.5: (left) fTect of a magnetic field (0.44 T on surface) through dodecane on emulsions. The same

results are seen", ith either pure water or brine in the emulsions. (right) An Fe(III)-based emulsion attracted

to a magnetic field (max field = I T). The magnet is suspended about I mm above the emulsion. The arrows

repre ent a time interval of 10 whereby the vi cous emulsion is pulled towards the magnet.

Figure 6.6 shows the control of a DTAG oil in water emulsion droplet with a magnet. This droplet

overcomes both grav it) and an effective "flow" of solvent. It has been reported that a magnet field strength

ofO.2 - 0.7 T is needed to efficiently capture particles and control and emulsion flowing in blood vessels".

Here, the magnetic field den it) on the inside of the tubing is estimated to be in the required range -0.37 T.

indicating the uitability of the e y terns for nanomedical applications.
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Figure 6.6: Effect of a magnetic field (0.37 T) on a DTAG based emulsion droplet (dyed with methylene

blue for visualization) in a dodecane background. DTAG (50 wt%) oil (dodecane. 10 wt%). The droplet is

pulled against gravity and viscosity of the dodecane fluid (picture 1 - 4). Once the magnet is removed

(picture 5) gravity causes the droplet to flow back down the tube.

6.3 Conclusions

Control of emulsion size and shape, as well as physico-chemical properties through appropriate surfactant

selection is well established, these principles can be applied to generate other kinds of MREs from

MagSurfs. Compared to nanoparticle-stabilized magnetic emulsions' a major advantage of these MagSurfs

is the simple synthesis and purification, offering new possibilities for molecular design of specialist

surfactants. These MagSurfs, and the responsive MREs represent a new paradigm in materials science,

offering a platform for developing responsive systems with spatial control, tailored towards active and

recoverable methodologies, industrial processes and high-end applications.
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Part Two

6.4 Introduction

Like emulsions, microemulsions have widespread industrial application, and may be considered as being

related to emulsions 16 (i.e. droplet type dispersions either of oil in water (o/w) or of water-in-oil, with a size

range in the order of 1 - 50 nm in drop radius). However, unlike emulsions, once the conditions are right,

microemulsions form spontaneously and are thermodynamically stable mixtures. The magnetically-

responsive microemulsions reported in this chapter are believed to be the first of their kind.

The associated free energy change on forming a microemulsion can be expressed as a sum of the free energy

of creating an new area of interface, ~'Y12' and configurational entropy, AS'conf:

Eq.6.1

where ~ is the change in interfacial area A (equal to 4n? per droplet of radius r) and 'Y12 is the interfacial

tension between phases 1 and 2 (e.g. oil and water) at temperature T (in Kelvin).

During microemulsion formation the increase in interfacial area is very large and so in order to fulfil the

condition that MYl2 ~ TAS'conf the interfacial tension should be very low (approximately 0.0 I mN m"), This

is done by the addition of surfactant. In most cases (e.g. ionic single hydrocarbon chain surfactants, DTAB),

such low surface tensions are only reached by combining two surface-active species. Microemulsion type is

then dependent on surfactant type and structure, composition ratio and water and oil volume fractions. Here,

the magnetically-responsive surfactant DTAF has been used with an inert di-chain analogue DDAB

(didodecyltrimethlammonium bromide) to form wlo microemulsions. Phase behaviour has been

characterized and droplet movement in a magnetic field has been investigated using SANS.

6.S Experimental

6.5.1 Materials and Synthesis

Dodecyltrimethylammonium tetrachloroferrate was synthesized according to the procedure in Part One.

DidodecyItrimethylammonium bromide (99%, DDAB) and n-heptane «99). Microemulsions were prepared
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by weighing the required amounts of DDAB and DTAF (weighed using a four-figure balance with an

accuracy of ± 0.1 mg) into clean, 5 ml volumetric flasks, then required volumes of water were added (using

a Hamilton microsyringe). Next, a few microlitres of heptane was added and the mixture ultrasonicated until

all the surfactant dissolved. Finally, more heptane was added up to the 5 mL mark and samples were shaken

thoroughly to attain equilibrium. Samples were then left for 48 hours (owing to phase resolution) and

characterized by visual inspection. For subsequent concentration studies, serial dilution was used.

6.6 Results and discussion

6.6.1 Microemulsion Formation

In this work, phase behaviour was investigated as a function of surfactant ratio (in wt %) and w value (w =

[water] I [surfactant]) at various surfactant concentrations (Figure 6.7) and also as a function of temperature

at constant surfactant concentration (Figure 6.8) in order to locate phase boundaries. Single-phase (1 tP) wlo

microemulsions were identified (by visual inspection). Samples with faint turbidity or small water droplets

settling out, were taken to be at the emulsification boundary (wmax).

D20-DDAB-n-heptane microemulsion systems have been studied before, exhibiting two distinct phase

separations regions (Wll and I tP).17 By partially replacing DDAB with the single chain DTAB, Eastoe et aJ.

showed that the single-phase region shifted to higher w, meaning that higher DTAB content both increased

maximum water solubilization (wmax) and the amount of water required to stabilize the microemulsions

(wmm). They demonstrated that microemulsion phase behaviour was affected by surfactant bulk composition

and changes in the effective packing parameter as a result of surfactant mixing at the interface. The single-

chained DTAB prefers to be curved toward the oil (positive curvature, v/ail; - 0.65), whereas the double-

chained surfactant curves towards water (negative curvature, v/ail; - 1.30). Here curvature depends on both

surfactant type but also on the interface. Replacing DDAB by DTAB decreases the average chain volume,

whilst the area per surfactant head group remains almost constant. Hence the mean packing parameter of the

surfactant mixture decreases.

Instead of using DTAB, our studies used the structurally analogues but magnetically-responsive surfactant

DTAF. It is important to note that conductivity data and SANS show only small changes in physico-
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chemical properties of the e urfactant on changing the anion from Br to FeCI3Br".

The phase behav iour of DDAB-DTAF ) terns (Figure 6.8) compares with the studies for DDAB-DTAB

systems. and is almo t independent of overall urfactant content ". Increasing DTAF content to around 35

wtOlo leads to ll'ma, ) 20 (for 0.050 M urfactant system) for a single-phase. Above the solubilization

boundary. the v. '0 microemul ion i pre ent in co-exi tence with an excess water phase (i.e. WII system).

1~0

120

100

80

~ 60

~o

20

0

0 10 20 30 ~o 50

wt% DTAF

Figure 6.7: (left) Pha e diagram a a function of surfactant ratio (DDAB:DTAF) . w value and total

surfactant concentration at 25 C. [ urfactanttotad: 0.100 M (green circle). 0.050 M (red square). 0.025 M

(blue triangle): (right) Microemulsions prepared for the study.

There are two effects of temperature for ionic urfactant systems: (i) an increase in the electrostatic

repulsions between the urfactant headgroups (due to higher counter-ion dissociation), causes an increase in

film curvature: (ii) more gauche conformations are induced in the surfactant chains. which become more

coiled, resulting in an decrea e in curv ature 1(>. The combined effects are competitive with the electrostatic

term believed to be lightly dominant. 0 curvature increases weakly with increasing temperature. The

results in this chapter agree with thi (Figure 6.8). For 0.10 M total surfactant concentration on increasing

the temperature from -18 C up to 25 C the single pha e region increases. However. on increasing the

temperature further to 55 C a dramatic decrea e in the single phase region occurs. This is probably owing to

a change in dominance \\ hereby tail group conformation becomes more important.
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Figure 6.8: Phase diagram at constant surfactant concentration (0.10 M). a a function of surfactant ratio

(DDAB:DTAF), w alue and temperature.

Temperature: 55 °C(grccn square), 25 °C(blue triangle), 5 Ctred circle), -18 (inl-. circle),

6.6.2 Small-Angle Neutron Scattering

Small-angle neutron scattering (SANS) conclusively shows the structure of the microemuJ ions as a function

of surfactant ratio at constant w value and overall surfactant concentration. The profile are consistent with

non-interacting rods (Figure 6.9, Table 6.5) whereby increasing the DTAF (single chain) content leads to a

reduction in rod length. At high q the scaling of Q-4 indicates a sharp. smooth water/oil interface.
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Figure 6.9: SANS profiles for H~O-in-d-heptane mixed micelles using DDAB-DTAF at a fixed total

surfactant concentration of 0.100 M surfactant at 25°C.

wt % DTAF w T~~e Sha~e RIA. LIA.
0 10 1<1> rod 25 874
10 10 1<1> rod 25 495
20 10 1<1> rod 26 252
30 10 1<1> rod 28 170
35 10 1<1> rod 28 159

Table 6.5: Parameters fitted to SANS data using the model for rods.

SANS experiments were repeated in the presence of a 6.7 T magnetic field (set up shown in Figure 6.10).

However, the anisotropic microemulsions appeared not to orientate themselves even in very large fields (6.5

T) as indicated by the SAN profiles. which remained consistent with those pre-field. This was an

unexpected result but may potentially be that on I} orientation of spin occurs which does not lead to the

movement of the microemulsion.
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Figure 6.10: SANS set up using a 6.9 T cryomagnet on SANS 20 (I I , UK).
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Chapter 7

Microemulsions as Tunable Nanomagnets

In Chapter 5 magnetic urfactant ba ed on common surfactant ions with metal complexes were presented,

and because the) contain high effective concentrations of metal centres, they can be controlled non-

invasively and reversibly imply by switching "on" and "off' an external magnetic field. In Chapter 6

magnetic emulsions and microemulsions were generated from cationic surfactants. In this chapter the first

magnetic microemulsion from new anionic magnetic surfactants are investigated with particular emphasis

placed on their intrin ic magnetic beha iour and how they may be thought of as molecular magnets.

Magnetic microemul ion compri ing of magnetic surfactants exhibit monodomain magnetic behaviour

intermediate between magnetic nanoparticles and molecular magnets. Importantly, due to partitioning of

surfactant molecule at the water/oil interface only urface anisotropy is observed. These new systems allow

for in situ tunability through compo ition and the olubilization of hydrophobic additives.
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7.0 Introduction

Microemulsions have numerous technological applications'. in part because of the ability to precisely

control size and stability of the nano-domains. Microemulsions made from transition metal and lanthanide

metal-based surfactants have been used as compartmentalized reaction media to prepare sub-micron or

nano-sized particles with controlled size and shape. bearing properties relevant for applications such as high

density magnetic recording media2• However. it had always been assumed that the metallic centres were

isolated. lacking long range interactions and communication necessary to be magnetically-active and so the

intrinsic magnetism of microemulsions has until now been overlooked. We have used small-angle neutron

scattering (SANS) and SQUID magnetometry to investigate both the bulk "dry" surfactants and

microemulsions.

The magnetic anionic surfactants reported in this chapter are synthesized from the commercially available

commodity Aerosol-OT (AOT). and transition d- or fblock metals: Co(AOTh, Mn(AOTh. Ce(AOTh and

Ho(AOTh. Common AOT is a known bactericide:', is already used in pharmaceutical formulations. offers

better detergency than cationic surfactants and leads to magnetic surfactants which are less aggressive

(lower Lewis acidity) than the cationic analogues. Non-radioactive lanthanides are classified as having low

toxicity", having uses as catalysts' and superconductors": Lanthanide anionic surfactants have also been

reported for spectroscopic studies because of intrinsic luminescence". Significantly. certain lanthanides have

the highest known effective magnetic moments. exhibiting ferro- or anti ferromagnetism as well as

paramagnetism.

7.1 Experimental

7.1.1 Materials and Synthesis

Aerosol-OT (Na-AOT) was purchased from Sigma and purified by Soxhlet extraction using dry acetone as

the solvent followed by dissolving in the minimum amount of dry acetone and subjecting to repeat

centrifugation. The purified Na-AOT was then dried in WlCUO at 60 T for two days. Co(AOT)2 was

prepared by exchanging Na' for [CO(H20)6f using the following liquid-liquid extraction technique":

A saturated aqueous solution (ca. 100 cm) of cobalt nitrate. (Sigma 98%) was prepared at 25°C and mixed

with an ethanolic solution of Na-AOT. 150 crn' at I mol drn'. Diethyl ether (50 cm 1 ) was then added and
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two phases appeared. The Co(AOT)2 rich organic phase was separated and washed seven times with water

(Elga, 18.2 MQ cm) until clear. The organic solvent was then removed under reduced pressure and residual

water removed in vacuo at 60 °C for 2 days.

The replacement of a+ by Co2+ was monitored using UV-visible absorbance (Nicolet evolution 300) at A =

510 nm using a range of concentration (0.0 I - 0.1 0 mol dm") of CO(N03)2 solutions as standards 7. The

efficiency of the counterion exchange (0.95 ± 0.05) was calculated from the ratio of the observed cation

concentration (M2+obs) to the concentration expected (M2+ ex) assuming that I mol of surfactant contained I

mol of M2+ (Figure 7.1). The divalent ions used bear H20 ligands, therefore the surfactant is
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Figure 7.1: V- isible absorbance spectra of the CO(N03)2 solutions as standards.

Inset; Beer-Lambert type dependence of absorbance with concentration.

The UV-Visible spectrum for 0 AOT)2 wa characteristic of an octahedral complex. The efficiency of the

counterion exchange wa calculated from the ratio of the observed (C02+obs) cation concentration to the

concentration expected ( 02\) as uming that I mol of surfactant contained 1 mol of C02+. The value of
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The Mn, Ce and Ho AOT analogues were prepared by the liquid-liquid ion exchange process. The

appropriate metal chloride (Sigma + 99%) was solubilised in ethanol.ll-O (75:25 v/v). The appropriate

equivalent of Na-AOT was then added and the solution stirred for 5 hours. The solvent was then removed

under reduced pressure and the metal-surfactant was dried for in vacuo at 80°C for two days. The surfactant

was then re-solubilised in a minimum amount of dry dicholoromethane and NaCI was filtered off. This was

then followed by repeat centrifugation. The pure surfactant was then dried in vacuo at 80°C for two days.

Analyses showed no chlorine or sodium present and so the synthesis was considered complete.

7.1.2 Polarizing Light Microscopy (PLM)

PLM was conducted with a Nikon Optiphot-2 microscope fitted with polarizing filters, and images were

captured on a PC via a video camera and colour processor connected to the microscope. The liquid crystal

phase progression of each surfactant was investigated by the solvent penetration method (i.e. phase cut)

against pure water", or heptane.

7.1.3 Preparation of Microemulsions

Water in oil (w/o) microemulsions were prepared with 020 (99.9%, Sigma Aldrich) and Si02-column-

purified n-heptane". Microemulsions were prepared at constant oil volume fraction, lpoil = 0.90 assuming a

density of 1.14 g mol' I for each surfactant (one exception was for the Ho analogue, where lpoil = 0.96) and at

w ratios (w = [020] I [surfactant]) so that the resulting microemulsions were prepared away from any phase

boundaries. Microemulsions were characterized by visual inspection and small angle neutron scattering

(SANS).

7.1.4 Small-Angle Neutron Scattering (SANS)

SANS was measured on the SANS20 diffractometer at the ISIS Facility, Rutherford Appleton Laboratory,

UK, and the 022 diffractometer at ILL, Grenoble, France. SANS20 is a time-of-flight instrument using

neutrons with an incident wavelength 2.2 < A < 14 A, and with the 1 m2 detector offset sideways and

vertically by 150 mm, the resulting Q-range was 0.006 < Q < 0.7 kl. The 022 is a reactor-based
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diffractometer. and a neutron wavelength of i, = loA was employed at two different detector distances

giving 0.0024 < Q < 0.37 -I ( ee Chapter 3 for more details).

7.1.5 SQUID Magnetometry

Magnetic propertie were mea ured in a Q ID (superconducting quantum interference device)

magnetometer (Quantum De ign MPM -ST) equipped with a ST superconducting magnet. Liquid

dispersion were tran ferred into the mea uring capsule using a 100 ul, Hamilton syringe.

7.2 Results and Di cu ion

7.2.1 Polarizing light micro copy

Polarizing light micro CoP} (PLM) textures show that the magnetic surfactants exhibit a transition from

fluid micellar to liquid cry talline pha e in water. The phase progression for Na(AOT) at 25°C agrees with

previous work 10: L,- La- V.?- H.? where L, represents a non-birefringent micellar solution. La a lamellar phase

with parallel streak pattern. V_? a non-birefringent cubic bi-continuous phase, and finally. H2, a fan-like

mosaic texture repre enting a reverse hexagonal pha e (Figure 7.2). In comparison, cobalt and manganese

analogues exhibit Ie varied me opha e tructure. Cerium and holmium showed only very limited solubility

in water.

Figure 7.2: plical texture of urfactant in water in phase penetration experiments (T = 25°C). PLM

texture show no me ophase formation in heptane: instead only a dilute L_? phases (inverse micelles) are

formed (Figure 7.3).
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Figure 7.3: Optical textures of surfactants in heptane in phase penetration experiments (T = 25°C).

7.2.2 Small-angle neutron scattering (SANS)

SANS conclusively shows that the compounds aggregate in water above critical micelle concentrations

(cmcs) (Figure 7.4). Na(AOT) forms charged ellipsoidal micelles at I wt% in 020 with a radius of 12 A

and aspect ratio, X = 2.1 (Figure 7.4). However, the structure in water is concentration dependant with

scattering profiles consistent with mixed systems (L/ + La)11 at higher concentrations. On the other hand.

Co(AOTh shows a scattering profile consistent with a collapsed lamellar phase, with a Bragg peak at around

31 A (broadly independent of concentration). Finally. Mn(AOTh was fitted to a model for multilamellar

stacks 12, with a mean layer thickness of 25 A and an interlamellar spacing of 58 A. The ANS from

Mn(AOTh solutions depends greatly on increasing concentration, becoming more rigid as interbilayer

distance decreases.

100~-------------------------r============~

10

o Na(AOT) 1 v.t%
o CO(AOT)2 1wt%
a MnIAOT)2 1wt%

E
u

01

<::»
0.01

0.01 0.1

Q/A

Figure 7.4: SAN profiles for Na, Co and Mn urfactant in D2 at I ~t% at 250 •

Lines through the data are fits.
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In a typical organic solvent. heptane. SANS data (Figure 7.5, Table 7.1) show only minor changes In

micellar size or shape on exchange of the metal ion and also with concentration.

At 1 wt % in heptane all profiles could be fitted to Schultz polydisperse spheres with radii between 17 A to

20 A. The slight difference in radius is assumed to be the result of the difference in ionic radii of the metal

ions combined with different hydration numbers. The cobalt analogue was not soluble above 0.5 wt % but

had a structure consistent with literature2h. An interesting feature of the profiles is the lack any obvious

structure factor. (S(Q». indicating only weak interactions.

~,
E

0.1o

---Q_
,/

r "/

"
"",/

0.01

/
/
/
/
/

/,

Figure 7.5: SANS profiles for surfactants in dwheptane at 1.0 wt% at 25°C. Lines through the data are fits.

Co(AOTh is at 0.5 wt% due to phase separation at higher concentrations. Na(AOT) r », Co(AOT)2 ( ),

Mn(AOT)2 (0), Ce(AOTh ( ) Ho(AOT)3 ( ).

Compound wt%
Na(AOT)
Co(AOT)2
Mn(AOTh
Ce(AOTh
Ho(AOT)3

1.0
0.5
1.0
1.0
1.0

18
17
20
19
18

Table 7.1: Parameters fitted to SANS data from reverse micelles of surf act ants

using polydi perse sphere model at I wt % in dwheptane, 25 DC.
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7.2.3 SQUID magnetometry

SQUID Magnetometry between 5 K and 300 K on the pure surfactants (Figure 7.6. Table 7.2) indicates Co.

Mn and Ho analogues are paramagnetic over most of the temperature range. \\ ith little noticeable dev iation

between field cooled (FC) and zero field cooled (lFC) measurement (Figure 7.6).

10

o 000 0 0 000 0 0 0 0o 2.5

-- :::I2.0
Q)

0 0 0 0 0 0 0 0 0 E
0 0 0 0 Q)

Q) 0 0 0
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0 0 0 0
E 0 15 Q)

~
(5
E

:::I -E '"0Q) 1.0 !::
I- -E

E ;-.:
;-.1 -.--

0.5

o 50 100 150 200 250 300

T (I<)

Figure 7.6: SQUID rnagnetornetry data showing temperature dependence of XmT(s)mbol ) and '!Xm(lines)

for each surfactant measured under 0.25 kOe. Ho(AOTh ( ). Mn(AOTh ( ). Co(A r» ( ). e( OT)) (\).

Compound Mw! Xm T! r«! 0,! T,!
{g morl} {emu K morl Oe·l} {B.M.} K

Na(AOT) 444.25
Co (AOT)2 901.45 2.16 4.15 (4.2 .) -4.7 20
Mn(AOTh 897.46 3.22 5.07 (5.92·) -6.2 60
Ce(AOTh 1403.90 0.27 1.46 (2.S4b) 242
Ho{AOT}J 1428.71 13.61 10.43 {10.60b} -0.1

Table 7.2. Results derived from SQUID magnetometry. Bracket indicate literature data.

"Spin-only moment. hCalculated moment.

The Co(AOTh has a susceptibility XmT of 2.16 emu K mol'l I
e at room temperature (at field H = 0_:

kOe) corresponding to an effective paramagnetic moment J1~Jl= 4.15 B.M. per Co~·i n. \\ hi h i

with literature for high pin d7 Co(lll) ions (51 3/2)1l. bove 20 K the magnetic sus eptibility f II \\ tho
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Curie-Weiss law with Weiss temperatures, Bp, close to -4.7 K. This negative Bp value together with the

reduction of the effective magnetic moment observed on decreasing temperature suggests overall

antiferromagnetic behavior at low T. Magnetization as a function II (Figure 7.7) at 2.0 K shows reversibility

in the entire applied field range studied, -502: II (kOe) ~ 50. With an increasing magnetic field, a linear

dependence in magnetization from 0 to 6 kOe is observed and then the magnetization tends to saturate at

around 30 kOe.

2.5 3

1.4

2
2.0 1.2

e: .r- E• ~_0 10

~
1

~
1.5 ~

0.8 J!
lI:: l 8 0

~
.,...

! 1.0 oe 'b t~ ? -I

J 0.4 ::t
0.5

CO(AOTh§ -2
0.2

H. 0.25 kOe 0 Fe
0.0 00 -3

0 50 100 150 200 250 300 -eo

T(K)

-20 o
Field (kOe)

20

Figure 7.7: SQUID magnetometry data for Co(AOTh showing left: temperature dependence ofXmTand

J/Xm for each surfactant measured under 0.25 kOe; and right: magnetization versus applied magnetic field.

The inset shows the detail of the low magnetic field region.

The magnetic behavior of Mn(AOT)2 (Figure 7.8) is similar to Co(AOTh (Figure 7.9 ) having XmT = 3.22

emu K mol" Oe-I at room temperature corresponding to an effective paramagnetic moment ,ueff= 5.07 B.M.

per Mn2+ ion, being a little lower than the spin only value (5.92 B.M.) expected for a S = 5/2 high spin d5

complex':'. Furthermore, Mn(AOTh has a Neel temperature of TN = 60 K and Bp = -6.2 K implying the

existence of slightly more short range interactions than the C02+ analogue. Magnetization as a function of II

at 5.0 K also shows reversibility over the entire applied field range studied, but lacking saturation up to the

experimental limit of 50 kOe.
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Figure 7.8: SQUID magnetometry data for Mn(AOT)2 showing left: temperature dependence of XmT and

I IX", for each surfactant measured under 0.25 kOe; and right: magnetization versus applied magnetic field.

The inset shows the detail of the low magnetic field region.
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Figure 7.9: SQUID magnetometry data for Co(AOT)2 showing left: temperature dependence ofXmTand

I IXm for each surfactant measured under 0.25 kOe; and right: magnetization versus applied magnetic field.

The inset shows the detail of the low magnetic field region.

The Ho(AOT)3 appears to be paramagnetic over the entire temperature range studied (Figure 7.10).

Literature suggests TN should be found at low temperatures (-19 K), although that was not observed with the

surfactant. Holmium has the highest magnetic susceptibility of any metal and for Ho(AOTh a XmT value of

13.61 emu K mol'l Oe-I at room temperature was observed corresponding to an effective paramagnetic

moment,ueff= 10.43 B.M. per H03+ ion.
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Figure 7.10: SQUID magnetometry data for Ho(AOT)3 showing left: temperature dependence of XmT and

J/Xm for each surfactant measured under 0.25 kOe; and right: magnetization versus applied magnetic field.

The inset shows the detail of the low magnetic field region

Finally, Ce(AOTh behaves slightly differently as it does not follow the Curie-Weiss law (Figure 7.11),

being superparamagnetic at low temperature, as evidenced by a Bp = 0 K with a transition to ferromagneti m

at 20 K. There is another transition at 242 K that is possibly an anti ferromagnetic phase.
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Figure 7.11: SQUID magnetometry data for Ce(AOT)3 showing left: temperature dependence of XmT and

IIXm for each surfactant measured under 0.25 kOe; and right: magnetization versus appl ied magnetic field.

The inset shows the detail of the low magnetic field region.
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7.2.4 Magnetic microemulsion formation and characterization

These surfactant solids were then dissolved in a typical hydrocarbon solvent, n-heptane, to generate reversed

micelles, and through addition of water microemulsions were stabilized. Microemulsions are mixtures of

two immiscible fluids (e.g. oil and water) containing nanodomains, made thermodynamically stable by

adsorption of surfactantsl4. Water-in-oil (w/o) microemulsions were prepared for each surfactant and

characterized by visual inspection (optically transparent) and by SANS (Figure 7.12, Table 7.3). Water plays

an important role in the stabilization of reverse micelles of charged surfactants, with hydrated cations being

ineffective at screening repulsions between head groups at low w values (w = [water] I [surfactant]). It is

also known that metal counterion exchange can lead to significant changes in intermolecular interactions,

which may result in sphere-to-rod micellar shape transitions". However, for the systems studied here SANS

data are consistent with spherical micelles, as has been found for other transition metal and lanthanide based

AOT microemulsions 16. The SANS analyses are consistent with only weakly polydisperse spheres

(normalized standard deviation a/R - 0.20). and it is recognized that quantum effects cannot be observed in

widely polydisperse assembues".

0.01 0.1

Q/A

Figure 7.12: SANS profiles for D20-in-heptane microemulsions at 25 "C. Lines are model fits (parameters

in Table 7.3). Na(AOT) (0), Co(AOT)2 (0), Mn(AOT)2 (D) Ce(AOT)3 (\), Ho(AOT)3 ( ). Inset is a

schematic of a typical microemulsion droplet with aligning spins in a magnetic field.
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Many studies have been undertaken on Na(AOT) w/o microemulsions, showing that it forms discrete

spheres regardless of experimental conditions (e.g. pressure, temperature, surfactant chain length etc.) and

that the mean radius of the internal water core, re, is directly related to the w value". For Na(AOT), re =

1.8w. For w = 13.7 studied here, it should be expected that re = 25 A agreeing with the value elucidated by

SANS, re = 26 A (Table 7.2).

Com~ound w Sha~e RIA
Na(AOT) 13.7 sphere 26 (30)
CO(AOT)2 63.6 sphere 61 a (57)
Mn(AOT)2 27.8 sphere 25(28)
Ce(AOT)3 24.6 sphere 21 (21)
Ho{AOT}J 26.7 s~here 21 {22~

Table 7.J. Parameters fitted to SANS data from w/o microemulsions at 25·C using polydisperse sphere

model. "Guinier analysis. Bracketed values from Porod analysis.

The magnetic behaviour of these microemulsions was investigated with interesting results (Table 7.4). All

the emulsions exhibit effective magnetic moments (calculated from molar susceptibilities) far above those

for the pure surfactants.

Compound Calculated }I~ffl Observed }I~ff in Observed }I~ff in
B.M. surfactants I B.M. microemulsions I B.M.

Na(AOT) 0
Co(AOT)2 4.20 4.15 9.83
Mn(AOTh 5.92 5.07 7.67
Ce(AOT)3 2.54 1.46 6.23
Ho(AOT~3 10.60 10.43 16.26

Table 7.4. Magnetic properties derived from SQUID magnetometry.

Effective magnetic moments for microemulsions calculated in a field of 10 kOe at 300 K.

A characteristic sigmoidal magnetization AI-H curve is observed with AI approaching saturation at high H

(Figure 7.13, right). A l/Xm vs T plot suggests that the Ho-based microemulsion is ferromagnetic below T =

75 K but superparamagnetic above that. This is completely different to the magnetic phase behaviour
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observed for the pure surfactant. However, similar results have been observed in literature for magnetite

nano?artic\e-baseo ~ickering emulsions, wherehy or)' samples were ferromagnetic but co\\oioa\ samples

were superparamagnetic 18. The result may be due to magnetic anisotropy, preventing random fluctuations

and fixing the spatial orientation of the magnetization (a magnetization reorientation barrier).
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Figure 7.13: SQUID magnetometry data showing left: temperature dependence ofXmT(symbols) and I/Xm

(line) for Ho(AOT)3 measured under 0.50 kOe and right: magnetization versus applied magnetic field (inset

shows the detail of the low magnetic field region).

Formation of microemulsions (typically n = 75 - 150 for the compounds studied here) or micelles (n - 20)19

reduces the domain size and causes the magnetic moment of the "cluster" to become sensitive to thermal

fluctuations (high dipole mobility), whereas the individual atomic moments maintain their ordered state

relative to each other (high domain alignrnentj", This leads to the an hysteretic, but still sigmoidal, M-H

curve/", In comparison to magnetic anisotropy in MNPs arising from a contribution from both the bulk

material (magnetocrystalline anisotropy) and the surface anisotropy"; magnetic microemuIsions only

display surface anisotropy as all surfactant molecules are partitioned at the water/oil interface - displaying

behaviour seemingly intermediate between MNPs and molecular magnets. The same effects can be seen for

each surfactant and the respective microemulsion. Regardless of w/o water content and micelle volume

fraction, the magnetic properties of the microemulsions are always much higher than those of the "dry"

surfactant. This result is especially interesting because it demonstrates that magnetic surfactants behave like

conventional surfactants in forming monolayers (e.g. microemulsions), but now the monolayers are
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magnetic. These properties might allowing for routes to new Langmuir-Blodgett films, for the development

of magnetic information storage, or as components in electronic or spintronic devices where interfacing

magnetic material is essential22•

7.3 Conclusions

In conclusion this chapter reports the synthesis of new anionic magnetic surfactants, which stabilize

magnetic reversed micelles and microemulsions. These magnetic surfactants behave like typical Mn+(AOT)n

compounds which are routinely used for the controlled synthesize (size and shape) of nanoparticles'".

Importantly, the intrinsic magnetic behaviour of microemulsions prepared form these lanthanide -based

anionic surfactants were investigated for the first time and it was found that through the partitioning of metal

ions at the oil/water interface unprecedented magnetic susceptibilities could be observed. The

superparamagnetic behaviour not only suggests potential for new biomedical strategies, but also provides a

new way to investigate evolution from molecular through to bulk solid-state magnetic limits simply by the

tuning of composite volume fractions.
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Chapter 8

Magnetizing DNA and proteins using responsive surfactants

Chapter 8 investigates how DNA chains and their movement in solvent may now be controlled simply by

surfactant binding and the switching "on" and "off' of a magnetic field adding a new paradigm to the study

and control, condensation and manipulation of DNA (and other biomolecules). Such control is essential for

biotechnological applications such as transfection and the regulation of gene suppression, as well as in

materials science concerning soft molecular self-assemblies.
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8.0 Introduction

One of the major challenges in biotechnology is the effective control over transport and delivery of

biomolecules for the regulation of gene suppression I, targeted drug delivery', and protein separation'. To

date, magnetic field-based approaches using heterogeneous dispersions of magnetic particles have been used

with some success', although for such systems to be employed efficiently, they must be able to inhibit

sedimentation, be biocompatible, and nontoxic", The synthesis of ultrafine particles with these attributes is

challenging, and interactions between particle surfaces and the associated biomolecules can often disrupt the

native conformation and subsequent functions of the biomolecules', The advantages of employing magnetic

surfactants" over nanoparticles include their facile fabrication (one-step synthesis), fast and effective binding

(which can be readily tuned via alteration of the surfactant aliphatic groups and counterion '},and their good

dispersibility and stability in solution, and the possibility of DNA-surfactant conjugate decompaction using

either cyclodextrins'' or via the formation of mixed micelles9• In this chapter, unprecedented low-strength

magnetic field-induced migration of DNA and proteins via magnetic surfactant conjugation is presented.

Moreover, near-native conformations of the biomolecules are maintained by careful control over the

biomolecule: surfactant stoichiometry.

8.1 Experimental

8.1.1 Materials and Methods

Dodecyltrimethylammonium bromide (99%, DTAB), cetyltrimethylammonium bromide (99%, CTAB), iron

trichloride (99.9%), gadolinium (III) trichloride hexahydrate, holmium (III) trichloride hexahydrate and

Trizrna'" base (99.9% titration) were purchased from Sigma Aldrich and used without further purification.

Dodecyltrimethylammonium trichloromonobromoferrate (DT AF) was synthesized according to chapter 4,

by mixing equimolar amounts of DTAB with iron trichloride in methanol and stirring overnight at room

temperature. The solvent was then removed and the product dried at reduced pressure at 80°C overnight

yielding brown/red solid. Dodccyltrimethylammonium trichloromonobromogadolinate (DTAG) and

dodecyltrimethylammonium trichloromonobromoholminate (DT AH) were prepared in the same way

yielding a white solid (Chapter 6}6.
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DNA (oligonucleotides from herring sperm, 0-3159, <50bp) was purchased from Sigma. On preparing

solutions. the final concentration of nucleic acid was 0.150 mM with respect to the phosphate groups. The

DNA concentration was calculated according to the absorbance at 260 nm by using £[)~A = 6600 M-I cm-11°.
In all experiments. the DNA concentration was held constant at 0.150 mM and the surfactant to DNA base

pair ratio was varied from X = 0 to X = I.

Myoglobin (Mb, from equine heart) was purchased from Sigma Aldrich. Concentrations were calculated

according to the absorbance at 409 nm by using j_·.\fh = 171,000 M·I cm' II. Cat-Gf'P was synthesized as

follows: Escherichia col i host was transformed with a pET 45b( +) plasm id vector. and used to express

polyhistidine-tagged enhanced green fluorescent protein (eGFP). which was subsequently purified using a

nickel nitriloacetic acid (Ni-NTA) column. The acidic residues of eGFP were covalently modified with

DMPA. in a carbidiirnide-mediated cationisation process to yield a protein with up to 44 cationic residues.

Concentrations were calculated according to the absorbance at 277 nm by using i:(ifP = 55,000 M-I ern" 12.

Purified water was used which had a high resistivity (18.2 M!l cm) and a surface tension of 71.9 mN m" at

25 "C. in good agreement with literature values.

8.1.2 Critical micelle concentrations (cmcs)

Cmcs were determined though electrical conductivity measurements (Supporting Information): eTAB (0.8

mM. P = 0.14 ). DTAF (13.6mM, {i = 0.81). DTAG (11.9mM. {i = 0.59). DTAH (11.6 mM. P = 0.76).

8.1.3 pH

pH measurements ofO.1 M surfactant solutions in H20 gave DTAF (pH 3.98). DTAG (pH 7.25) and DTAH

(pH 7.27).

8.1.4 SQUID magnetometry

Magnetic properties were measured In a SQUID (superconducting quantum interference device)

magnetometer (Quantum Design MPMS-5T) equipped with a 5T superconducting magnet. Theoretical

values for high-spin d5 Fe3- (spin-only value = 5.92 B. M.I\ Gd" (spin-only value = 7.94 B.M.14) and Ho3+

l.t(calculated value = 10.60 B.M. ).
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8.1.S Stability Studies

The bulk behavior of aqueous mixtures of DNA (l50mM» and surfactant was investigated (by visual

inspection) at 25 ·C in order to determine appropriate concentrations for magnetic experiments. Stock

solution of DNA was prepared by dissolving commercial nucleic acid in water and fragmenting by sonic

vibration with a sonic probe (MSE Soniprep 150 (UK), 23 KHz, 1 min sonication time). The required

amount of surfactant solution was then slowly added to avoid aggregation.

8.1.6 Dynamic Light Scattering (DLS)

DLS measurements were taken to define the boundaries at which DNA compaction occurred. Measurements

were performed on a Malvern Instruments Zetasizer Nano ZS (Malvern, UK) using a constant scattering

angle of 90° at 25°C. All solutions were made dust-free by filtration through cellulose acetate membranes

of0.45 mm pore size (Millipore, USA).

4 mL of DNA solution containing appropriate amounts of surfactant were allowed to equilibrate for 5 hours.

Measurements were taken on the same day as preparation for samples that had not precipitated.

8.1.7 Circular Dichroism

Synchrotron radiation circular dichroism (SRCD) spectra were collected at the Diamond Light Source on

beamline B23 over a wavelength range of 330 to 200 nm with an integration time of 2 s and I nm data

intervals. Samples were run in 1.0 cm quartz cuvette cells with 4 accumulations. Concentrations were

chosen below the point of precipitation (50jlM surfactant and 150jlM DNA).

8.1.8 UV-Visible Spectrometry

UV-Vis absorption spectra were recorded on a Nicolet Eco 300 UV-Vis spectrometer. An aqueous solution

(60 mL) of DTAG (O.05jlM) and DNA (150jlM) was placed in two specially built glass vials. One vial also

contained a NdFeB magnet (12 mm x 3mm, N52) with a magnetic field density of0.44 T on the surface and

a gradient of about 36 mT mm-2• The top 1.5 mL was removed for analysis over time and replaced carefully

each time.
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8.2.1 DNA binding and magnetic manipulation

The magnetic cationic surfactants DTAF6 ([ClsH34Nf[FeCI38rn, DTAG ([C1sH34Nf[GdCh8rD and

DTAH ([ClsH34Nt[HoCI38rD were synthesized using commercially available compounds to contain high-

spin Fe(III), Gd(lll) and Ho(IIJ)-based counterions, resulting in high effective spin-only magnetic moments

of 5.09 8.M., 7.42 8.M. and 9.53 8.M. respectively. The addition of the surfactants to DNA (from herring

sperm < 50 bp) and exposure to a magnetic field (0.44 T) resulted in effective migration of the DNA-

surfactant complex to the magnet surface. This in turn increased the local concentration of the complex

beyond the solubility limit, which resulted in deposition at the point of highest magnetic field density

(Figure 8.1).

The UV -Vis experiments were also repeated using myoglobin and cationized green fluorescent protein (cat-

GFP). For the myoglobin solutions DTAH was used was used and for cat-GFP, DTAG was used.

[myoglobin] == 11.6 11M,[DTAH] == 3.03 mM; [cat-GFP] == 38 11M,[DTAG] == 687 11M.

8.2 Results and Discussion

Figure 8.1: DNA-DTAG complex after 5 days in the absence of a magnetic field (left) and in the presence

of a magnetic field (right). [DNA] == 150 11M,and [DTAG] == 50 11M.

UV -visible spectroscopy revealed a small reduction in the intensity of the characteristic absorbance

maximum at 260 nm on mixing very low concentrations of DTAG (50 11M) and DNA (150 11M) in the
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absence of a magnetic field, but importantly there was no evidence of aggregation over 96 hours (Figure

8.2a). Significantly, applying a small magnetic field (0.44T, gradient ~36 mT mm") to stable aqueous

solutions of DNA-surfactant complexes resulted in a notable reduction in the 260 nm peak intensity (Figure

8.2b), which equated to a decrease in DNA concentration of 48 % over four days. This was accompanied by

a concomitant elevation of the baseline, which was indicative of aggregation due to the increased

concentration of the complex adjacent to the magnet surface.

A/nm

1.5 B

1.0

A/nm

Figure 8.2: UV-Visible spectrum of the stable DNA-DTAG complex in (A) the absence ofa magnetic field

and (B) in the presence of an applied magnetic field. t = 0 (black line), t = 24 hrs (red line) and t = 96 hrs

(blue line).

At higher DNA or magnetic surfactant concentrations, the strong attraction between DNA and DT AG

(micelles) resulted in the formation of overcharged aggregates that led to macroscopic phase separation in

less than one hour. These aggregates can be manipulated with small magnets (O.2T) (Figure 8.3 and 8.4),

which, for in vitro applications may be useful as it may increase sedimentation of the complexes and the rate

oftransfection 1.
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Figure 8.3: As an excess ofDTAF (5.44 mM) is added to a D A olution 0.43 mM D -OT comple.

precipitates reducing the amount of surfactant in the supemant b) 810'0 in under I hour. The pre ipitate i

magnetic (cf Figure 8.4).

Figure 8.4: The magnetization of D A b) DT F (left) and Dr G (right).

The magnet is dBFe (0.2 T).

8.2.2 Circular dichroi m

The synchrotron radiation circular dichroism (RCD) pectrum of 0 (Figure .5 h w d th

characteristic fJ-form with a negative peak at 248 nm due to helicity of the 0 . a po itive p ak at .. - nm

due to base stacking. and a crossover peak at appro irnately 260 nm corresponding I the wav length
'"'

maximum for normal absorption. Ihe inert CTAS (cetyltrirnethy lammonium bromide ."Hll (H r)
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and magnetic DTAG bind to the DNA duplex with no change in the peak positions, which indicated that the

p-form persisted. ative DNA has no CD spectrum above 300 nrn, however, the DNA-surfactant complexes

still exhibited a positive signal up to 320 nrn, which was indicative of the formation of globular structures

(condensatiom'". Moreo er. the reduction in the peak intensity at 285 nm observed for the DNA- and

DTAG-D A complexes was consistent with alterations in the degree of helix hydration in the vicinity of

phosphate and ribose ring due to changes in the local dielectric constant 16. i.e. exchange of the native sodium

counterion with the hydrophobic cationic surfactant DTAG would have lead to such changes in the

hydration near the phosphate group of the DNA helix 17. The decreasing intensities of the 248 nm and 285

nm peaks also uggested that D A compaction had occurred. resulting a reduction in the number of base

pairs per helical period as the helical pitch shortens.

4~~~~~~~~~~----------------~
CTAB .1,/ _
~N,Br

DTAG .1,,-~N,(Ill(·I,Hr
2

0>
Q)

E 0
-...
o

-2

4 +-----~----.-----r_--~r----.----_.----_.----_r~
180 200 220 240 260 280 300 320 340

A/nm

Figure 8.5: ynchrotron radiation circular dichroism (SRCD) spectra showing the effect of cationic

surfactant addition on the conformation of herring sperm DNA. [DNA] = 150 J.!M; [surfactant] = 50 J.!M.

ative D A (pink line). DNA-CTAB (blue line). DNA-DTAG (green line).

8.2.3 Dynamic light cattering study of DNA compaction

It is well establi hed that the helical structure of DNA and its effective compaction can be achieved by the

addition of cornplexing cationic agent such as eTAB 18, whereby isolated D A chains undergo a discrete
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coil-globule transition in solution. upon the addition of even a very low concentration of surfactant (well

below its critical micelle concentration. cmc)'", Initially the cationic surfactant interacts with DNA by

electrostatic interactions. and it has been postulated that CTAB binds to DNA with one CTAB molecule

bound per DNA phosphate group'", This is followed by hydrophobically-driven cooperative binding leading

to a region of coexistence between unbound DNA chains and those saturated with surfactant". This

surfactant-induced compaction of DNA leads to a decrease in hydrodynamic radius. thereby changing its

translational diffusion coefficient. Dynamic light scattering (DLS) measurements probe this change directly.

showing coil-globule coexistence in bulk solution. Here. DNA extended coils diffuse slowly compared to

surfactant-compacted DNA. At surfactant to DNA base pair ratios (X = [sUrf]/[P04']) greater than one

(CTAB 5.2 - 36.3: DTAB 1.33 - 6.66) and relatively low DNA concentration (0.150 ~M) (Figure 8.6 and

Table 8.1) CTAB reduced the hydrodynamic radius of DNA by around 53% (232 nm to 108 nm).

DNA-CTAB
co 0 0 o 0 •• M ••• _ •• M

100

Figure 8.6: Phase map of aqueous mixture of D A and surfactant pre ented a a function of

DNA-DTAF
CD 0 D DD •• _ ••• _ ••• _

surfactant concentration at 25°C after 5 days. Open symbols represent clear table sample . whereas

DNA-DTAG
t::. t::. • 4 .. 44. ~ ....

0.001 0.01 0.1

[surfactant] I mM
10

filled symbols represent macroscopically pha e separated sample .
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Compound (D~A] I (surfactant] I X Size I Size reduction I
m:\1 mM nm %

DNA 0.150 0.00 232
DNA-CTAB 0.150 5.44 36.27 105 77.4
DNA-CTAB 0.150 2.72 18.13 111 76.0
DNA-CTAB 0.150 1.36 9.07 100 78.3
DNA-CTAB 0.150 1.09 7.27 107 77.0
DNA-CTAB 0.150 0.73 4.87 117 74.7
DNA-DTAF 0.150 1.00 6.67 66 85.8
DNA-DTAF 0.150 0.80 5.33 63 86.3
DNA-DTAF 0.150 0.60 4.00 63 86.4
DNA-DTAF 0.150 0.40 2.67 63 86.3
DNA-DTAF 0.150 0.20 1.33 63 86.3

Table 8.1: Apparent DNA-surfactant size (nm) as a function of surfactant concentration (at high

concentration) determined by DLS. X= [surfactantj/[Pfr,']

This was similar to results reported by Cardenas et 01.22, who showed that CTAB induced a transition of the

DNA hydrodynamic radius from about 100 nm to about 50 nm (-50%). In comparison, DTAF compacted

DNA even more efficiently, resulting in a 72% reduction in hydrodynamic radius (64 nm), which was

almost half that of CTAB. Solutions of DNA-DTAG were not stable for long periods at this concentration,

and stability studies showed that the CTAB and DTAF complexes of DNA also precipitated after 1 day.

Lower surfactant to DNA base pair ratios (0.006 - 1) yielded DNA-surfactant complexes that were stable in

solution over five days, and DLS again showed a maximum in surfactant-induced compaction at X = 0.33

for all surfactants (Figure 8.7).
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Figure 7: DNA compaction by inert eTAS and magnetic DTAF and DTAG a a function of the urfactant

to D A-phosphate molar charge ratio. X. at 25 'c.

8.2.4 Magnetic manipulation of biomolecules

The ability to control the migration of D A using magnetic surfactants wa al 0 extended to myoglobin and

green fluorescent protein (GFP). The UV -visible spectrum of the myoglobin urfactant comple e (Figure

8.8) gave an intense Soret band at 409 nrn, as well as Qa and Qp bands at 6.J 1 nm and 502 nm re pecti el .

These three adsorption bands were indicative of metmyoglobin with a loy. - pin (diamagnetic) heme group

and a six-coordinate geometry with a strongly bound water molecule ". It i well known that ionic

surfactants can denature myoglobin via strong binding to the charged and hydrophobic ide chain 24, but

adding DTAH below the cmc did not result in a shift in the positions of the characteristic ad orption band.

suggesting that there were no significant changes in the tertiary structure in the vicinity of the heme

prosthetic group. Similar findings have been made after addition of anionic surfactants to myoglobin", ithout

denaturation' '. With no magnetic field present. the myoglobin surfactant comple concentration remained

constant. but after application of the magnetic field there ....as a reduction in concentration b) appro irnatel

60 % ( I 1.6 ~M to 4.64 11M) over five days.
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Figure 8.8: V-Vi ible pectra of myoglobin-DTAH in (A) the absence of a magnetic field and (8) in the

presence of a magnetic field. [Mb] - 11.6 )!M: [DTAH] = 3.03 mM. t = 0 (red line), t = 12 hrs (green line),

t = 36 hrs (light blue line). t = 50 hrs (dark blue line). t = 120 hrs (pink line).

The UV-visible pectrum from the Cat-GFP-DTAG complex (Figure 8.9) also showed no variation from the

native protein. exhibiting the characteristic fluorophore absorbance at 277 nm (due to aromatic residues in

the polypeptide ide chain) and a broad band at around 500 nm (resulting from absorption at the Cat-GFP

chromophore). which indicated that the pre ence of the surfactant corona had little or no effect on the

protein structure. Expo ure of the complex to the magnetic field results in aggregation (as can be seen by a

rise in the peak at 277 nm). This aggregation occurs concomitantly with migration towards the magnet

surface lowering the overall Cat-GFP at concentration by an estimated 25 % over 150 hrs (as seen by a

reduction in 277 nm peak beginning after I 10 hrs).
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Figure 8.9: UV -Visible spectra of Cat-GFP-DTAG in (A) the absence of a magnetic field and (B) in the

presence of a magnetic field. [catGFP] = 38 ~M, [DTAG] = 687 ~M. t = 0 (black line), t =18 hrs (red line),

t = 36 hrs (light blue line), t = 60 hrs (pink line), t = 110 hrs (green line) and t = 150 hrs (dark blue line).

Exposure of the complex to the magnetic field also resulted in migration, as evidenced by a 25% reduction

in the 277 nm peak intensity over 150 hrs. The concentration gradient also resulted in aggregation (as can be

seen by a rise in the peak at 277 nm). Aggregates and unimers are then drawn towards the magnet surface

lowering the overall GFP concentration after 150 hrs (cf decrease in 277 nm peak after 110 hrs).

8.3 Conclusions

In conclusion, this chapter demonstrates how novel magnetic surfactants compact DNA and bind to proteins

just like conventional surfactants, and how they allow DNA-surfactant and protein-surfactant complexes to

be manipulated by an external magnetic field. Until now all magnetic approaches have involved magnetic

nanoparticles ', which are often difficult to synthesis with potential toxic effects. Other methods of DNA and

protein manipulation such as electrophoresis have widespread application in diagnostics/" but have

disadvantages such as toxicity and degradation of DNA/protein molecules; disadvantages which may be

avoided with a magnetic approach.

This new paradigm for controlling biomolecules is significant as the studies suggest a strategy that can be

applied to a diverse range of systems cheaply and non-invasively and could be readily developed for a wide

range of biological structures and techniques.
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Chapter 9
Conclusions and Future Work

9.0 Project conclusions

There has been much interest recently in ionic liquids (ILs) as not only do they have significant effects on

reaction rates' and stereoselectivityv'' of certain organic reactions they also promise greener alternatives to

conventional molecular solvents", However, most ionic liquids are based on imidazolium and halides which

have unknown toxicity, and are not suitable for use with strong bases and Grignard reagents, they are also

not especially cheap. For this reason new surfactant ionic liquids (SAILs) were developed and characterized

that are more straightforward to synthesize (through ion exchange), more environmentally friendly (halide

and imidazolium free), and potentially much less toxic and cheaper than almost all ionic liquids that have

come before'', By compiling a matrix of compounds spanning the threshold between standard solid

surfactants and the newer class of surfactant ionic liquids, and through detailed small-angle neutron

scattering (SANS) studies it was shown that there is no magic switch in behaviour as traditional crystalline

surfactants are transformed into surfactant ionic liquids, and that ionic liquid nature confers no special

properties on SAILs. However, SAILs do offer advantages over conventional (microheterogeneous) ionic

liquids.

A detailed investigation into SAILS based on organic surfactant anions and imidazolium cations" (again

through facile synthesis and allowing for tunability of physico-chemical properties) showed that structuring

of pure ionic liquid, aggregation in dilute aqueous solution and the possibility of switching between the two

might have potential applications catalytic reaction control, but also in electrochemistry, battery design and

supercapacitors owing to high capacitances, low densities and the ability to partition on an electrode surface

depending on applied potential and concentration. Interestingly, these SAILs exhibited large electrochemical

windows even though some residual water was present.

Surfactant ionic liquids were then developed to be magneto-responsive'. Only recently have magnetic ILs

been discovered! because although ILs containing transition metals had been known it was always thought

that long range communication between metal centres necessary for exhibiting magnetism did not exist.

Unexpectedly, the new magnetic SAILs presented in this thesis were not only magnetic in the pure ionic
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liquid phase but also in dilute aqueous solution. SANS showed that these new nanoparticle-free ferrofluids

aggregated just like normal surfactants. though surprisingly large changes in counterion resulted in only

minor changes in micellar shape. Importantly their physico-chemical behaviour could be controlled by the

sw itching "on" and "off" of a magnetic switch. For example. interfacial tensiometry showed that these

compounds are not only more efficient at reducing interfacial tension than their inert parent analogues, but

are also bifunctional. exhibiting a further reduction in an applied magnetic field.

In order to optimize the magnetic surfactants different metal counterions (mainly lanthanides) were also

considered producing surfactants with larger magnetic susceptibilities and more complicated magnetic phase

behaviour. SQUID magnetometry was applied to investigate the full magnetic phase behaviour of these new

magnetic surfactants as a function of temperature.

To demonstrate some "out of the laboratory" applications. emulsions were generated from brine. lubrication

oil. heptane and/or water and investigated using dynamic light scattering (DLS( DLS results showed little

difference between magnetic and inert emulsion droplets. However. the magnetic emulsions could be

manipulated in a magnetic field. overcoming gravity and solvent viscosity. Emulsions could also be

produced that respond to magnetic fields considered appropriate for targeted drug delivery!". All approaches

so far have relied on Pickering emulsions 11 and this should be regarded as the first nanoparticle-free

approach to drug delivery. This is an important approach as it has advantages over current methods. being

more biocompatible. easier to fabricate (control of emulsion size and shape through appropriate surfactant

selection and volume fractions of the two immiscible phases is well established) and could potentially be

less toxic.

Whilst emulsions are commercially very useful. microemulsions are much easier to study due to their long

term stability. Full phase diagrams were produced for some of the cationic magnetic surfactants but most

important were the microemulsions formed from anionic magnetic surfactants. Some of these compounds

were new but others were known for over 201~ I'. Surprisingly their intrinsic magnetic properties had never

been investigated and their use was limited to aid control of nanoparticle synthesis. These microemulsions

exhibited superparamagnetism with effective magnetic moments far above those expected for the solid

surfactant. It was postulated that this effect arises from a lack of hulk anisotropy as all magnetic surfactants

are partitioned at the water/oil interface. Typically nanornagnets arc produced either by nanoparticle
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synthesis (with a minimum size of -400 metal centres) or through molecular magnets (with a maximum size

of -20 metal centres)". Now it should be possible to control the size of nanomagnets and their magnetic

properties to bridge this gap and simply by altering volume fractions of the component parts.

If microemulsion formation allows for the close proximity of metal centres while allowing for thermal

fluctuations to playa role then this should also be the case for micelles. In fact the anionic microemulsions

studied are simple inverse micelles. For this it was attempted to establish whether a critical micelle

concentration could be determined through magnetometry. The results are a little ambiguous as only small

effects are expected to be seen with the cationic surfactants studied, owing to large dissociation constants.

Further work must be carried out spanning a range of surfactant types and using more sensitive techniques.

A final application of these magnetic surfactant ionic liquids concerned biochemlstry'". To-date all attempts

of controlling DNA and biomolecules with a magnetic field have relied on addition of pre-prepared

nanoparticles. This has been used with some success'" 17, however for such systems to be employed

efficiently, they must be able to inhibit sedimentation, be biocompatible and non-toxic. Now a surfactant

approach is possible which does not rely on the difficult synthesis of ultrafine particles, nor upset the native

conformations and subsequent functions of biomolecules. The magnetic surfactants reported in this thesis

can bind to and compact DNA and bind to biomolecules just like conventional surfactants, and also allow

for their transportation and manipulation in a magnetic field. For example, over 5 days a solution of DNA

could be reduced in concentration by up to 60% simply by surfactant binding and an applied magnetic field.

This could have wide ranging implications for biotechnology and be applied to a diverse range of systems

cheaply and non-invasively.

9.1 Future work

There are many ways in which the work presented in this thesis could be continued and extended to both

resolve some of the fundamental questions raised and also further applications.

Firstly, it would be of great interest to ascertain whether the switching between pure ionic liquid phase to a

surfactant mesophase for organic reactions in SAILS could lead to control of reaction pathways. This is

especially exciting when considering magnetic SAILS where both partitioning into a mesophase and
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enrichment of catalv sts induced bv internal magnetic field effects (due to faster proton transfer) could have a- - ~

I J Xpart to p a~ .

Magnetic surfactants have shown remarkable properties hut the basis for them is still poorly understood.

Bifuncrionality of these surfactants at reducing surface tension reduction may relate to an instability of the

air-water interfaceJ~ hut may also be down to packing parameter arguments. Attempts to investigate this

using neutron reflectivity \..ere unsuccessful. however a mathematical approach combining Maxwell

equations with those of Laplace have already been applied to ferrotluids I', and may prove useful for

surfactant s) stems. The use of muons and polarized neutrons should provide complementary results giving

an indication as to the origin of magnetism in these s) stems as well as the effect of molecular ordering.

Magnetic ionic liquids suitable for drug delivery have been presented. However. the work only shows in

vitro proof of principle and should be extended to sol ubi lising \ arious drugs and the replication of in vivo

conditions. In this vein. the use of surfactant-biornolecule binding for transfection and other biomedical

applications should also be investigated and improved.

In this thesis microemulsions have demonstrated unprecedented magnetic behaviour and this should work

should be furthered to produce full phase diagrams for both surfactant mixing (to create "rnicroemulsion

alloys") and as a function of w value. It is also interesting to ask whether it is possible to build mono layers

of surfactant which also exhibit superparamagnetisrn and could potentially lind application in data storage.

and what are the boundary conditions to observing this unusual magnetic behaviour ic.f. micellization

effects in Chapter 5) and would the synthesis of non-ionic magnetic surfactants improve the situation further.
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Appendix At

At.O Quaternary Ammonium-Based SAILS as Reaction Media

Many synthetic efforts have been devoted over the years toward finding reagents that could efficiently

promote glycosidic bond formation I, The use of l-butyl-3-methylimidazolium triflate ([bmim][OTf)) as a

mild. recyclable. and versatile IL solvent/promoter of room temperature (rt) glycosylation reactions using

trichloroacetimidate and thiophenyl glycoside donors has recently been reported", It was shown that

[bmim][OTfJ could selectively activate "armed" glycosyl donors in the presence of "disarmed" ones and its

applicability in regio- and chemoselective glycosylation reactions and in reactivity-based one-pot coupling

reactions has been demonstrated '. Studies showed that the choice of counterion in the IL is key to promote

these types of reactions. while modifications on the imidazolium cation did not have a significant effect on

the IL reactivity toward the glycosylation reaction or on the stereoselectivity of the products".

Although the use of imidazolium-based ILs otTers many attractive features, it is important to consider other

ionic liquids that are cheaper. less toxic and compatible with reactions involving active metals or strong

bases, The new class of ionic liquids mentioned in this thesis (quaternary ammonium cations and bis(2-

ethyl-l-hexyl) sulfosuccinate (AOT) anions) have been used in combination with N-Iodosuccinimide (NIS)

as a selective and mild promoter in glycosylation reactions with thiophenyl glycoside donors (Figure AI)

that can be generally applied to oligosaccharide synthesis (applicable to both laboratory and industrial-scale

preparation): being compatible with a range of hydroxyl-protecting groups. such as acetates, benzyl ethers.

and acetals. and are also amenable to Nl-l--masking strategies. that is. trichloroethylcarbamate (Troc)5,
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[N~][AOn ::4o~
NIS, solvent )( a

R.T. 0 a

Aa
Figure ALI: Glycosylation reaction with thioglycoside donor and model acceptor in the presence of SAIL

INIS at rt to yield disaccharide.

Mechanistically. [NItt][AOT] is a more reactive activator than [mim][OTf] while still discerning the less

active (peracetylated) donors. Importantly. the anomeric outcome of the glycosylation reaction using

glycosyl donors with no participating group at C-2 could be tuned by switching the solvent from OCM to

MeCN.
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Appendix A2

A2.0 Reactions in Surfactant Ionic Liquids

In Chapter 2 solvent etTects of ionic liquids (ILs) were reviewed. It was concluded that the development of

surfactant ionic liquids (SAILs) is advantageous as it presents the opportunity to combine the catalytic

properties of surfactant systems with those unique to ILs, especially for separations and extractions. They

also otTer the possibility to switch between a "pure" IL solvent, with favourable solvating properties, and an

IL mesophase which may confer different selectivity and kinetics for reactions occurring in the matrix.

To investigate this a Diels-Alder (DA) condensation was studied (Figure A2.1) as it is an important carbon-

carbon bond forming reaction in organic synthesis'. The reaction is that of cyclopentadiene with

diethylmaleate, which leads to a mixture of exo and endo products. This reaction has been widely

investigated in a range of solvents (molecular and ionic) and solvent influences on the endolexo selectivity

of the reaction are well understood.

o
Figure A2.1: OA reaction of cyclopentadiene with diethylmaleate dienophile.

Solvent Phase endo exo Technigue
none 97 3 IH-NMR
H2O 86 (84) 14 (16) IH-NMR(GC)
aon' 88 12

[bmim][Otf]3 100 wt % 76 24 GC
[bmim][AOT] 100wt % 73 27 GC
[bmim][DS] 100wt % 79 (77) 21 (23) IH-NMR(GC)
[bmim][DS] 50 wt % in H20, La 61 39 GC

SOS 50 wt % in H20, La 83 17 GC
[CI41bimH][CI]2 La 46 54

Table Al.1: Effect of solvent on endo/exo selectivity and the technique used for measurements. GC stands

for gas chromatography.

In water the endolexo selectivity is 97:02 and in ethanol the reaction gives 88:1i. As expected", on altering

the IL counterion there were small changes in endolexo selectivity (Table A2.1). All IL gave endo values

lower than those for the molecular solvents. This might be due to partitioning of the reactants due to slight
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structuring of the solvent. Lin et al. reported that usmg a liquid crystalline phase of l-tetradecyl-3-

methylimidazoliurn chloride, [CI4H29imH][CI], dramatically affects selectivity (though the method insi ts

upon using highly concentrated HCI, which is doubtful). Here, by using a lamella mesophase for SOS (a

elucidated by polarizing light microscopy) the endo/exo ratio increases whereas using [bmim][OS] decreases

the endo/exo ratio significantly. This could again be due to partitioning of cyclopentadiene in the IL which

isn't possible in the SOS. It might be expected that SOS simply concentrates the reactants and affects only

kinetics. Firm conclusions can not be drawn and the data is quite scarce, however there is an indication that

switching between a "neat" IL and a mesophase leads to different results that are not solely attributable to

salt effects and requiring further study.

The Oiels-Alder reaction above has some drawbacks for investigation, as the reaction begins before

complete mixing can occur in the viscous ILS. Also the reactants are symmetrical and so the full effects of

partitioning may not be observable. Therefore a different reaction was sought. Recently

enantiodifferentiation of a [4 + 4] photodimerization was reported in a chiral IL5 (Figure A2.2).

Microemulsions of an imidazolium based ionic liquids have also been used as microreactors for

photocycloaddition with regioselectivity attributed to partitioning of reactants at the micellar interface",

Importantly, this partitioning of reactants occurs before the reaction commences.

Figure A2.2: Photochemical dimerization of 2-anthrecene carboxylic acid. Enantiomeric excess determined

by liquid chromatography-mass spectrometry (LC-MS).

For the first time, it was attempted to compare the effects of "neat" SAIL with that of its mesophase. Result

indicate that [bmim][AOT] based solvents induce a selectivity which might be mapped against mesophase

structure. Here "neat" SA IL confers no great effect whereas in aqueous solution an enantiomeric excess is

observed, however with four possible enantiomers differentiation and quantitative analysis was not possible

with the techniques used. Another interesting point is that using [bmim][AOT] allows the products to be

easily extracted and the solvent recycled.
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Appendix A3

A3.0 Magnetizing Graphene

A3.1 Introduction

Two-dimensional (20) nanomaterials such as graphene have recently attracted attention as they have

exceptional physical properties and a wide-range of potential applications in the areas of electronics, sensors

and energy storage '. There are various methods to produce graphene. However, few show promise as

efficient pathways to produce processable single layer graphene flakes in significant quantities for

application'. Chemical oxidation (Hummers method ') is one solution, (whereby graphite is oxidized to

exfoliated graphene oxide, followed by chemical reduction in the presence of stabilizers) but this route

disrupts the electronic structure of graphene and introduces many carbonyl groups (-C=O), hydroxy groups

(-OH), and epoxides in the sheets'. A non-chemical approach involves the sonication of graphite in various

organic solvents", however sheets produced via these methods show agglomeration (through re-stacking)

and often require the use of toxic solvents. By combining non-covalent functionalization through surfactants

and ultrasonication, graphene may be exfoliated and dispersed successfully; even in waters. In this work

DTAG (introduced in chapter 5) acted as an effective stabilizer. Importantly this study also shows some

evidence that by selecting a magnetic surfactant, graphene sheets may be manipulated in a magnetic field.

The graphene-DTAG systems were characterized by AFM, TEM and UV-visible spectroscopy, and

stabilization studies were also carried out.

A3.2 Results and discussion

In this study, powdered graphite was dispersed in water below the critical micelle concentration (cmc) of

DTAG. It is well known that the dispersed concentration is heavily dependent on surfactant content,

however, concentration was not optimized for this system. The concentration of graphene remaining

dispersed after centrifugation was calculated from the adsorption spectra using an extinction coefficient of

6600 mrt g.t at 265 nm" and found to be 0.128 mM (Figure A3.S). Importantly there was no disruption in

electronic structure.

192



It is expected that the DT G molecules get adsorbed onto the electron rich graphene surface through van

der Waals interaction \\ ith the h) drophobic interaction of the alkyl tails helping to prevent re-stacking. In

aqueou media there i di ociation of the surfactant head group leading to an effective charge over the flake,

causing electro tatic repul ion and tabilization. The electric potential at the edge of the layer of bound ions

is called the zeta potential (:1. and can be measured easily for aqueous dispersions. The magnitude of (has a

bearing on the graphene concentration that can be obtained. For eTAB coated graphene (= + 49 mY, in

agreement with literature hewing good stability. For DTAG this value falls to + 35 mY (moderate

stability). It i important to note that the accepted value for colloidal stability is considered to be around +/-

30mV.

TEM ample were prepared b pipetting a few millilitres of dispersion onto a carbon mesh grid (400 mesh).

TEM anal) revealed a large quantit of flakes of various types as shown in Figure A3.1. The majority of

the e flake were multi layers and er) disordered. The disorder suggests that these flakes formed by re-

aggregation of mailer flake.

Figure A3.1: TEM image of surfactant stabilized graphene flakes

The morphology and the thickne of the flake were further investigated using AFM. Figure A3.2 and A3.3

repreent the FM image graphene flake and a height profile (relating to the scan across the white line in

Figure A3.2) respectively. The contra t difference between the edge and the centre of the graphene
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nanoflake clearly shows the sharp edge of a flake. The height of the flake was found to be - 3.0 nm,

corresponding to - 5 graphene layers. However the increase in thickness could also be attributed to excess

surfactant on the surface. AFM images clearly show that most flakes were < Iurn. Con entionally AFM

samples of graphene are prepared through spin-coating. However this was not done in this study nor a

detailed statistical analysis of flake dimensions.

00 110109< 10...

·1."'"

Figure A3.2: AFM image of a graphene sheets.

4
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Figure A3.3: Height profile of graphene sheet in figure 2 marked by a white lin
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A stable graphene solution was separated into two homemade vials; one of which contained a magnet (0.37

T on the surface. Figure A3.4). The characteristic peak at 265 nm was measured. After one day both

disper ion hewed moderate sedimentation (reducing the initial concentration by approiximately 6.4 %).

After a further 5 day the concentration of graphene in the absence of a magnetic field decrease by - 2% and

in the presence of a magnetic field a decrease of -5% was observed.

A. B.

Figure A3. 4: E perimental set up for UV -Visible spectroscopy experiments (A) without a magnetic field
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and (B) in a magnetic field.
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Figure 3.5: L - i ible pe tra of graphene dispersions with and without the presence of a

magnetic field at 25°C.
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In conclusion we have shown that DTAG acts like a conventional cationic surfactant in stabilizing graphene

flakes. In addition to this it may be that a strong enough magnetic field can manipulate graphene sheets in

solution. The results here are tentative but indicate further research should be carried out to optimize

surfactant loading and stabilization and to see if greater effects can be observed.

A3.3 Materials and methods

500 mg of graphite powder, purchased from Sigma Aldrich (product number 332461 ) . was added to 100 rnl

of aqueous surfactant solution (0.1 mg ml' surfactant (DTAG) concentration) to give an initial graphitic

concentration of 5 mg ml'l. This mixture was sonicated using a sonic tip (MSE Soniprcp 150 (UK). 23 KH)

for 30 mins at 70 % of maximum power (i.e. 75% of 750 W nominal maximum power). This dispersion

then cooled for 30 minutes and the process as repeated two more times. This solution was left overnight and

then the top 20 ml was removed into a vial and centrifuged for 60 mins at 1700 rpm. The top 10 ml of this

solution was the collected for measurements. For UV-Visible spectroscopy in a magnetic field this process

was repeated three times and the final volumes of surfactant mixed together.

Zeta potential measurements were recorded on a Brookhaven Instruments Zeta-PALS apparatus

(Brookhaven Instruments Corporation. Holtsville. NY) The zeta potential was calculated from the

electrophoretic mobility. Il. using the Srnoluchowski expression: I;= '1J.1 t: where '1 is the solution viscosity

and £ is the solution permittivity (L' = I:,/f.o).

TEM samples were prepared by pipetting a few millilitres of dispersion onto a carbon mesh (400 mesh) and

images taken using a JEOl 2100.

AFM samples were also prepared by drop-casting a few millilitres of solution onto a fresh mica surface.

which was allowed to dry overnight. Measurements were taken on a Dimension 3100 AFM. with Nanoscope

IV controller (Veeco Instruments. Plainview. NY) in tapping mode with a resonance frequency of.

UV-Visible spectra were recorded on a Nicolet Fen 300 l 'V-Vis spectrometer at 25 'c.
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Appendix B

Techniques

81.0 Small-Angle Neutron Scattering (SANS)

B1.1 Introduction

To investigate the size. shape. structural organization and interactions within colloidal dispersions the super-

sensitive specialist technique called small-angle neutron scattering (SANS) has proven invaluable. Like any

scattering experiment. it relies on the interaction of a beam of radiation with the sample of interest: for

SANS this is specifically the atomic nuclei of the sample. This is possible as the wavelengths associated

with neutron beams for these experiments are typically between 0.10 and 1.0 nm. much shorter than those of

visible light (400 - 800 nm).

B1.2 Basic Principles'

The schematic representation of a small-angle scattering experiment is shown in Figure B I. An incoming

neutron beam is shone onto the sample of interest: this beam can be viewed as a stream of free of particles in

the same direction and with the same speed (on a monochromatic steady-state reactor source).
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Figure BI: chernatic repre entation ofa small-angle neutron scattering experiment. The incident k, and

cattered k wave vector are shown, and the resultant scattering vector Q, which is in the plane of the

detector.

Because of the de Broglie relation hip (j. = h'm) linking particle momentum, m, and the associated

wavelength. the beam can be thought of as a planar monochromatic wave with a wavelength A., having an

incident wav e vector k; The free neutrons in the beam interact with the bound nuclei of atoms in the sample,

re ulting in cattering of the beam: the e scattered neutrons are recorded by a position-sensitive detector set

perpendicular. In A experiment the interactions between free neutrons in the beam and bound nuclei in

the ample cau e the incident beam to be deflected through an angle 2B. Technically, only coherent elastic

interaction (\\ hereby energy icon erved) between the neutron beam and the sample nuclei are considered.

The net re uIt of the e interactions is to knock the beam off course, and this change in direction

(momentum) define the cattered wave \ ector k; The resultant vector between incident and scattered beam

is called the wave vector q. and mathematically Q = k, - k,. The magnitude of Q defines the spatial

re olution. and hence the radiu R of the particle sizes which can be studied. The units of Q are nrn (i.e. a

reciprocal length). and becau e of thi large particles scatter predominantly to low values of Q, where as

smaller particle re uIt in ignal collected at larger Q values. Q is related to both the scattering angle, B, and

the incident neutron wav elcngth. j.:

Q= 4" II
-Sln-
A 2 Eq. BI
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The intensitv, I. of scattered neutrons is recorded on the position-sensitive detector as a function of Q. and

the collected I(Q) pattern is computer-analyzed using mathematical models to find the size. the shape and

the structure of the particles. The magnitude of the interaction between the incoming neutron beam and the

nucleus is also proportional to the concentration of particles and to a parameter which is directly linked to

the chemical composition of the molecules in the sample. and is called scattering length density. h. For bulk

materials it is more convenient to use a summation of the scattering lengths for all atoms per volume. This

property is known as the scattering length density. p, and is calculated as:

Eq. B2

\'0 here D is the bulk density .. HR is the molar mass. ,VA is Avagadro s number and Fm is the molecular

volume.

A major feature of neutron scattering is a notable difference of scattering length densities between hydrogen

and deuterium (remember hydrogen has only one proton. and deuterium is an isotope of hydrogen

containing one proton and one neutron). Surfactants. polymers and biological molecules possess many

hydrogen atoms. and if these molecules are dissolved in heavy water (D~O). rather than normal light water

(H20) then strong scattering of the neutron beam is seen. resulting in patterns on the detector. So an easy

way to boost the scattering signal is to replace the normal hydrogen solvent by an isotopically labeled

deuterated solvent. In fact this idea can be extended. and using modem chemical methods it is possible to

make not just deuterium-containing solvents. but also deuterium-labeled surfactants. polymers and even

proteins. This kind of isotopic substitution is now a powerful tool for looking at heterogeneous particles. as

for example in soap micelles with oily cores. dissolved in water. Obviously. there are three components.

surfactant. oil and water: now specific deuteration allows us to firstly highlight selectively the internal oily

cores. or in a separate experiment the soap-coated shells alone. These experiments give different forms of

I(Q) scattering patterns which can be readily distinguished hy computer-analyses. As can be seen in Figure

B2. it becomes possihle to gain a dctai led picture of the internal structure of the micelle soap particles.
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Figure B2: Illustration of isotopic substitution with heterogeneous particles, which can be used to highlight

the cores only (left). or the separately the shells alone (right).

In neutron cattering experiments (as shown in Figure B I), the amplitude of the scattered wave, As, can be

obtained as

AsCQ) = A,b exp [iCkj . r - Q. R)]
r

Eq. B3

Here. A, is the amplitude of the incident neutron beam, r is the distance between the scatterers, kjthe incident

neutron wave vector and R the position for an atom at a certain position from the origin. For a realistic case

of a very large ensemble of atoms. the total scattered ampl itude is then written as

Eq. B4

The scattered inten it). i,mea ured at the detector, is simply the squared modulus of the amplitude

Eq.B5

For an en emble of n identical particles, the scattering averaged over all orientations, o, and shapes, s, this

become

Eq.B6
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Bt.3 Data Collection

Because neutrons are needed SANS experiments can only performed at large facilities, in Europe these are

done at mega-laboratories, jointly funded and run through intergovernmental collaborations, such as ISIS in

UK and ILL in France.

ISIS uses a spallation source to generate neutrons by bombarding a high-energy proton beam into a heavy-

metal target (e.g. Ta). This method produces a large range of neutron wavelengths ( a "white beam") and so

the time-of-flight technique is used to measure their energy, and a fixed detector is used. The detectors are

housed inside a large vacuum tube.

Figure B3: SANS2D instrument at ISIS (UK).

Figure B4: Inside the SANS2D sample position at lSI (UK).
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In contra t the 022 diffractometer at the ILL uses a reactor source (through fission) and a narrowly-

distributed incident wa elength, elected b a mechanical chopper (velocity selector, Figure B5).

Vacuum tube
+= 2.5 m

Mulli-detector
128 x 128 pixels

Neutron velocity
detector

~ I
neutron fllE3EEJEE383B:EE3~tt-
beam

Collimator

<1m
...... -4---- 172m 20 m

Figure B5: 022 instrument layout'".

81.4 Data Anal i

Here onl pherical particle will be considered. However, this is typical of many systems studied by SANS

(such as micelle and microemulsion droplets). For monodisperse homogeneous spherical particles of radius

R volume Vp, number den it np (ern") and coherent scattering length density Pp dispersed in a medium of

density Pm, the normali ed A S intensity l(Q) (cm') may be written as

Eq.B7

where P = Pp - pm, P(Q,R) and SeQ) are the form factor and structure factor, and Binc is the incoherent

background. The prop rtionality factor which relates the intensity to the forrn and structure factor is known

as the cale factor, F

Eq. B8

where 'Pp i the olume fraction of the particles. SF is a measure of the validity and consistency when

modelling A data. a it can be eparately calculated and fitted.
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The fonn factor. P(Q). gives information of the size and shape of particles. An approximate representation

of the form factor for spheres is shown in Figure B6. For homogeneous spheres of radius R is may be written

P(Q R) = [3(Sin(QRJ- QR'COS(QRJJ]2
I (QR)3

Eq.B9

In real systems there is a distribution of particle sizes around an average which has significant effects on

scattering. This may be accounted for by a polydispersity function. For spherical droplets a Schultz

distribution function is often employed defined by an average particle radius and root mean square deviation

Eq. BIO

where J(" is the average particle radius, and Z is a width parameter.

The structure factor. SeQ), describes inter-particle scattering and depends on the interactions in the system.

i.e. excluded volume. repulsive or attractive. When attractive interactions are minimal a hard sphere

interaction potential is often appropriate

Eq. Bll

Figure B6 shows how important SeQ) is at low Q values where it reduces the scattering intensity and

produces a peak in I(Q) profile at Qmax=21C/D. with I the nearest neighbour distance in the sample. For

interacting systems. an effective way of reducing I(Q) is by diluting the system.
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P(Q) Form Factor
Dilute non-interacting homogeneous sphere

Q
Repulsive Attractive1 S(Q) Structure Factor 1

ShlQ) \____S",(Q)

Q Q

I(Q) Scattering Profile 1
!\!:_ .::rI(Q) • I(Q)

Q Q

Figure B6: eh mati r pre entation of the particle form factor (P(Q,R) and structure factor SeQ) for

attra ti e and repul i e h mogeneou pheres and their contribution to the scattered intensity I(Q) Id.

Bl.5 Guinier and Porod Analy i

At low Q uinier regime). cattered intensity is sensitive to different particle shapes. The Guinier

appro imation relate the uinier regime to a radius of gyration Rg of the particle. For dilute systems the

single particle f rm fa tor P Q. R) can be simplified t02

P(QR) = 1-Q2R/
3

Eq.B12

At high . cattered inten ity is en iti e to the total interfacial area in a system. Porod's law presents this

relation a

Eq. Bl3
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Here the (SN) term represents the total interfacial area per unit volume of solution. The Porod

approximation can also be used to estimate the radius of monodisperse spheres of radius r, by plotting

f(q)·q.t against Q (known as a Soule-Porod plot). In this case, the plot should show an initial maximum at Q

:::2.7/r and a minimum at Q:::: 4.5/r.

82.0 Dynamic Light Scattering"

There are two different types of light scattering, static and dynamic. tatic light cattering In 01 es

measuring the time-averaged angle-dependent intensity of radiation cattered from a ample, analogous to

how SANS works. with the exception that light is scattered by differences in refracti e inde and neutrons

are scattered by differences in the neutron scattering length density.

Dynamic light scattering (DLS, also known as quasi-elastic light scattering, QEL and photon correlation

spectroscopy. peS) on the other hand measures the temporal fluctuation (from Brownian motion) in

intensity of laser light scattered by a sample at a fixed angle. The scattered light depends on the difTu ion of

the particles which can itself dependant on particle size. A basic DL etup can be een in Figure B7 .

• • ••• ••• •• • •
Figure B7: Schematic diagram of a basic DL setup.

B2.t Basic Principles

When light hits a small particles it scatters in all direction. This is known a Rayleigh cattering and occur

only when the particles are considerably smaller than the wavelength of the light ource (often - 600 nm).

The scattered light from one particle can be described by the Rayleigh equation

q.B14
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where Is is the scattered intensity, 10 the incident intensity, r is the particle radius, R is the distance to the

particle, A. is the wavelength of incident radiation, n is the relative refractive index of the particle in the

medium and 0 is the scattering angle.

If the light source is monochromatic then a time-dependent fluctuation in the scattering intensity can be

observed. This fluctuation arises from the fact that small particles in solution undergo Brownian motion, and

so the distance between the scatterers in the solution constantly changes with time and so the recorded

fluctuation contains details about the rate of particle diffusion. Using the Stokes-Einstein equation, this

diffusion coefficient allows calculation of the hydrodynamic radius of the particles:

Eq. B15

where D is the particle diffusion coefficient, rH is the solvated particle radius, kB is the Boltzmann constant,

T is the temperature in Kelvin and '1 is the viscosity of the solvent.

The dynamic information is collected from an autocorrelation function of the intensity trace comparing the

intensity signal at a given time 1 (/(1» with that a small time 1+ T later. The rate of change of signal intensity

is proportional to the speed at which the particles are diffusing. The correlation function, geT), describes this

rate of change:

G(t) = (/(t) ·I(t + t» Eq.BI6

B3.0 Surface and interfacial tensiometry!" Id

A surface free energy is associated with an interface due to the different environment of molecules located

as an interface as compared to those in a bulk phase either side. The surface free energy per unit area is

defined as the surface tension, Yo and is the minimum amount of isothermal work, Wmin, required to create a

new area of that interface, L1A

Wmm= 'Yo x M Eq.BI7
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A surfactant adsorbs preferentially at an interface and changes the amount of work need to expand that

interface, therefore reducing the interfacial tension.

In solution above the cmc surfactant monomers are present as free monomers and micellized surfactant in

the bulk and as an adsorbed monolayer. Below the erne, however, there are no micelles, just monomers

adsorbing and desorbing at the surface. This is known as dynamic surface tension. Depending on the

surfactant structure and concentration adsorption takes place at different rates but over a certain period of

time an equilibrium surface tension value is observed.

Dynamic surface tension is of interest for many industrially and biologically relevant applications, however

only static surface tension was considered in this thesis.

The surface excess, F, is the concentration of surfactant in a surface plane, relative to that of a similar plane

in the bulk. Gibbs proposed that in an ideal model the two phases, a and p meet with a surface phase of zero

thickness. However in reality although bulk concentrations of a and P remain constant, the concentrations of

components in the interfacial region will gradually vary from the bulk concentration of a to the bulk

concentration of P over the distance x. This is illustrated in Figure B8.

}x

Ideal system real system

Figure B8: Comparison between the real and idealized model of a surface.

The Gibbs dividing surface is arbitrarily chosen so that the surface excess adsorption of a solvent is zero.

Therefore, the surface excess concentration of component i over the interfacial area A can be described as

q. BI8
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Where nf is the amount of component i in the surface phase G. Either side of the surface only bulk media

exists with no change in concentration.

Considering the internal energy, U,of the system, for any infinitesimal change in temperature, T,entropy, S,

interfacial area, A, or chemical potential, u, and an amount of component, n, the change in internal can be

defined as

dU = Td.S" + sa dT + ydA + Ady + Li Ilidnf +Li nf du, Eq.B19

And for a small reversible change the differential total internal energy in the interfacial region is

Eq.B20

Subtracting Eq. B20 from Eq. B19 gives

Eq. B2l

Then at constant temperature the Gibbs equation is defined as

Eq. B22

For a system comprising of a solvent, I,and solute, 2 this becomes

Eq. B23

As the Gibbs dividing interface is chosen so that li(1 = 0 the above reduces to

Eq.B24
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\\ here r{ is the solute surface excess.

The chemical potential is defined as

Eq. B25

At constant temperature the second term becomes zero and Eq. B25 becomes

Eq. B26

Then applying this to Eq. B24 gives the Gibbs equation for non-dissociating compounds

Eq.B27

Rearrangement gives

Eq.B28

For dissociating solutes. such as ionic surfactants of the form R-M+ and assuming ideal behaviour below the

erne. Eq. B27 becomes

Eq.B29

Electroneutrality of the interface requires that. if no electrolyte is added. rt = r:. Using mean ionic

activities so that a2 coo (aRarrJ' 2 and substituting into Eq. B29 gives the Gibbs equation for I: I dissociating

compounds:

fa = __ 1_~
2 2RT d1na2 Eq.B30
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It should be noted that Eq. B28 and Eq. B30 are valid for dilute surfactant systems and so concentration can

be substituted for activity without great loss of accuracy.

Finally, the area per molecule, as, which gives a description of the packing and orientation of the adsorbed

surfactant molecules at the interface can be described by:

1a -_
S - rNA Eq.B31
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