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1. Introduction: self-assembly of conventional

surfactants

1.1. Conventional surfactants

Surfactant science has seen great developments in its theoretical and applied

fronts since the 1950’s. Surfactants are among the most versatile products of the

chemical industry and find wide uses as pharmaceuticals or detergents.

The last decades have seen the extension of surfactant applications to such high-

technology areas as electronic printing, magnetic recording, biotechnology, micro-

electronics, and viral research[1].

Conventional surfactants (from surf(ace)-act(ive)) are amphiphilic molecules,

composed by a hydrophilic part called head group and a hydrophobic part, called

tail, that is capable of reducing the surface tension of a liquid.[1] The head group

may be ionic, zwitterionic or nonionic while the tail is usually a linear hydrocarbon.

Examples of common, conventional surfactants are reported in figure 1.1. In this

thesis, our interest is addressed to non-ionic surfactants.

Figure 0.1 Examples of conventional surfactants, a) anionic surfactant sodium dodecyl sulfate (SDS), b)

cationic surfactant trimethyl ammonium bromide (TTAB) and c) non-ionic surfactant hexaethylene glycol

monododecyl ether (C12E6).

Non-ionic surfactants are excellent emulsifiers. They can be synthesised with a

variety of head groups, such as sugar esters, alkanol amides and amine oxides[2].
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When dissolved in aqueous solution surfactants can self-assemble in the bulk into

different structures.

Both these processes are driven by the hydrophobic effect. [3-4]

1.2. The Hydrophobic effect

Water is such an unusual substance that it has been reviewed extensively in the

literature, not only because is the most important liquid on Earth, but also because

it has such interesting and anomalous properties that it is still a poorly understood

liquid.

Although water has a low molecular weight, it has unexpectedly high melting and

boiling point and high latent heat of vaporization. Also, its density maximum is at

4°C with ice being less dense than the liquid. All these properties are thought to

arise from the ability of water to form tetrahedrally coordinated hydrogen bonds.

These interactions are stronger than that expected even for ordinary highly polar

liquids.

The literature on this subject is vast, and it was mainly developed around the '70s

by Tanford,[3] Israelachvili,[5-6] Mitchell and Ninham[5] who pioneered two of the

most important ideas that explain water behaviour: the hydrophobic effect and

intermolecular and surface forces.

The phenomenological definition of the hydrophobic effect begins with the fact

that hydrocarbons have a much higher solubility in apolar organic solvents then

they do in water[3]. The common mechanism of solvation is based mainly on solute-

solvent attractive forces. In the case of alkyl chains, solute-solvent attractive forces

are weak both in hydrocarbon environment and in aqueous medium. The dipole-

induced dipole attraction between H2O and CH2 groups may be slightly stronger

than the attractive dispersion forces between CH2 groups. On the other hand,

water is characterized by a strong cohesive forces between water molecules and

by the fact that the H2O-H2O bonds network is isotropic. Alkyl chains are literally

squeezed out of the aqueous medium[7-9].
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1.3. Thermodynamics of micelle formation

Micelle formation is one of the most important characteristics of surfactants in

solution and therefore it is important to understand its driving force and the

mechanism of formation. In this paragraph, thermodynamics of micellization will

be discussed from a general point of view. For a more detailed explanation,

including charged surfactants, please refer to literature.[7, 10-16]

Micellization is a dynamic process in which n monomeric surfactants S associate to

form micelles[17]

nS ↔ Sn (1.a)

One of the thermodynamic parameters used to monitor micelle formation is critical

micelle concentration (CMC, paragraph 2.3). Micelle formation can be associated

to the formation of a separate phase, in fact when the aggregation has started, it

becomes more and more favourable to add monomers until a large aggregation

number is reached.[18]

To calculate CMC, it is necessary to know the standard free energy of micelle

formation (∆G°), which is the energy required to take one mole of surfactant from

solution and place it into micelles (at 25 degrees Celsius and 100 kilopascals). At

equilibrium ∆G° is

∆G°= µB°- µA° (1.b)

where µB° and µA° are the standard state chemical potentials for a surfactant in

state A and B respectively (see Appendix A).

Once ∆G° has been defined, this quantity can be reformulated in terms of an

equilibrium constant describing micelle formation[19-20] (eq 2.3):

∆Gmic°= -RTlnK (1.c)

From this point two models can be used to derive ∆Gmic°, the micelle equilibrium

model[7, 12-13] and the pseudo-phase model[12, 17, 19, 21]; they relate to the chemical

potentials of the composition in two different ways.
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The micelle equilibrium model assumes that surfactants aggregate into micelles

with a single, well-defined aggregation number in a reversible equilibrium process.

Hence, this model has the disadvantage that monodispersity of the micellar

aggregation number is assumed in spite of the fact that polydispersity exists[19, 22].

The association-dissociation equilibrium costant (Km) between surfactant

monomers and micelles is given in eq 1.4

Km= [Sn]/[S]n 1.4

where S is a surfactant molecule, n is the number of surfactants per micelle and

square brackets represent the concentration.

The standard free energy per monomer is given by:

-∆Gmic°= - ∆G/n = (RT/n) lnKm = (RT/n) ln[Sn] -RT ln [S] 1.5

for many micellar systems n is high enough to make the first term on the right

negligible, resulting in Eq 1.6

∆Gmic°= RT ln [S] = RT ln CMC 1.6

As can be seen, ∆Gmic° is proportional to ln CMC and not CMC. Thus, ∆Gmic°

increases exponentially with a decrease of CMC[12].

The Pseudo-phase model or Phase separation model assumes micelles as a single

phase and the micelle formation as a phase separation phenomenon. In this case

the CMC is the saturation concentration of the amphiphile in the monomeric state

in which micelle constitute a separate pseudo phase [17, 19, 21].

The chemical potential of the surfactant in the micellar state is assumed constant

and may be adopted as standard chemical potential µ°mic in analogy to a pure

liquid. Taking into account the equilibrium between micelle and monomer, then,

µ°mic= µ°1 +RT ln a1 1.7

where µ°1 is the standard potential of the single monomer and a1 is the activity of

that monomer. The free energy of micellization per mol of monomer is given by

∆Gmic°= µ°mic- µ°1 = RT ln a1 1.8
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At high dilution the activity can be assumed equal to the mole fraction, and the

CMC may be identified with the latter so that

∆Gmic°= RT ln CMC 1.9

where the CMC is expressed in terms of molar fraction instead of concentration. It

should be noticed that eq 1.9 is identical to the one derived for the equilibrium

model[17].

Although the Pseudo-phase model is much simpler than the Equilibrium model, its

limitation is that it is applicable only to non-ionic surfactants.

1.4. Critical Micelle Concentration

Critical Micelle Concentration (CMC or CM) is defined as the concentration of

surfactants above which micelles form and all additional surfactants added to the

system go to micelles[23].

This definition is slightly misleading because of the singular form of the noun

"concentration": the formation of micelles is a rapid and dynamic equilibrium, that

implies dissociation and association processes. Experimentally, it is found that

micelles are undetectable at very low concentration of monomers, and become

detectable only over a narrow range of concentration, above which all solutes

added forms micelles.

The concentration at which the micelles became detectable depends on the

sensitivity of the technique used to detect them[24].

It is important to find the CMC value because it reflects the surface and interfacial

activity of amphiphilic molecules. As we have explained in paragraph 1.2, the

tendency to form micelle arises mainly from the interaction between the

hydrophobic part of the surfactant with the aqueous medium. Similar factors are

involved in the surface activity of the monomer. There is thus a good

correspondence between the adsorbability of monomers, their ability to reduce

surface and interfacial tensions, and the value of CMC[24]: the more surface active
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the monomer is, the higher is the tendency to form micelles, and the lower the

CMC value.

1.5. Typical and reverse micelles

The attractive force between water molecules drive the organization of

amphiphilic molecules if they are in a sufficiently high concentration. In water the

opposite thermodynamic preferences of the two ends of such a molecule are

satisfied by self-association to form an aggregate with the hydrocarbon chains in

the core, avoiding the contact with water, and the polar (or charged) heads at the

surface. The resulting aggregate is called micelle and it typically contains 100

molecules per particle[4]. see figure 1.2

Figure 0.2 Cartoon representation of the association of surfactants to form micelles in water

Amphiphilic molecules can form micelles not only in water, but also in non-polar

organic solvents, and these particles are called reverse micelles. In these type of

aggregates the hydrocarbon tails are exposed to the solvent, while the polar heads

point toward the core of the micelle to escape the contacts with the solvent.

Reverse micelles form a subset of structures that can exist in water-in-oil (w/o)

microemulsions[25]
.

In this case, reverse micelles form when an amphiphile delineates a nanoscale

droplet of the aqueous phase from a non-polar medium, coating the surface of an
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isolated water droplet in solution. These nanoscopic water pools have been applied

in a wide range of processes from nanoparticle synthesis[26-31], for the

enhancement of chemical reaction rates[32-35], to models for water in biological

confinement[36-40].

Figure 0.3 Cartoon representation of the association of surfactants to form reverse micelles

1.6. Aim and structure of the thesis

The work presented here is an experimental approach on the topic of how life could

exist in an extra-terrestrial environment. We synthesized new amphiphile

molecules, called reverse amphiphiles, with opposite electronic configuration to

conventional surfactants, i.e. bearing lipophobic tails and lipophilic heads (see

figure 1.4).

These reverse amphiphiles were designed to self-assemble in hydrocarbons in

typical micellar structures. The geometry was based on a compact headgroup

linked to a polar and linear tail.

The total length of amphiphiles was around 2nm, as for common surfactants in

water. More details about the topologic conformation of reverse amphiphile will

be presented in the following chapter.
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Figure 0.4 cartoon representation of the structure of conventional amphiphiles (a) and reverse amphiphiles

(b)

We thus proposed that typical kinds of aggregates are possible with a reverse

surfactant whose lipophilic head faces out towards the hydrocarbon solvent (figure

1.5), similarly to what would be observed with a normal surfactant in water (figure

1.2).

Figure 0.5 Cartoon representation of the association of reverse amphiphiles to form typical micelles in

hydrocarbons.

An explanation of the difference between the terms surfactant and amphiphile is

due. A surfactant is a surface active agent[1], or wetting agent, capable of reducing

the surface tension of a liquid; typically organic compounds having a hydrophilic
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"head" and a hydrophobic "tail"; an amphiphile is a chemical compound which has

both hydrophilic and hydrophobic properties and many of such compounds show

surface active properties. Amphiphilic molecules often exhibit self-assembly

behaviour similar to conventional surfactants.[41] Our interest is on amphiphilic

molecules that can aggregate in micelles or membranes. In the first part of this

thesis we will go through an overview of common surfactants properties in water

and then we will focus on reverse amphiphiles. We will refer to the latter with the

term amphiphiles, because we studied only their self-assembly behaviour.

A chapter will be dedicated to the design and synthesis of reverse amphiphiles,

followed by the study of their aggregation behaviour in different hydrocarbon

solvents.

Although we didn't obtain bilayer membranes, we here present the proof that

reverse amphiphiles assemble in hydrocarbons. It must be stressed that the in this

thesis the observed structures are not reverse micelles as expected by dissolving a

normal surfactant in a hydrocarbon solvent (Figure 1.3).

This kind of amphiphilic molecules are feasible to obtain more complex structures,

only changing their geometry.
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Preface

Life on Titan

"As the search for life in the solar system expands, it is important to know what exactly

to search for". [1] This statement has been the trigger of this project. The most

established approach to the search for life is focused on planets where liquid water is

possible and it emphasizes the search for water-based life-as-we-know-it-on-Earth [2-

3]. Following the Cassini-Huygens mission on Saturn's moon Titan, the astrobiology

community is now debating whether life forms are possible on such planetary systems

where the surface temperature is 95 K and with abundant nitrogen (95-99% N2) and

gaseous methane (1-5% CH4) as well as massive methane and ethane lakes in the

vicinity of the polar regions[4]. McKay and Smith[5] and Shultze-Mackuch and

Grispoon[6] have proposed a scenario in which a microbial life could have developed in

such lakes.

Titan possesses an atmospheric “hydrocarbon cycle”[7-8] that creates complex organic

molecules, potential precursors for prebiotic syntheses. For example, the

photochemical conversion of methane present in Titan’s troposphere generates

hydrogen and acetylene (2CH4→ C2H2 + 3H2), that eventually “rain” to the surface. In

this model, acetylene would be available as a nutrient and energy source for

hydrocarbon-based life forms, e.g. by recombining with hydrogen in the reverse

reaction (C2H2 + 3H2 → 2CH4). Coincidentally, depletion in the concentration of

hydrogen between the upper atmosphere and the surface of Titan was observed[9],

although the reasons for its disappearance are still obscure.

One possible answer is that something on the surface of Titan uses H2 to hydrogenate

acetylene producing energy. This consumption could result either from the

photochemical destruction of methane followed by the escape of Hydrogen to space[8]

or from an organism consuming acetylene and hydrogen to sustain itself [5-6].
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Figure P1: Scheme of Hydrocarbon cycle on Titan’s atmosphere[10]

The latter hypothesis implies a revision of the paradigm of life-as-we-know-it-on-Earth

in order to adapt it to the hydrocarbon solvent. Life forms can be loosely defined as

self-sustaining organized molecular aggregates compartmentalized by a boundary

lipid bilayer which separates cellular components from the extracellular

environmental and that are able to reproduce and evolve based on the following set

of fundamental requirements:

(i) A self-assembled structure to define the boundary layer of the organism, such as a

permeable membrane that mediates transport between the outer environment and

the inner core, e.g. cellular membranes on Earth.

(ii) Energy to sustain the organism, either chemical or external, e.g. solar energy.

(iii) Autocatalysis to provide accessible chemical pathways to transform nutrients into

other chemicals (body constituents and waste products) and energy, e.g.

photosynthesis on Earth.

(iv) Finally, an organism must be able to store information in the form of an organized

structure able to replicate itself, e.g. nucleic acids on Earth.
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For Earth-like organisms, one must add two additional constraints: (v) carbon as the

fundamental element and (vi) liquid water as a medium.[1]

Based on the requirements outlined above, one can imagine two different types of life

forms in the methane lakes of Titan.

The first kind would include Earth-like organisms with a lipid-based membrane that

feed on hydrocarbons, e.g. similar to the ones on Earth that anaerobically oxidize

methane to carbon dioxide[11-12].

The second alternative implies reversing the paradigm of life. Compartmentalization

in methane would occur by the self-assembly of reverse amphiphiles to form

membranes in the hydrocarbon solvent. Such reverse amphiphiles should possess a

lipophobic tail and a lipophilic head in order to be able to self-assemble in the

hydrocarbon solvent by orienting their lipophilic heads outwards.

Previous reports of vesicle formation in non-aqueous environments already exist.

Bryant, Atkin and Warr,[13] proved that phospholipids self-assemble to form vesicles in

a choline chloride-urea deep eutectic solvent system; again, Gayet and [14] and

collaborators studied vesicle formation of 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC) in ionic liquids. Both these reports demonstrated the

possibility of aggregate formation in a non-aqueous environment but still involve

typical amphiphiles and highly polar solvents. In this scenario, though, an important

requirement is missing. With the rearrangement of phospholipids in reverse vesicles,

the insertion of macromolecules that permits transport of chemical species across the

membrane is not possible, due to the absence of the lipophilic micro-phase created by

the surfactant tails. Our interest on this topic was born from this inconsistency, and by

the fact that all the research for life activity in extreme environments is focused on the

search for life-on-earth based molecules.

This project aims at providing evidence of the possibility of self-aggregation of reverse

surfactants in hydrocarbons and at proposing a different way of thinking of life in non-

aqueous media.
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Theoretical support already exists and in fact Cornell scientists have recently offered

computational support to life in Titan’s methane lakes. Their theorised cell

membranes, dubbed "azotosomes" in analogy to liposomes, are composed of small

organic nitrogen compounds that were calculated to be capable of forming vesicles in

liquid methane at 94 K. Modelling suggests that they would possess stability and

flexibility similar to liposomes on Earth.[15] Up to date, this represents the only attempt

towards defining the parameters on the basis of the formation of self-assembled

aggregates of non-conventional amphiphiles in hydrocarbons.

We here wish to give an experimental support of life developing in non-aqueous

environments. The idea was born reading about the possibility of life on Titan’s

methane lakes[16], but that hydrocarbon lakes exist in many other environments,

including on Earth[17]. Therefore, hydrocarbon solvents as for example cyclohexane,

were used as a model solvent in order to demonstrate that our idea could be

substantiated by experimental data.
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2. Results: Syntheses of the reverse amphiphiles

The design of new kinds of amphiphiles able to assemble in hydrocarbons to give

typical micelles requires some preliminary considerations. The geometry of the

molecules as well as the polarity of its constituents need to be considered.

2.1. The Geometric Packing Parameter

The possible aggregate shapes are basically three: spheres, rods or bilayers, all

others can be considered as distortions of these. The size and shape of aggregates

depend on thermodynamic factors and on the amphiphile properties[1].

The packing geometry of the amphiphile depends on their optimal headgroup area

ao, the volume of the chain v (or chains) and the maximum effective length that the

chain lc can assume. The latter is also called critical length and sets a limit on how

far the chain can extend; smaller extensions are possible, but further extensions

are not. The length of the surfactant determines the radius of the micelle or the

thickness of the double layer.

Besides, repulsive headgroup forces and attractive hydrophobic interfacial forces

determine the "optimal surface area" per headgroup (or optimal headgroup area)

for which the total interaction free energy per lipid molecule is a minimum.[2]

The repulsive contribution is too complex to formulate explicitly because it

contains the steric contribution, a hydration force contribution, and an

electrostatic double layer contribution if the headgroups are charged.

Once all these parameters are specified for a given molecule, it is possible to

calculate the Geometric Packing Parameter (GPP) [3] defined as the dimensionless

number GPP=v/aolc .

This number gives an indication of the limiting packing shapes that the molecule

can adopt in the structure they assemble into (see fig 2.1).
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Figure 2.1 Relationship between surfactant GPP and aggregation behaviour

For micelles, changes in shape are determined solely by ao, if lc and v are constant.

Decreasing ao the packing parameter increases from one third (spherical micelles)

to one half (rod-like micelles) to eventually one (bilayers). This transition from

spherical micelles to bilayers can also be rationalised by considering the aggregate

curvature: small GPPs lead to highly curved aggregates (e.g. spheres) whereas

larger GPPs lead to aggregates with reduced curvature (e.g. vesicles or bilayers). [4]

The choice of the geometry of the new reverse amphiphiles was dictated in a first

approximation by previous experience on analogous amphiphiles. For example, a

large C60-fullerene head with a short aminoacidic tail [5] has an excessively small

GPP; at the other extreme we took triethylene glycol mono ethyl ether and

attempted to measure its small angle x-ray scattering SAXS in solution and no

aggregation was observed. The choice of the structure was further refined based

on the observation that phospholipids have two lipophilic tails and a packing

geometry suitable to form double layers in water typical of cell membranes (length

≈ 2 nm, GPP ≈ 0.5-0.8). Self-assembly of amphiphiles of this size would lead to an

overall bilayer thickness of 4 nm.[6]

We therefore chose to synthesise amphiphiles with different geometries (different

GPPs) in order to study their self-assembly in different kind of aggregates. We

started with the synthesis of amphiphiles with one head and one tail (GPP≈0.3) in

order to obtain the simplest case. Once we observed aggregation of these
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molecules to form micelles, we then started changing the geometry in order to get

different aggregation such as lamellar phases or bilayer vesicles.

We thus synthesized several molecules bearing one head and one tail, one with

two heads linked with one tail, and we started the synthesis of one bearing one

head and two tails.

2.2. Single-tail reverse amphiphiles

In order to study the simplest aggregation form, that is the micelle, we started by

synthesizing amphiphile molecules with a packing factor calculated to be

approximately 0.3. This GPP is typical of amphiphiles bearing a small compact head

and one linear tail. These reverse amphiphiles possess a polar tail and a lipophilic

head and thus, based on their geometry, they were expected to form typical

micellar structures in a hydrocarbon solvent. In such an arrangement they can

expose a tightly packed lipophilic surface towards the hydrocarbon solvent, while

reducing the interaction between the hydrophilic core and the hydrocarbon

solvent. The driving force for assembly could be considered a sort of “lipophobic

effect”. (see figure 1.5 in previous chapter)

The precursors were then chosen by taking into account different electronic

properties. Table 2.1 shows all the single-tailed reverse amphiphiles synthesised.

Each one is labelled with a number used throughout this thesis.

1 2 3 4 5

6 7

8

9

Table 2.1 table of one-tailed reverse amphiphiles synthesised
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Different approaches were adopted for the synthesis of single-tailed reverse

amphiphiles based on the precursors used. In all cases our target was to bond the

headgroup to the hydroxyl group of the polyethylene glycol (PEG) used. Therefore,

the synthetic route was essentially based on the reactive group available on the

headgroup.

In Scheme 2.1 is reported the general synthetic route for surfactants 1-3.

R
O

OH

3 Cl
S
Cl

O R
O

Cl

3

R
O

Cl

3

HO Head
R
O

O

3

HeadKI, CsCO3

R= Et, Met
Head= OH

,
OH

,
OH

O

Scheme 2.1 general synthetic route adopted for amphiphiles 1-3

The first reaction step is the chlorination of PEG. This reaction allowed to obtain a

better leaving group useful for the subsequent reaction step. The second step

involves nucleophilic substitution of the PEG-chloride by the hydroxyl group

functionalized head. Different bases were tested, all in stoichiometric excess. The

best was Cs2CO3 that allowed reaching 50-70% conversion. All products were

purified by Flash Column Chromatography (FCC), up to 80-90%purity.

Scheme 2.2, instead, shows the synthetic route adopted to synthesise amphiphiles

4-9. The general reaction was an acid-catalysed esterification reaction between

menthyloxyacetic acid or adamantanoic acid as head precursors, and triethylene

glycol (TEG) or triethylene glycol monoethyl ether (TEGME) as tail precursors.

This simple synthetic route have been applied under different condition depending

on the polyethylene glycol used (details in experimental procedures).
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Scheme 2.2 synthetic route for the single-tailed reverse surfactants.

Several features distinguish all these amphiphiles. The menthyl and the

adamantane moieties were chosen because are non-polar and because of their

compact geometry, that largely determines the GPP. The main difference between

them is that the menthyl has a more “flat” geometry while the adamantane is more

spherical.

For what concerns the tail, all the PEGs used are different in terms of length and

polarity. With a longer chain (PEG 400 for compound 8 and PEG 550 for compound

9) the vc is bigger, and the GPP shifts in the range of lamellar phases or vesicles. On

the other hand, at the same chain length (compounds 4-7) the polarity of PEG

dramatically change with an ethyl group at one extremity instead of the hydroxyl

group, i.e. TEGME is soluble in cyclohexane while TEG is not.

For this reason, although the reaction pathway was the same, the operative

conditions were different. The solubility of TEGME in cyclohexane allowed to

operate in a homogeneous system for the synthesis of compounds 4 and 5. In this

case, the removal of the co-produced water was achieved by distillation of the

azeotrope using a Dean Stark apparatus. On the contrary, in the synthesis of

compounds 6 and 7 that involved the use of TEG, the water was confined in the

PEG phase. For all these compounds we reached quantitative conversions. They

were then extracted with diethyl ether (4, 5) or cyclohexane (6, 7), and isolated by

FCC, reaching isolated yield between 75 and 90 %.
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A first evidence of the different polarity between TEG and amphiphilic molecule (6

and 7) was that while TEG itself is not soluble in cyclohexane, the reverse

amphiphiles 6 and 7 form clear colourless solutions up to a 50/50 volume ratio.

This behaviour will be discussed more in detail in the following chapters.

For what concerns amphiphiles 8 and 9, the synthetic route adopted was the same

as per amphiphiles 4 and 5, but their high molecular weight didn’t allow their

characterisation by GC-MS and the high number of atoms with similar magnetic

properties on the tail didn’t allowed the characterisations by NMR. Because of the

difficulties in the characterisation and in the isolation of the products, no further

investigation were conducted.

2.3. Double-headed reverse amphiphiles

Among the aims of this project was to prove the possibility of typical aggregate

formation in a non-polar system. We started synthesising reverse surfactants with

a GPP suitable for micelle formation. We then proceeded with the synthesis of

another amphiphilic molecule with a different geometry, i.e. a molecule bearing

two apolar heads connected by a PEG chain.

The synthetic route adopted is the same used for the production of reverse

amphiphile 6 and 7, but with a different molar ratio. Although it was not optimised,

the detailed synthesis is reported in the experimental session.

Figure 2.2 Chemical structure of the two-headed reverse amphiphile 10

This geometry was inspired by bolaamphiphiles, [7] that are molecules containing a

hydrophobic skeleton (e.g., one, two, or three alkyl chains, a steroid, or a

porphyrin) and two water-soluble groups on both ends. Synthetic bolaamphiphiles

try to reproduce the unusual architecture of monolayered membranes found in



19

archaebacteria but commonly do not use the same building blocks, which are

difficult to synthesize. [8-10]

Figure 2.3 schematic structure of typical micelle composed by bolaamphiphile 10

In water common synthetic bolas tend to form extended planar monolayers on the

surface of water or of smooth solids. Multilayers may be formed by the

combination of two bolas with two cationic or two anionic headgroups or, more

common, by combination of a dianionic bola and a cationic polymer or vice versa.

[11-13] Long-chain bolas produce vesicles, while short chain water-soluble bolas give

micelles.

In this project, reverse bolas were synthesised using two apolar headgroups (i.e.

adamantane moiety), and one short PEG tail. The resulting molecule was designed

in order to obtain a double layer membrane or vesicles as speculated in figure 2.3.

2.4. Double-tailed reverse amphiphiles

Cell membranes are formed by phospholipids that are double-tailed surfactants

with a GPP in the range of flexible double layer. In the preface we introduced the

question of the possibility of life in Titan’s methane lakes. In this context, we

planned to synthesise a new reverse amphiphile that is, in terms of geometry, as

much similar to phospholipids as possible.
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To synthesise this reverse double tailed amphiphile we chose the adamantane and

menthol moieties as headgroups and TEGME as precursor for the tails. We then

needed a linker molecule that allowed the connection between the carboxylic

group on the adamantane moiety and two molecules of TEGME. The molecules

used for this purpose were Bicine and Solketal.

Figure 2.4 Chemical structure of reagents used for the synthesis of double tailed reverse amphiphiles

2.4.1. Bicine as linker

Bicine [N,N-Bis(2-hydroxyethyl)glycine, figure 2.4] is an α-amino acid in which the

nitrogen is bonded to two aliphatic chains with a terminal hydroxyl group. This

molecule possesses a carboxylic group suitable for the bond with the headgroup

by esterification, and two hydroxyl groups that can be used to link the tails by

etherification. This molecule was chosen because the presence of a nitrogen atom

may increase the polarity of the tails in the final amphiphiles.

The first attempt was carried on between 1-adamantane carboxylic acid and bicine.

In order to bond the two molecules, we first converted the former in the

corresponding methyl ester or acyl chloride. The aim of this step was to enhance

the reactivity towards the reaction with bicine.
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Scheme 2.3 Retrosynthetic route of double-tailed amphiphile 11

In scheme 2.3 is reported the retrosynthetic route for the synthesys of an

amphiphile molecule bearing the adamantane moiety as head group, connected

with two PEG chains using bicine as linker (11).

Adamantane carboxylic acid and triethylene glycol monoethyl ether were

functionalised to the corresponding chloride. The chlorurations wer perfomed to

obtain a better leaving group in the subsequent nuclephile substitution with one

hydroxyl group of bicine and compound 12 respectively.

The reaction between compound 12a and bicine didn’t take place because of the

poor solubility of bicine in almost all organic solvents.

Thus, this scheme for the preparation of 11 proved unsuccessful.
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A symilar retrosynthetic route was proposed to synthesise compound 14.

To favour the solubilisation of bicine in organic solvents, we tried to functionalise

its hydroxyl groups with mesyl groups (scheme 2.4).

Scheme 2.4 Synthetic route for compound 14

The reaction was performed adding dropwise the mesylchloride to a solution of

bicine and triethylamine in chloroform at reflux (scheme 2.5). We didn’t observe

the formation of compound 15, thus the synthesis of compound 14 was

abandoned.
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Scheme 2.5 Synthetic route for compound 15

We then attempted the synthesis of double tailed amphiphile using menthol as

head precursor. In this case the headgroup bond through esterification of the

hydroxyl group and the carboxylic group of the bicine.

Scheme 2.6 Retrosynthetic route for compound 17

In scheme 2.7 are reported all the attempts toward the synthesis of compound 18.
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Since the main problem was the solubility of bicine in most common solvents, we

carried on the reaction mixing all the reagents and the catalyst in a mortar.

The unsuccessfull result lead us to carry on the reaction in different solvents (i.e.

cyclohexane, n-hexane and toluene) using different catalyst: an acid (H2SO4),a base

(Na2CO3) and and acid plus compound 5 that may act as surfactant and favour the

solubilisation of bicine. All these synthetic routes revealed to be unsuccessfull, thus

we moved on to solketal instead of bicine.

Scheme 2.7 Alternative synthetic routes for compound 18
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2.4.2. Solketal as linker

Solketal [DL-1,2-Isopropylideneglycerol] was chosen because the hydroxyl group

can connect to the head through an esterification, while the acetal can be

hydrolysed to give two hydroxyl groups useful for the linkage of the two tails. Its

solubility in most common organic solvents made us think that it might be more

reactive than bicine.

Scheme 3.6 shows the synthetic routes adopted for the synthesis of compound 19.

First step was to convert the carboxylic group on the adamantane into the

corresponding methyl ester. This step allowed performing the bond with Solketal

under basic conditions avoiding cleavage of the acetal. A second pathway, instead,

involved the conversion of the carboxylic group into acyl chloride in order to

enhance its reactivity.

These derivatives were then used in the reaction with Solketal. This step involved

the substitution of the leaving group on adamantane (i.e. chloride or methoxy), by

the hydroxyl group on Solketal, under basic conditions.

We tested both derivatives 22a and 22b for the reaction with Solketal. In table 3.2

are reported the selectivity, reaction time and isolated yield of compound 21

obtained by reaction of Solketal with both the derivatives. As expected, the acyl

chloride derivative is more reactive and lead to a better yield.

Substrate Selectivity

(GC-MS, %)

Time (h) 21 Isolated yield

(%)

22a 26 48 13

22b 80 2 36

Table 2.2 GC-MS selectivity, reaction time and isolated yield of compound 21 using as starting material

derivatives 22a and 22b.
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Scheme 2.8 Retrosynthetic route for compound 19

We then proceeded with the acetal hydrolysis to create two reactive sites to

connect the two tails. We carried on this reaction using Amberlyst 15, an acid resin

that allowed the complete cleavage of the acetal[14].

The subsequent step was to convert the hydroxyl group on TEGME into a better

leaving group (i.e. chloride and mesyl moieties).

We then performed only few attempts of the last step, using a basic catalyst.

Although the conversion was quantitative, it was not possible to fully characterise
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compound 19 and to determine its purity. Its high molecular weight (i.e. 574.75

uma) was not suitable for the characterisation by GC-MS. On the other hand, the

high number of atoms having similar magnetic properties on the tails did not

allowed the characterisations by NMR. An ESI-MS analysis might allow the

complete identification of the product.

2.5. Experimental procedures:

Material. All the reagents were purchased from Aldrich and used without further

purification except for phenol and naphtol that were respectively distilled and

crystallised.

1H NMR spectra of compounds were acquired with Varian Unity spectrometer

operating at 300 MHz, using chloroform-d as solvent. Chemical shifts are reported

downfield from TMS.

GC/MS (EI, 70 eV) analyses were run using a HP5-MS capillary column (30 m)

mounted on an Agilent 5975c-7890

General procedure for the Chlorination of PEGs:

In a two neck round bottomed flask topped with a reflux condenser were added

4.2 mmol of PEG, 0.6 mmol of dimethylformamide and 5 mL of chloroform. The

mixture was stirred and heated to reflux. A solution of 8.4 mmol of thionyl chloride

in dichloromethane was added dropwise (0.5h). The reaction mixture was stirred

at reflux for 23 hours. The hydrochloric acid produced was neutralised with a

satured solution of sodium carbonate. The product extracted with

dichloromethane and dried under vacuum.

(2-(2-(2-ethoxyethoxy)ethoxy)ethoxy)benzene (1):

In a round bottomed flask topped with a reflux condenser, were added 2.54 mmol

of 1-chloro-2-(2-(2-ethoxyethoxy)ethoxy)ethane, 2.34 mmol of phenol, 5.1 mmol

of CsCO3, 0.25 mmol of KI and 5mL of toluene. The reaction mixture was stirred
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and heated at reflux overnight under inert atmosphere. The solution was then

cooled, dried with sodium sulphate, filtered and dried under vacuum. The crude oil

obtained was purified by FCC (silica gel, diethyl ether as eluent).GC/MS (relative

intensity, 70 eV) m/z: 254.10 ([M]+, 2.0), 121.00 (28.0), 119.95 (47.0), 117.05

(10.0), 103.00 (8.0), 94.10 (15.0), 93.00 (12.0), 77.00 (41.0), 73.05 (37.0), 64.95

(13.0), 59.00 (18.0), 51.00 (7.0), 45.00 (100.0). The product was isolated with a

purity of 83%.

(2-(2-(2-ethoxyethoxy)ethoxy)ethoxy)naphthalene (2):

In a round bottomed flask topped with a reflux condenser, were added 2.54 mmol

of 1-chloro-2-(2-(2-ethoxyethoxy)ethoxy)ethane, 2.34 mmol of naphtol, 5.1 mmol

of CsCO3, 0.25 mmol of KI and 5mL of toluene. The reaction mixture was stirred

and heated at reflux overnight under inert atmosphere. The solution was then

cooled, dried with sodium sulphate, filtered and dried under vacuum. The crude oil

obtained was purified by FCC (silica gel, diethyl ether as eluent).

GC/MS (relative intensity, 70 eV) m/z: 304.10 ([M]+, 23.0), 171.05 (10.0), 170.10

(7.0), 145.00 (9.0), 144.00 (63.0), 143.00 (9.0), 141.05 (9.0), 128.05 (23.0), 127.00

(58.0), 126.10 (11.0), 117.05 (10.0), 116.00 (17.0), 115.10 (85.0), 101.05 (5.0),

89.00 (10.0), 73.05 (50.0), 72.05 (11.0), 62.95 (5.0), 45.10 (100.0). The product was

isolated with a purity of 81%.

4-allyl-1-(2-(2-(2-ethoxyethoxy)ethoxy)ethoxy)-2-methoxybenzene (3):

In a round bottomed flask topped with a reflux condenser, were added 2.54 mmol

of 1-chloro-2-(2-(2-ethoxyethoxy)ethoxy)ethane, 2.34 mmol of eugenol, 5.1 mmol

of CsCO3, 0.25 mmol of KI and 5mL of toluene. The reaction mixture was stirred

and heated at reflux overnight under inert atmosphere. The solution was then

cooled, dried with sodium sulphate, filtered and dried under vacuum. The crude oil
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obtained was purified by FCC (silica gel, diethyl ether as eluent). The product was

isolated with a purity of 87%.

GC/MS (relative intensity, 70 eV) m/z: 324.15 ([M]+, 11.0), 164.10 (32.0), 162.95

(9.0), 162.05 (10.0), 161.05 (10.0), 149.00 (9.0),147.00 (3.0), 131.00 (12.0), 117.05

(17.0), 116.05 (5.0), 114.95 (15.0), 107.00 (7.0), 105.00 (8.0), 104.00 (12.0), 103.00

(17.0), 91.00 (25.0), 88.95 (6.0), 79.00 (7.0), 78.00 (7.0), 77.00 (12.0), 73.10 (64.0),

51.05 (4.0), 45.05 (100.0).

2-(2-(2-ethoxyethoxy)ethoxy)ethyl,2-((2-isopropyl-5-methylcyclohexyl)oxy)acetate(4):

in a round-bottomed flask equipped with a Dean-Stark apparatus topped with a

reflux condenser were added 14.03 mmol of menthyloxy acetic acid, 14.03 mmol

di triethylene glycol monoethyl ether and 0.7 mmol of sulphuric acid in

cyclohexane (40mL). The reaction mixture was heated at reflux temperature and

stirred for 2h. Then the reaction mixture was cooled at ambient temperature,

quenched with satured K2CO3, then extracted with CHCl3 (6x10 mL). The combined

organic layers were dried with anidrous Na2SO4, filtered and evaporated to give a

crude oil that was purified by FCC (silica gel, diethyl ether as eluent). Isolated Yield

68%. 1HNMR (400 MHz, CDCl3): δ =4.3 (t, 2H), 4.2-4.1 (dd, 2H), 3.7-3.5 (m, 12H),

3.2-3.1 (dt, 1H), 2.3-2.2 (m, 1H), 2.1-2.0 (m, 1H),1.7-1.6 (m, 2H), 1.4-1.2 (m, 2H),

1.2-1.1(t, 3H), 1.0-0.7 (m, 12H);

GC/MS (relative intensity, 70 eV) m/z: 374.27 ([M]+,1.0), 179.10 (26.0), 139.10

(14.0), 138.10 (16.0), 133.10 (10.0), 123.10 (19.0), 117.10 (20.0), 103.00 (59.0),

102.00 (23.0), 97.10 (16.0),96.10 (10.0),89.10 (15.0),87.10 (60.0), 86.00 (25.0),

95.10 (44.0),83.10 (77.0),82.10 (18.0), 81.10 (55.0), 73.10 (73.0), 72.10 (76.0),

71.10 (10.0), 69.10(38.0), 67.10 (20.0), 59.10 (54.0), 57.10 (25.0), 55.10 (51.0),

45.10 (100.0), 44.10(10.0), 43.10 (38.0),42.10 (13.0), 41.10 (33.0); mp = -40.9/-39.7

2-(2-(2-ethoxyethoxy)ethoxy)ethyl adamantane-1-carboxylate (5): in a round-

bottomed flask equipped with a Dean-Stark trap topped with a reflux condenser
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were added 12 mmol of 1-adamantanecarboxylic acid, 12 mmol di triethylene

glycol monoethyl ether and 0.6 mmol of sulphuric acid in cyclohexane (30mL). The

reaction mixture was heated at reflux temperature and stirred for 2h. Then the

reaction mixture was cooled at ambient temperature, quenched with satured

K2CO3, then extracted with CHCl3 (6x10 mL). The combined organic layers were

dried with anidrous Na2SO4, filtered and evaporated to give a crude oil that was

purified by FCC (silica gel, diethyl ether as eluent). Isolated Yield 70%. 1HNMR (400

MHz, CDCl3): δ =4.2 (t, 2H), 3.7-3.5 (m, 12H), 2.1-2 (br, 3H), 1.9 (br, 6H), 1.7-1.6 (br,

6H), 1.3-1.2 (t, 3H); 13CNMR (75 MHz, CDCl3) δ= 178 (C=O), 72.9, 71.1, 71.0, 70.2,

69.6, 67.0, 63.7, 41.1, 39.2, 36.9, 28.3, 15.5.

GC/MS (relative intensity, 70 eV) m/z: 340.20 ([M+],1.0), 208.10 (9.0), 207.10

(59.0), 136.10 (11.0), 135.10 (100.0), 107.10 (10.0), 93.10 (22.0), 92.00 (5.0), 91.00

(13.0), 79.00 (26.0), 78.00 (3.0), 77.00 (11.0), 73.00 (29.0),72.00 (54.0), 59.10

(24.0), 45.00 (39.0), 43.00 (11.0);mp= -45.7 °C

2-(2-(2-hydroxyethoxy)ethoxy)ethyl2-((2-isopropyl-5-methylcyclohexyl)oxy)acetate

(6):

in a round-bottomed flask topped with a reflux condenser were added 10 mmol

(2.14g) of menthyloxyacetic acid, 25 mmol (3.74g) TEG and 0.7 mmol of sulphuric

acid in cyclohexane (10mL). The reaction mixture was heated at reflux temperature

and stirred overnight. The reaction mixture was cooled at ambient temperature,

quenched with satured K2CO3 and extracted with cyclohexane (5x5 mL). The

combined organic layers were dried with anidrous Na2SO4, filtered and evaporated

to give a crude oil that was purified by FCC (silica gel, diethyl ether as eluent).

Isolated yield 68%.

1H NMR (400 MHz, CDCl3): δ =4.3 (t, 2H), 4.2-4.1 (dd, 2H), 3.8-3.6 (m, 10H), 3.2-3.1

(dt, 1H), 2.3-2.2 (m, 1H), 2.1-2.0 (m, 1H),1.7-1.6 (m, 2H), 1.4-1.2 (m, 2H), 1.0-0.7

(m, 12H);
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13C NMR (400 MHz, CDCl3): δ = 171.0 (C=O), 80.4, 72.7, 70.7, 70.5, 69.1, 66, 63.7,

61.9, 48.2, 40.1, 34.5, 31.6, 25.6, 23.4, 22.4, 21.1, 16.4.

GC/MS (relative intensity, 70 eV) m/z: 346.30 ([M]+,2.0), 177.05 (4.0), 151.00

(31.0),149.00 (13.0), 139.15 (18.0), 138.15 (34.0), 133.00 (12.0), 123.10 (23.0), 103

(55.0), 102.00 (20.0),97.10 (15.0), 96.05 (11.0), 95.05 (48.0), 89.05 (37.0), 88.00

(18.0), 87.00 (100.0), 86.00 (30.0), 83.10 (72.0), 82.05 (20.0), 81.05 (60.0), 69.10

(33.0), 67.10 (17.0), 57.10 (21.0), 55.10 (39.0), 45.10 (81.0), 44.05 (10.0), 43.10

(20.0);

d=0.967 g/cm3 at 25 °C.

2-(2-(2-hydroxyethoxy)ethoxy)ethyl adamantane-1-carboxylate (7):

in a round-bottomed flask topped with a reflux condenser were added 10mmol

(1.80g) of 1-adamantanecarboxylic acid, 25mmol (3.74g) TEG and 0.7 mmol of

sulphuric acid in cyclohexane (10mL). The reaction mixture was heated at reflux

temperature and stirred overnight. The reaction mixture was cooled at ambient

temperature, quenched with satured K2CO3 and extracted with cyclohexane (5x5

mL). The combined organic layers were dried with anidrous Na2SO4, filtered and

evaporated to give a crude oil that was purified by FCC (silica gel, diethyl ether as

eluent). Isolated yield 74%.

1H NMR (400 MHz, CDCl3): δ 4.24 (t, 2H), 3.76 – 3.63 (m, 10H), 2.04 – 1.97 (m, 2H),

1.92 (d, J = 2.9 Hz, 4H), 1.74 – 1.58 (m, 8H).

13C NMR (400 MHz, CDCl3): δ = 177.8 (C=O), 72.6, 70.8, 70.6, 69.4, 63.3, 62.0, 38.9,

36.6, 28.1.

GC/MS (relative intensity, 70 eV) m/z: 312.2 ([M+],1.0), 207.10 (41.0), 136.00

(12.0), 135.05 (100.0), 93.05 (12.0), 91.05 (8.0), 89.10 (28.0), 88.05 (10.0), 79.05

(13.0);

d=1.03 g/cm3 at 25 °C.
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(ethane-1,2-diylbis(oxy))bis(ethane-2,1-diyl) (3r,3'r,5r,5'r,7r,7'r)-

bis(adamantane-1-carboxylate) (10):

in a round-bottomed flask topped with a reflux condenser were added 10mmol of

1-adamantanecarboxylic acid, 4 mmol of TEG and 1 mmol of sulphuric acid in

cyclohexane (20mL). The reaction mixture was heated at reflux temperature and

stirred overnight. The reaction mixture was cooled at ambient temperature,

quenched with satured K2CO3 and extracted with cyclohexane. The combined

organic layers were dried with anidrous Na2SO4, filtered and evaporated to give a

crude oil. GC-MS yield 87%.

GC/MS (relative intensity, 70 eV) m/z: 474.30 ([M]+, 1.0), 266.10 (14.0), 208.10

(9.0), 207.10 (64.0), 206.10 (13.0), 205.05 (9.0), 136.05 (11.0), 135.05 (100.0),

134.00 (18.0), 93.05 (15.0), 91.05 (7.0), 79.10 (17.0), 77.05 (5.0).
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3. Introduction: Aggregates analysis methods

3.1. Diffusion Ordered Nuclear Magnetic Resonance

Spectroscopy (NMR-DOSY)

The motion of molecules in liquid or solution is a complex system. The translational

motion is known as Brownian molecular motion and can be simply called diffusion

(or self-diffusion). It depends on several physical parameters such as the sizes and

shapes of the molecules as well as on the temperature and viscosity of the solution.

If we assume particles having a spherical shape, the diffusion coefficient D can be

described by the Stokes-Einstein equation [1]

= (3.a)

where kB is the Boltzmann constant, T the temperature, η the viscosity of the

solution and rH is the hydrodynamic radius of the molecule. The latter represents

the radius of a hypothetical sphere that diffuses with the same speed as the particle

under examination and, thus, provides information on the apparent size of the

molecule, including any solvation, ion-pairing or other aggregation effects which

may affect its mobility. [2]

2D-Diffusion Ordered SpectroscopY (2D-DOSY) is a two-dimensional NMR

technique in which one dimension represents the chemical shift data while the

second dimension resolves species by their diffusion properties: for this

characteristic it has been described as “NMR chromatography”.[3] For example it

has been used for the study of a mixture of different polymers,[4] the

characterization of aggregates[5] and to determine protein-surfactant bonding. [6]

DOSY measurements requires a pulse field gradient that allows measuring the

translational diffusion of particles in solution. The use of a gradient is necessary in

order to spatially label molecules, i.e. it marks molecules depending on their

position in the NMR tube. If they move in the diffusion time Δ after the encoding,

the new position can be decoded by a second gradient.
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Figure 3-1 Scheme of DOSY experiment

The measured signal is the integral over the whole sample volume, and its intensity

is attenuated depending on Δ and the gradient parameters (gradient strength g and

gradient length δ). This intensity change is described as

I= I(0) e^[–D γ2 g2 δ 2 (Δ-δ/3)] (3.b)

In which I is the observed intensity, I(0) is the unattenuated signal intensity and γ

the gyromagnetic ratio of the observed nucleus. [7]

In this project 2D-DOSY NMR was used to study micelle formation using reverse

amphiphiles in different hydrocarbon solvents.

3.2. Scattering techniques

In this project we used different scattering techniques i.e. Dynamic light scattering

(DLS), Small Angle X-Ray Scattering (SAXS) and Small Angle Neutron Scattering

(SANS), that are common methods for the determination of a large class of colloids

and macromolecules. Examples of such system are polymers, micelles or

aggregates, with sizes between 5 and 3000 Å. The range between 5 and 300 Å can

be explored by SAXS and SANS, while from 100 to 3000 Å by dynamic light
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scattering through the Diffusion coefficient (see eq 3.a). All the scattering

information contained in this thesis are discussed in the first two chapters of the

book by Lindner and Zemb[8] and in the book of Glatter and Kratky.[9]

3.2.1. SAXS and SANS

A small angle scattering experiment involves precise and indispensable stages in

the acquisition and treatment of data, which are essential for its quality. During the

experiment a well collimated beam of radiation of wavelength λ is sent through the

sample, and the scattered intensity at different scattering angle ϴ is measured. The

total scattering intensity is the sum of all the single scatterings of different particles

in solution, with different angles or directions. For simplicity, from here on the

scattering will be discussed as single scattering.

Figure 3-2 general scheme of a scattering experiment

The variation of the scattered intensity is expressed as a function of the scattering

vector (q), a physical parameter that allows one to join on the same curve several

curves obtained at different λ and ϴ values

q= sinϴ/2 (3.c)
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The data obtained from these kind of experiments are I(q) at different scattering

vector. The useful intensities are those scattered by the samples Is(q) and by a

reference Ir(q) used in order to subtract the background (usually the solvent and

sample holder). This aspect will be examined in depth later.

The interpretation of these data consists in the extraction of size, form and

organization of particles in solution. General methods are described in the

literature: Huglin [10] for light scattering, Guinier and Fournet, [11] Luzzati and

Tardieu [12] and Glatter and Kratky for X-Rays, [9] while for neutrons Squires [13] or

Zaccai. [14]

3.2.2. Scattering lengths

The scattering length is a parameter that expresses the strength of the interaction

of the radiation and the elementary scatterer. This parameter has different

characteristics for each type of beam (light, X-Ray or neutron)

X-Ray scattering

The associated particle is a photon of energy of about 104 eV, that corresponds to

1<λ<5 Å. The interaction takes place on the z electrons of the electronic shell of

atoms. The scattering length is given by

B=b0z ;    b0 = 0.282 10-12 cm (3.d)

Neutron scattering

It usually has 1<λ<20 Å, and the interaction is nuclear. The b value depends

uniquely on the nature of atoms, thus it is sensitive to the isotopes and nuclear

spin state.

The scattering length is not easily calculated, but some values are tabulated[15] and

often updated.

A well know example is that of hydrogen: the b value for 1H is -0.374 10-12 cm,

instead the one for 2H is +0.667 10-12 cm. This difference introduces the concept of

contrast length and explains the use of deuterated compounds for SANS

experiments.
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Light X-ray Neutrons

incoherent

H2O 0.0165 2.81 -0.165                              3.56

D2O 0.0165 2.81 1.92                               0.837

Table 3.1 typical values of b (10-12 cm). Values for light were calculated with eq 2 for ϴ=0 and λ= 5960 Å.

For neutrons, it is necessary to specify also the value of the incoherent scattering

length that is the scattering length of the different isotopes of each atomic species

and of nuclear spin states. It is important to subtract the incoherent scattering

contribution. To do it, water, thickness 1 mm, can be used as a standard because it

gives a strong flat scattering that allows normalising the detector.

In general, the scattering length can be thought as how well the element scatters

the incident beam, and it must be measured experimentally.

3.2.3. Small Angle X-ray Scattering

SAXS instruments are designed to measure the scattered radiation that is emitted

from a sample which is irradiated by a collimated X-Ray beam.

The angles at which the scattered X-Rays are detected can vary between small

(SAXS, 0.05 to 10°) and small-and-wide (SWAXS, 0.05 to 41°). SAXS is the most

suitable technique to detect micelles, thus in this thesis only SAXS was used.

The geometry of the irradiating beam can be switched between line and point

collimation (figure 3.3).

The line collimation has the advantage of achieving higher scattering intensities. It

is usually used with liquid and isotropic samples of low scattering power.

The point collimation has the advantage of a two dimensional resolution but

produces smaller scattering intensities. It allows to reduce the contribution of

multiple scattering because the volume analysed is smaller. It is usually used on

samples with high scattering power such as crystals or liquid-crystals.
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Figure 3-3. General scheme of point and line collimation SAXS

3.2.4. Small Angle Neutron Scattering: experimental equipment

The SANS data in this thesis was collected at the Australian Nuclear Science and

Technology Organisation (ANSTO), with the Open Pool Australian Lightwater

(OPAL) nuclear reactor in Sydney, NSW, Australia, using instrument Quokka. The

main features of the instrument are shown in Figure 3.4.

OPAL[16] is a 20 MW nuclear research reactor, it uses low enriched uranium fuel

containing just under 20 per cent uranium-235. In terms of security and nuclear

safeguards, this is a distinct advantage over earlier research reactors, some of

which required enrichment levels as high as 95 per cent uranium-235 (weapons

grade).

The neutrons produced passed through a moderator that give them wavelengths

in the range required for SANS. Then, to monochromate the neutron beam a

mechanic velocity selector was used. It consisted of a rotating cylinder with helical

gaps. Because of the constant velocity of rotation only neutrons with a specific

wavelength were able to pass the cylinder. The beam was collimated and then pass

through the sample. In order to maximise the scattering but minimising the

multiple scattering, was choose a 1mm path length quartz cell. This allowed to have

a neutron transmission of more than 90%.[17]
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The scattered beam were then detected by a 2D-detector, and all the data

collected were reduced from a 2D to a 1D function of intensity versus scattering

angle, and then the scattering angle was converted in q using equation 3.c.

The scattering angle depends on the sample to detector distance and on the

maximum distance along the detector.

In this work we used a sample to detector distances of 1.3 and 8 m, that provided

in total to a q range of 0.0075 to 0.6439 Å-1.

Figure 3-4 Schematic diagram[18] of SANS instrument Quokka, and pictures of the instrument

The data collected are raw numbers that must be corrected through a

mathematical process called reduction. This treatment falls outside the aim of this

thesis and will be presented with a non-mathematical approach in order to give an

idea of what reduction means.

The raw scattered intensity is a function of the transmission of the cell and the

sample, the thickness of the cell, the efficiency of the detector, the flux of the
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neutron beam and takes into account the contribution of background due to the

electrical noise and imperfections of the detector. This background can be

measured by blocking the beam and subtracted from all raw data. In the same way,

it is necessary to subtract the contribution of the cell, that can be done simply

measuring the scattering of the empty cell.

Next, it is necessary to evaluate the instrument constant that is the number of

neutrons striking the sample per second multiplied by the solid angle of the

detector element, multiplied by the efficiency of the detector. This constant is

measured by recording the intensity of the attenuated direct beam. The

attenuation avoid the saturation of the detector.

Finally, the transmissions are measured. The transmission of the attenuated beam

is a property of the material used as attenuator and was measured by ANSTO for

Quokka prior the experiment. Then, for each detector distance it was measured

the intensity of neutrons passing through the empty cell and divided this for the

intensity of the direct beam. This procedure was done for all the samples before

their acquisition.

3.2.5. Small Angle Scattering data analysis

The scattered intensity collected by SAXS and SANS are visualised as a function of

q. Depending on the relative value of q, three specific domains can be defined on

the graph, from which different parameters can be determined:

In the Guinier region[11] (qRg≤ 1) the radius of gyration can be extracted. For

very small q the scattering function can be expanded and the Rg can be

extracted using the Guinier approximation, applicable on compact particles

as spheres or cylinders, and is defined as

ln I(q)= ln I(0) – (q2Rg2/3) (3.e)

In the intermediate range (Rg-1<q≤l -1) the variation of the scattering

function depend on the form of the particle and it is possible to distinguish

for example between a sphere or a rigid rod.
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Recovering all these information from the scattering function is called the inverse

scattering problem. The method most used to do it, is to fit the scattering curve for

different aggregates shapes. These functions are analytical equations that depend

on parameters such as radius of a sphere, shape of the aggregates, length of a rod,

etc. Therefore, the data fitting requires a physically reasonable interpretation to

ensure that the values extracted are real.

3.3. Dynamic light scattering

Several scattering techniques are typically used to study aggregate formation. In

this thesis we used Dynamic Light Scattering (DLS), Small angle X-Ray Scattering

(SAXS) and Small Angle Neutron Scattering (SANS).

Light scattering

It is characterised by a λ ≈ 5000 Å, the associated particle is a photon of energy of

about 10 eV. The interaction takes place through the polarisability (α) of the

elementary scatterer and the scattering length is defined as:

b(ϴ,λ,α)= f(ϴ) α (2π/λ)2 (3.f)

from this equation the dependence of b from the scattering angle ϴ and from λ is

evident. Moreover, the polarisability α can be expressed as function of the

refractive index in the case of isotropic scatterers at concentration N/V

α= (3.g)

3.3.1. Dynamic Light Scattering: experimental equipment

DLS, also known as Photon Correlation Spectroscopy, measures the diffusion

coefficient of particles in solution from the scattering of a laser beam, and the size

can be calculated using the Stokes-Einstein equation. The laser beam passes

through a polarizer and into the sample. The scattered light then goes through a

second polarizer where it is collected by a photomultiplier and the resulting image

is projected onto a screen. This is known as a speckle pattern.
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Figure 3-5 scheme of typical DLS systems

Particles in solution are never stationary, they are constantly moving due to

Brownian motion governed by the Stokes-Einstein equation (eq 3.a). An important

feature of this kind of motion for DLS is that smaller particles move quickly, larger

particles move slowly.

As the particles move around, the constructive and destructive phase addition of

the scattered light will cause the fluctuation of the intensity of the light on the

speckle. The DLS instrument measures the rate of the intensity fluctuation and then

uses this to calculate the size of the particles.

The system compares the intensity signal of a particular part of the speckle pattern

at time t with the intensity signal a very short time later (t+Δt). As we can see in fig

3.6 the correlation between the two signals depend on the speed of particles: the

rate of decay is much faster for small particles than it is for larger ones.
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Figure 3-6 Correlation function in DLS

More detailed information are contained in the book by Pecora[19].

3.3.2. Dynamic Light Scattering: Data analysis

The data collected by DLS are mainly three:

Z-average size (also known as the “cumulants mean”). In dynamic light scattering

this is the most important and stable number. This is the size to use if a number is

required for quality control purposes. It will only be comparable with other

techniques if the sample is monomodal (i.e. only one peak), spherical and

monodisperse (i.e. no width to the distribution), and the sample is prepared in the

correct dispersant.

In any other case, the Z-average size can only be used to compare results with

samples measured in the same dispersant, by the same technique, i.e. by DLS.

The cumulants analysis only gives two values, a mean value for the size, and a width

parameter known as the Polydispersity, or the Polydispersity Index (PDI). It is

important to note that this mean size (often given the symbol Z or z-average) is an

intensity mean. It is not a mass or number mean because it is calculated from the

signal intensity.

The cumulants analysis is actually the fit of a polynomial to the log of the G1

correlation function Ln[G1] = a + bt + ct2+ dt3 +….
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The value of b is known as the second order cumulant, or the z-average diffusion

coefficient. This is converted to a size using the dispersant viscosity and some

instrumental constants.

Only the first three terms a,b,c are used in the standard analysis to avoid over-

resolving the data; however this does mean that the Z-average size is likely to be

interpreted incorrectly if the distribution is very broad (i.e. has a high

polydispersity).

Polydispersity index. The coefficient of the squared term, c, when scaled as 2c/b2

is known as the polydispersity, or polydispersity index (PDI).

Peak means. Displays the size and percentage by either intensity, volume or

number for

up to three peaks within the result.

In summary, the cumulants analysis gives a good description of the size that is

comparable with other methods of analysis for spherical, reasonably narrow

monomodal samples, i.e. with polydispersity below a value of 0.1. For samples with

a slightly increased width, the Z-average size and polydispersity will give values that

can be used for comparative purposes. For broader distributions, where the

polydispersity is over 0.5, it is unwise to rely on the Z-average mean, and a

distribution analysis should be used to determine the peak positions. [20]

3.4. Differential Scanning microCalorimetry (nano DSC)

Differential Scanning Calorimeters (DSC) measures temperatures and heat flows

associated with thermal transitions in a material. Common usage includes

investigation, selection, comparison and end-use performance evaluation of

materials in research, quality control and production applications. The Nano DSC is

designed for ultra-sensitive measure of heat absorbed or released by dilute in-

solution bio-molecules as they are heated or cooled.

The instrument used for this project was equipped with a capillary platinum cell

that
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attenuate aggregation and precipitation. Platinum is inert and compatible with

strong acids and bases, the small volume (300 µL active cell volume) minimizes

sample consumption and minimize trapped air bubbles.

The Thermoelectric Temperature Control ensure an accurate, reproducible

temperature control for highest sensitivity in both heating and cooling scans and

unmatched baseline reproducibility.

Instrument features were a user-programmable pressurization system (up to 6

atm),a short-term noise of 0.015 µW, a baseline stability of ±0.028 µW, a response

time of 7 seconds, an operating temperature from -10 °C to 130 °C or 160 °C, a

temperature scan rate up to 2°C/minute, a fixed capillary platinum cell having an

active cell volume of 300 µL and the power compensation heat measurement.
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"As the search for life in the solar system expands, it is important to know what

exactly to search for". [1] We started this thesis work with this sentence and

presenting different ideas of how life on Titan’s methane lakes could be. This

project doesn’t claim to be a proof of the existence of life in extreme hydrocarbon

environments, but rather an experimental work to prove that life can be

constituted by different bricks than those that build the life as-we-know-it-on-

Earth. Thus, the principal aim of this project was to synthesise new reverse

amphiphiles and to detect their aggregation in an organic solvent that acted as

model for hydrocarbon environment. There is a lack in the definition of typical

micelle and reverse micelle, though. What we obtained is a new kind of aggregate

in hydrocarbons, made of amphiphilic molecules that differ from common

surfactants for the inverted polarity, but at the same time are different from

amphiphilic block co-polymers that bear a long lipophilic chain and are generally

one or two orders of magnitude larger. [2] For these reasons we called them reverse

amphiphiles.

It must be stressed that this is the first experimental work in which micelles with

the same geometric configuration of typical micelles in water, are formed in

hydrocarbons.

The project started with the design and synthesis of nine new reverse amphiphiles.

Two others- i.e. �� and �9- are currently issue of synthesis (see figure 5.1).

Their designed was based on the geometry and dimensions of the final molecule

as well as the electronic configuartion of each part. We used different kind of

headgroups, while for the tails we used PEGs with different lengths and terminal

groups.

Seven reverse amphiphiles were obtained in high yield and purity (i.e. �-�). Purity

is an important parameter for the aggregation process. Since this was the first

attempt to obtain typical micelles in hydrocarbons, we wanted to avoid the
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presence of impurities that might influence the micelle formation. Compounds 8

and 9 were obtained as a mixture of amphiphiles with different tail length, thus

their behaviour in hydrocarbons was not analysed.
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Figure 5.1 Chemical structures of reverse amphiphiles synthesised in this thesis

For the same reason a particular attention was put on the dehydration of both

solvents and reverse amphiphiles, although it was not possible to determine the

water content. This analysis, in fact, is commonly done with a Karl-Fisher titration,

that implies the solubilisation of the compound under examination in methanol.

Reverse amphiphiles �-7 though, are not soluble in this organic solvent.

We started analysing the aggregation of reverse amphiphiles using one of the most

common technique for aggregates detection that is DLS.

This instrument is a powerful tool with aqueous solutions, but failed with

hydrocarbons.

The high polydispersity of micelles and their very small size, limited the accuracy of

DLS measures and thus it wasn’t possible to determine the size and volume of

aggregates. DLS though, allowed the discrimination between solutions containing

aggregates and those without.

Compounds 1-3 didn’t show any aggregation ability, while compound 4 and 5 were

found to aggregate only in n-hexane and cyclohexane.

Although DLS measures didn’t allow the characterisation of the aggregates formed,

the results obtained were really important. We found that an aromatic ring in the

headgroup is not enough hydrophobic, and doesn’t give to the final molecule the

necessary amphiphilic nature to permit the aggregation in hydrocarbons. Thus the

electronic configuration of each part of the amphiphilic molecule is fundamental.

Another important feature obtained with DLS, is the role of the solvent. While for

conventional surfactants typical micelle can form only in water, for reverse

surfactants the geometry and polarity of solvent influence dramatically the

aggregation process. The result is that while in hexane and cyclohexane

compounds 4 and 5 showed aggregation abilities, in a mixture of alkanes like
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petroleum ether the aggregation was not permitted. Thus, aggregation is not

possible with all reverse amphiphiles and not in all hydrocarbon solvents.

We then used calorimetric methods to confirm DLS results. The instrumental limits,

though, didn’t allowed the complete acquisition of nano-DSC scans. As DLS, nano-

DSC is design for the analysis of aqueous solutions and not for solvents that are

more volatile. DSC measure was insufficient to calculate micelle formation

enthalpy, but enough to confirm the aggregation of free amphiphiles in

cyclohexane. We attempted also the determination of the CAC of compounds �

and � with Isothermal Titration Calorimetry, but all the attempts were

unsuccessful. A deep study of the thermodynamic of the aggregation process is

planned using compounds 6 and 7 in methylcyclohexane.

The complexity of self-aggregation of reverse amphiphiles in hydrocarbons partly

relies on the fact that there are more factors to consider than in water.

From this point, we decided to study both these aspects starting with the synthesis

of reverse amphiphiles similar to compound 4 and 5, but with an enhanced

lipophobicity on the tail.

Compounds 6 and 7 were then designed and synthesised using TEG as tail

precursor. The first evidence of the amphiphilic nature of compounds 6 and 7 was

the different solubility of them and TEG in cyclohexane. While TEG itself is not

soluble in it, the reverse amphiphiles 6 and 7 form clear colourless solutions up to

a 50/50 volume ratio.

The aggregation was studied with an NMR technique- i.e. 2D-DOSY – that

calculated the diffusion coefficient of particles in solution. This method is usually

adopted to analyse the formation of big aggregates in water [3] since the measure

is a weighted average between Log[(D)free amphiphile] and Log[(D)aggregate].

2D-DOSY was done on solutions at different concentrations of amphiphiles 6 and 7

in cyclohexane. The difference of D between a dilute solution and a concentrated

one for both amphiphiles was not really marked. This suggested a high



��

polydispersity of aggregates size, a multi-equilibrium process of micelle formation

and aggregates size in the same order of magnitude of amphiphile length. Although

2D-DOSY was not a suitable technique for the study of reverse amphiphiles

aggregation, it was sufficient to detect aggregates.

From all these results, it is evident that more sophisticated techniques are

necessary for the characterisation of micelles from reverse amphiphiles in

hydrocarbons.

SAXS measures were performed both at Università Cà Foscari Venezia and at The

University of Sydney. With this technique it was possible to calculate the radius of

gyration of aggregates applying the Guinier law. It must be pointed out that Rg is,

for definition, independent from the aggregate shape. Once calculated the Rg it

was possible to advance some hypothesis about the aggregates shape. The most

plausible assumption was the sphere, thus we calculated the geometrical

aggregate radius for each amphiphile at each concentration. It’s not possible,

though, to distinguish between a system of polydisperse spheres and a system of

ellipsoids (these results were collected in a first communication that is currently

under revision). The only consideration that can be advanced, is to exclude the

formation of vesicles. This hypothesis was actually confirmed by preliminary

studies performed with solvent penetration experiments that was done using the

Polarizing Optical Microscopy, available at The University of Sydney. Solvent

penetration experiments were performed to examine lyotropic phase formation

over a range of concentrations. This method is well established for identifying

vesicle formation.[4-6] The procedure was to place a spot of reverse amphiphile on

a microscope slide with a cover slip. A drop of the solvent was then placed on the

outer edge of the cover slip where it was drawn into contact with the amphiphile

via capillary action.[7] This creates a concentration gradient. Using the solvent

penetration, we tested also the effect of the addition of D-Glucose, C12E3

(triethylene glycol monododecyl ether), TEG, TEGME and ethylene glycol

monobuthyl ether at molar ratio with the reverse amphiphiles �-7 of 1, using
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cyclohexane as solvent. These compounds were supposed to act as co-surfactants,

and favour the formation of vesicles. Since all these attempts were unsuccessful,

we didn’t report any measure to avoid a tedious lecture.

So far, the aggregation of reverse amphiphile in hydrocarbons was detected, we

calculated the Rg and the CAC of each amphiphile, thus the aim of the project was

satisfied. There are though, some other aspects that must be study in deep.

With DLS we saw the importance of the solvent in the aggregate formation, in

particular it was found that petroleum ether did not permit the micellisation. We

then collected SAXS measures of compounds "-# at 200mM in methylcyclohexane,

ethylcyclohexane, benzene, toluene and water. We already saw that compounds 6

and 7 that bear a terminal hydroxyl group were not soluble in n-hexane while

compounds 4 and 5 are soluble and aggregates in it. Benzene and toluene are not

sufficiently apolar to permit the aggregation, while cyclic hydrocarbons allow the

aggregation of all four compounds. The hypothesis is that a cyclic conformation

rather than the linear or branched ones, might permit the insertion of solvent

molecules between the heads stabilising the micelle. This supposition might be

confirmed with the SANS data treatment.

One of the most obvious questions at this point, is to confirm the geometry of the

micelle obtained. The target was a micelle in hydrocarbon with the same

configuration of typical micelle in water. Thus next step was to confirm the

lipophobic nature of the micelle core.

Common techniques in water implies the use of a probe like a chrompohore or a

fluorophore. Such compounds usually change their luminescent (or fluorescent)

properties once incorporated in the micelles. [8-10] In the same way we used

Fluorescein, Reichardt dye, Rhodamine B and Brilliant Green as probes. These

common dyes are insoluble and inactive in hydrocarbons. In the solutions

containing a concentration of 200mM of reverse amphiphiles, the dyes were

solubilised in the solution. This behaviour suggested their incorporation in the

aggregates. We then performed UV-VIS or Fluorescence measures on the solutions,
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but without success. The explanation may relies on the dimensions of dyes

compared to micelles. Although positive interactions were established between

amphiphiles and dyes, the latters couldn’t fit in the micelle, with the consequent

quenching of the dye.

We then opted for another kind of measure, using water as probe and SAXS as

analytic technique. With this procedure it was possible to determine not only the

polar core of micelles, but also the influence of the terminal hydroxyl group in the

aggregation and the role of the headgroup in the stability of aggregates.

Preliminary measures were performed with SAXS, but the proposal for SANS

measures at ANSTO was accepted and funded for a value of 47.000 aud.

Although we are still performing SANS data analysis, it’s possible to claim that:

hydroxyl group at the end of the amphiphile tail is necessary for water

incorporation, since compounds & and ' cannot solubilise water in

hydrocarbon solutions;

Water is packed in the core of micelle, that confirmed the desired

geometrical configuration of the micelle, i.e. the lipophilic heads are

directed toward the apolar solvent and are distributed on the external

surface of the micelle, while PEG tails are packed into the core of the micelle.

Although both compounds 6 and 7 bear the terminal hydroxyl group, yhe

behave in a different way in a water in oil system. Our hypothesis about the

different behaviour of is based on the geometry of these reverse

amphiphiles. Headgroup shapes influenced the packing properties of

amphiphiles in the micelle, i.e. a flat rounded headgroup (6) lead to a more

stable micelle than a spherical one (7). Perturbing the system with water

addition, made this difference in stability more evident.

Moreover, it was found that the lowering of temperature to -20°C, has no effects

on micelles composed only by reverse amphiphiles, while lead to an enhancement

of micelle size once water is incorporated.

SANS results are subject of a paper in preparation.
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Lastly, some attempts were done for the study of solubility and aggregation

abilities of amphiphiles *-7 in liquid methane, with the aim of reconnect this

project with the idea of life on Titan’s methane lakes. Since all the problems we

encountered during the acquisition were due to technical aspects, we are working

on a proposal for new SANS measures. There are, in fact, no other techniques that

allow to detect the micelle formation at such extreme conditions.

Future prospective

This thesis work opened a new branch in the field of soft matter. The possible

studies that could be done now are many.

With conventional surfactants, there are a lot of different techniques used for the

detection and characterisation of aggregates in solution, but we saw that not all

are applicable in hydrocarbons. Thus, it would be interesting to find a probe such

as a chrompohore or a fluorophore suitable for this kind of system, and use them

as detector of aggregation.

Another aspect that can be develop is the geometry of amphiphile. We are

currently synthesising compound 10 and 19, with the aim of obtain bigger micelles

or lyotropic phases. The main target in this sense is to obtain a double layer vesicle.

Another way to produce bigger aggregates is the use of molecules that can be

inserted between amphiphiles. A preliminary study was performed at The

University of Sydney, but more attempts should be done.

Lastly, we aim to find an application of reverse amphiphiles, as for example as

dehydrating agents for apolar solvents, or nano-reactors. This last target, though,

will require a long and extensive research.
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0123su4ts5 Measurement of phase behavio ur

In chapter 3 we introduced several techniques that are commonly used to study

the aggregation behaviour of amphiphilic molecules in water. In this project these

methods were used to detect and analyse the aggregation of our reverse

amphiphile in hydrocarbons. It must be stressed that all these techniques are

usually used for aqueous systems and often the instruments are designed for

aqueous samples and not for hydrocarbons. For this reason, every instrument had

to be calibrated and the acquisition methods optimised for each solvent, where

possible.

4.1. Dynamic Light Scattering (DLS)

DLS is one of the most used techniques for the study and characterisation of

aggregates in solution. DLS is easy to use, doesn’t require a high amount of sample

and its cost make this instrument affordable and used for routine measurements.

Particle sizing in the submicrometer size-range is nowadays performed on a routine

basis using DLS. The scattering of the laser beam is due to a different refractive

index of the particle respect to the solvent. The instrument used for this project

was a Malvern Zetasizer Nano ZS90, located at University of Verona, Italy. This

particular instrument has a measurement range of 0.3 nm – 5.0 microns (diameter,

sample dependent), it uses a 90° optics and has a sensitivity of 10 mg/L (tested with

lysozyme)[1]. These features are common in most of DLS instruments.

DLS was used to analyse the aggregation behaviour of amphiphiles 1-5 in different

apolar solvents, such as hexane, cyclohexane, and petroleum ether (b.p. 40°- 60°C).

All measures were acquired using a 10 mm optical glass fluorescence cuvette. The

choice was dictated by the fact that disposable cuvettes are made of polystyrene,

a polymer that is soluble in organic solvents. A fluorescence cell, moreover, allowed

the acquisition with the detector at 90 degrees because all faces are transparent

to light.
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We first ran measures of pure solvents at RT, in which no particles were detected.

For each amphiphile were prepared stock solutions at the concentration of 500 or

200mM of amphiphile in different solvents (i.e. hexane, cyclohexane and

petroleum ether 40-60°C). Concentrations in the range of 10-500 mM were

prepared by further dilution of the stocks.

All solutions and pure solvents were filtered before the acquisition in order to

lower the dust content in solution that can affect the intensity distribution.

However, any signal due to the presence of particles bigger than 1000 nm was

ignored since considered as dust.

The first order result from a DLS experiment is an intensity distribution of particle

sizes. The intensity distribution is naturally weighted according to the scattering

intensity of each particle fraction or family. For biological materials or polymers the

particle scattering intensity is proportional to the square of the molecular weight.

As such, the intensity distribution can be somewhat misleading, in that a small

amount of aggregation/ agglomeration or presence or a larger particle species can

dominate the distribution [2-4]. However, this distribution can be used as a sensitive

detector for the presence of particles in the sample.

Although the fundamental size distribution generated by DLS is an intensity

distribution, this can be converted, using the Mie theory[5], to a volume distribution

or a distribution describing the relative proportion of multiple components in the

sample based on their mass or volume rather than based on their scattering

(Intensity.) When transforming an intensity distribution to a volume/mass

distribution, four assumptions are made.

• All particles are spherical

• All particles are homogeneous

• The optical properties of the particles are known, i.e. the real and imaginary

components of the refractive index

• There is no error in the intensity distribution
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An understanding of these assumptions is particularly important since the DLS

technique itself produces distributions with inherent peak broadening, so there will

always be some error in the representation of the intensity distribution. As such,

volume and number distributions derived from these intensity distributions are

best used for comparative purposes, or for estimating the relative proportions

where there are multiple modes, or peaks, and should never be considered

absolute.

Amphiphile conc
(mM)

size
(nm)

vol
(%)

PDI conc
(mM)

size
(nm)

vol
(%)

PDI

cyclohexane hexane

4

300 51.0 83 0.8 300 0.7 100.0 0.9

200 7.0 100 1 200 0.7 100 0.8

100 10.0 87 0.9 100 0.7 100 1.0

50 7.9 97 1 50 1 100 1.0

10 8.0 83 1

5

300 0.7 100 1 300 0.7 100.0 1

200 0.9 100.0 1.0 200 0.7 100.0 0.9

100 0.7 100.0 1 100 0.7 100.0 1

50 0.8 100 1

10 1.2 100 1

Tab 4.1: size of particle in solution detected with DLS of compounds 4 and 5 in cyclohexane and hexane at

different concentrations, RT

In table 4.1 are reported the size and their relative volumetric percentage

abundance of the most abundant particles in solution. For amphiphiles 1, 2 and 3

no sign of aggregation was detected. On the contrary the analysis of amphiphiles 4

and 5 in hexane and cyclohexane showed the presence of aggregates in the range

between 0.5-60 nm. No aggregation was detected in petroleum ether. All the

analysis, though, were characterised by a high polydispersity index (PDI). PDI is

calculated by a simple two-parameter fit to the correlation data (the cumulants

analysis), it is dimensionless and scaled such that values smaller than 0.05 are

rarely seen other than with highly monodisperse standards. Values greater than

0.7 indicate that the sample has a very broad size distribution and is probably not

suitable for DLS. The various size distribution algorithms work with data that fall

between these two extremes[6-8].
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By DLS we didn’t detect aggregates in any of the solutions of the reverse

amphiphiles 1-3, but with compounds 4 and 5 we detected a highly polydisperse

system of reverse surfactants aggregates in hydrocarbons. For all acquisitions the

PDI value was higher than 0.7.

4.1.1.DLS data discussion:

The study carried out using DLS was focused on the self-assembly of reverse

amphiphiles 1-5 in hexane, cyclohexane and petroleum ether (b.p. 40°- 60°C) at

different concentrations. From the data collected with this technique, two

important features were deduced. Foremost, compounds 1-3 didn’t show any self-

aggregation property in any solvent. The main difference between these

compounds and amphiphiles 4-5 lies in the electronic configuration of the

headgroups. Compounds 1-3, in fact, beared an aromatic ring (two for compound

2) that lended a more polar nature to the headgroup while 4 and 5 possess aliphatic

headgroups. These observations may indicate that a requirement for the

aggregation of reverse amphiphiles in oil is the presence of a highly lipophilic

headgroup.

Compounds 4 and 5 showed different behaviour in petroleum ether compared to

n-hexane or cyclohexane. DLS of compounds 4 and 5 in hexane and cyclohexane

revealed the presence of particles in solution at all concentrations. The data

collected though, were characterised by a PDI greater than 0.7, thus this technique

was not suitable for the determination of the particle size. Although these data

cannot be considered as the real size of particle in solution, we used them as

indicator of aggregation. One possible explanation for the poor quality of the data

is that the DLS instrument built for routine measures of aqueous solutions was not

suitable for the detection of aggregates in hydrocarbon solvents.

For what concern compounds 1-3, no aggregate was detected, so their behaviour

was not studied further. Compounds 6-19, instead, were synthesised after the

aggregates described above and thus their aggregation in hydrocarbons was not
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investigated by DLS but rather studied by using the different and more suitable

techniques outlined later.

4.2. Nano DSC

Nano-DSC is a specific kind of DSC instrument designed to characterize the

molecular stability of biomolecules in water. Because of its high sensitivity it can

measure the tiny heat absorption of micelle formation.[9]

This instrument is commonly used for the analysis of aggregation in aqueous

samples. The standard acquisition method is 10 minutes of stabilisation time

before the scan, 1°C/min scan rate and 3 atm of pressure perturbation (N2).

This method was used for a first scan of pure hexane, giving a baseline not suitable

for the analysis for the presence of several broad peaks and a high initial

perturbation heat (see fig 4.1 a). The method was thus optimised taking into

account the higher vapour pressure of this solvent compared to water (i.e. 124

mmHg for hexane[10] compared to 17.5 mmHg[11] for water at 20°C). We raised the

pressure perturbation and slowed the scan rate in order to minimize the bubble

formation in the capillary. The optimized acquisition method was found to be 30

minutes of stabilisation time before the scan, 0.2 °C/min scan rate and 6 atm of

pressure perturbation (gas used N2), that are the instrumental limits of the

available nano-DSC (see figure 4.1 b). Because of the high vapour pressure of

hydrocarbon solvents, the maximum temperature reached in all the acquisitions

was 30 °C. Above this temperature it was impossible to avoid bubble formation.

The acquisition of the pure solvent was necessary because its contribution must be

subtracted to the heat capacity curve of the samples. For this reason, the curve of

pure solvents should be linear.
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Figure 4.1: DSC scans of hexane in cooling mode (blue) and heating mode (red), standard acquisition method

a) and optimised acquisition method b)

The enthalpy of the micelle formation could be obtained from a DSC experiment

by integration of the heat capacity curve between two temperatures.

Figure 4.2: comparison of heat capacity curves of hexane (blue) and compound 4 in hexane at 20mM (green)

and 50 mM (red). Cooling mode scan (a) and warming mode scan (b).

In figure 4.2 are shown nano-DSC curves (cooling and heating scans) of 20 and 50

mM solutions of compound 4 compared to hexane. The DSC trace of the solution

at 50 mM shows a thermal transition between 17.6 and 28 degrees with a broad

peak. Instrumental limits didn’t allow to reach higher temperatures in order to

collect the entire peak.
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Figure 4.3 derivative curves of DSC measures for surfactant 4 (a) and surfactant 5 (b) at 50mM after solvent

subtraction

Figure 4.3 shows derivative curves of DSC measures for both surfactants at 50mM.

Deriving the heat capacity curve (solvent subtracted) allows visualisation of the

temperature at which the aggregation take place at constant concentration.

Since the instrumental limits did not permit a deeper and more accurate study of

the thermodynamics of the system, no other measures were performed.

4.2.1.Nano DSC data discussions:

The aggregation heat capacity of compounds 4 and 5 in hexane and cyclohexane

was measured by DSC scans. We studied two different concentrations, i.e. 20 and

50 mM of reverse amphiphile in hydrocarbon solvent, for both molecules. At the

concentration of 50 mM, monomeric species and aggregates were hypothesized to

be both present in solution, thus the transition around 25 degrees is due to

aggregation/disaggregation of free surfactant. It was not possible to measure the

aggregation temperature on a solution containing only monomeric species

because the required low concentration of the solution (< 20mM) is characterised

by a very low heat of transition.

The shape of the transition depends on the cooperativity of the process. Highly

cooperative processes, such as micellisation of conventional amphiphiles in water

give very sharp transitions, whereas less cooperative changes show much broader
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transitions. In water, the formation of micelles is due to two different contribution:

the hydrophobic effect and Van der Waals interactions .[12] For a reverse

amphiphile such as 4 and 5 in a lipophilic solvent, the hydrophobic effect is lacking

and micelle formation is driven only by the attractive forces established between

the polar tails. This is confirmed by the broad transition recorded with nano-DSC.

It is therefore possible to deduct that critical aggregation temperature (CAT), i.e.

the temperature in which aggregates are formed, is comprised between 18 and 25

°C for both amphiphiles.

These curves show that the transition occurred at the same temperature in both

directions: cooling s well as warming. This suggested that the process of

aggregation in hydrocarbon solvents is reversible.

4.3. 2D-Diffusion Ordered SpectroscopY Nuclear Magnetic

Resonance (2D-DOSY NMR)

Since DLS was not sufficient to study reverse amphiphile aggregation, the self-

assembly of compounds 6-7 in cyclohexane was studied by measuring the diffusion

coefficient of the species in solution using 2D-DOSY NMR (2-Dimensional Diffusion

Ordered SpectroscopY).

4.3.1. 2D-DOSY experiments acquisition and processing

2D-DOSY was run on freshly prepared solutions of the two amphiphiles at different

concentrations in the range 5-260 mM in cyclohexane. Locking was performed on

residual protons of dmso-d6 contained in a coaxial tube. Before running the 2D

DOSY experiment, simple 1D DOSY were recorded for each sample in order to

optimize the magnetic field pulse gradients (δ) and diffusion time (∆) values to

ensure proper signal abatement during the 2D experiment.

1H-NMR were recorded at 303 K, unless otherwise stated, on a Bruker AVANCE 300

spectrometer operating at 300.15 MHz. δ values in ppm are relative to SiMe4. 2D-
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DOSY spectrum were recorded on the same instrument equipped with a PABBO

BB-1H Z GRD probe head. Pulse sequence used was ledbpgp2s 2D sequence for

diffusion measurements using stimulated echo and LED using bipolar gradient

pulses using 2 spoil gradients. The amplitude of the field gradient was varied from

2 to 95% of its maximum value over 32 increments, while the gradient recovery

delay (τ) and the eddy current delay (te) were fixed at 0.1 and 5 ms, respectively.

The diffusion delay (Δ) was set to 50 ms and the corresponding gradient pulse

duration (δ) 1-1.5 ms, in order to achieve an intensity attenuation range of at least

95%. The number of scans was set in the range 8-32 depending on the

concentration of the amphiphile, with a recycling delay D1 of 5 s. Without sample

spinning, a series of 32 spectra on 16K data points were collected with 32

transients, total measuring time was ca. 1 h. After Fourier transformation and

baseline correction, the diffusion dimension was processed with the Bruker Xwin-

NMR software package.

4.3.2.2D-DOSY results

We performed 2D-DOSY analyses on solutions of reverse amphiphiles 6 and 7 in

cyclohexane in the concentration range 5-260 mM. For each sample, the diffusion

coefficients of the resonances of the amphiphile and of the solvent were

determined at 303 K and plotted as a function of the concentration of each

amphiphile.

Measurements of Log(D) of amphiphile 6 at different concentrations by 2D-DOSY

NMR are reported in fig 4.4. In the range of concentrations considered, the solvent

showed a rather constant diffusion coefficient, indicating that the viscosity of the

solution was not affected significantly by changing the concentration of 6. The

diffusion coefficients of cyclohexane in itself (◊) and of amphiphile 6 ( ) at

increasing concentrations of 6 showed that the ratio between the hydrodynamic

radii of 6 and cyclohexane was about 2.0. This behaviour is indicative of

aggregation, albeit weak.
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Figure 4.4 Plot of Log(D) vs. concentration of 6 measured by 2D-DOSY experiments. •amphiphile 6, ◊

cyclohexane.

Since 2D-DOSY does not distinguish between the diffusion coefficients of the

amphiphiles and of the aggregates, thus an underestimated average hydrodynamic

radius of the aggregates was probably obtained.

Figure 4.5 Plot of Log(D) vs. concentration of 7 measured by 2D-DOSY experiments. •amphiphile 7, ◊

cyclohexane.

Figure 4.5, instead, shows the diffusion coefficients of cyclohexane in itself (◊) and

of amphiphile 7 ( ) at increasing concentrations of 7. As clearly observed in figure

3, while the diffusion coefficient of cyclohexane remained constant, the profile of



58

Log(D) for the amphiphile 7 as a function of the concentration (5-250 mM)

decreased monotonically down to the value of -9.3 at 250 mM. At a concentration

of 250 mM the ratio between the hydrodynamic radius of 7 and that of the solvent

cyclohexane was about 2.

4.3.3.2D-DOSY data Discussions

The 2D-DOSY NMR experiments provided diffusion coefficients of the aggregates

with respect to the solvent that were consistent with the magnitude of the

proposed self-assembled structures. However, it should be kept in mind that these

measures afforded experimental Log(D) values that are a weighted average

between Log[(D)free amphiphile] and Log[(D)aggregate] because the aggregates are in

equilibrium with each amphiphile 6 and 7 in solution and because the aggregation

equilibrium was fast with respect to the NMR timescale.

The diffusion coefficient for cyclohexane at 25°C observed by direct DOSY

measurements as an average value among the different solutions of 6 and 7 was

1.48·10-5 cm2/s which is in good agreement with the value reported in the literature

corresponding to 1.43·10-5 cm2/s.[13]

No clear change in the diffusion coefficient of 6 was observed up to 100 mM as

indicated by the minimal slope of log(D). The average ratio between the diffusion

coefficients of 6 and of cyclohexane is inversely proportional to the ratio of the

hydrodynamic radii of the two species. Calculation in the range 17-260 mM led to

an average hydrodynamic ratio about two times larger for 6 compared to that of

cyclohexane.

For compound 7, considering the ratios between the diffusion coefficients of 7 and

of the solvent cyclohexane for the different solutions, it is clear that the average

hydrodynamic radius of the amphiphile tends to increase with increasing

concentration, up to about 5.0•10-10 cm2/s for 250 mM. Moreover, at a

concentration of 250 mM the ratio between the hydrodynamic radius of 7 and that
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of the solvent cyclohexane was about 3.5. Both these results are a strong indication

of aggregation.

At a concentration of 250 mM the ratio between the hydrodynamic radius of 7 and

that of the solvent cyclohexane was about 2, that is a clear indication of micelle

formation.

4.4. Small Angle X-ray Scattering (SAXS) results

4.4.1.Micelle detection

Having obtained evidences of aggregation of our reverse amphiphiles 4-7 by DLS,

DSC and NMR, we then focused on SAXS measurements for a more detailed

characterization of the aggregates. We therefore investigated the behaviour of 4-

7 in cyclohexane by SAXS at different concentrations (50, 75, 100, 200, 300, 500

mM). All the intensities are reported in arbitrary units and subtracted of the solvent

contribution.

We first searched for organised structures of 4 and 5 over a range of concentrations

in cyclohexane using small angle X-ray scattering spectroscopy (SAXS). These

measures were run in order to confirm the presence of the aggregates detected by

DLS and DSC. Moreover, SAXS allowed to estimate the size of particles in solution.

The SAXS intensities relative of compound 4 at different concentrations in

cyclohexane (see figure 4.6 a) were indicative of the presence of self-assembled

structures as indicated by the increasing of the intensity of the scattering curve in

the region 0.01 - 1.0 nm-1. In figure 4.6 b are shown the Guinier plots of the

intensities (see equation 3.e).
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Figure 4.6: SAXS intensities (arbitrary units, solvent subtracted) of compound 4 in cyclohexane at different

concentrations (a) and Guinier plot of SAXS intensities (b).

The slopes of the linear fit, that gives -Rg2/3, were all very similar and independent

of concentration and assuming spherical particles this allowed the estimation of

the radii (R2 = (5/3) Rg2). Since the particle size did not increment with increasing

concentration, the increase of intensity of scattering curves was due to the number

of particles.

Figure 4.7 geometric radii of aggregates and CAC extrapolation by linear fit of I(0) for compound 4.

The calculated radii were plotted as a function of surfactant concentration. The

aggregate sizes complied with the consistence restrain for the Guinier Plot that

requires that the linear fit must be done in the region q2<1/Rg2 0.35 nm-2. The

radii of the aggregates were about 1.5 nm and were almost independent of the
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concentration in the investigated range (50-500 mmol).The estimated length of

surfactant 4 was approximately 2 nm by molecular mechanics, therefore the size

of the aggregates was consistent with the one of the surfactant.

Using the Guinier plot it was evident that aggregate size didn’t change with

concentration, as indicated in figure 4.7 a.. Although there’s no evident changing

in the intensity of scattering curves, the Critical Aggregate Concentration (CAC) was

obtained by linear extrapolation of these intensities to I(0)=0. The CAC obtained

for surfactant 4 is 42±10 mM (see figure 4.7 b).

Very similar results were obtained with surfactant 5 and figure 4.8 a shows the

increase of the intensity of the SAXS signal with the concentration. The slope of the

Guinier plot in figure 4.8 b does not change significantly for the studied

concentrations and the average radius, obtained assuming a spherical shape of the

aggregates, was 1.3 ±0.2 nm.

Figure 4.8: SAXS intensities (arbitrary units, solvent subtracted) of compound 5 in cyclohexane at different

concentrations (a) and Guinier plot of SAXS intensities (b).

CAC was estimated with the same plot used for compound 4, and a value of CAC

=22±5 mM was obtained. Sizes and CAC of compound 5 were both comparable to

the results obtained for 4 within the experimental error.
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Figure 4.9.: geometric radii of aggregates and CAC extrapolation by linear fit of I(0) for compound 5.

We then measured the scattering spectra of reverse amphiphile analogous to

compound 4 and 5, but bearing a tail with an enhanced polar nature. Compound 6

and 7, in fact, are characterised by a terminal hydroxyl group that should allow the

formation of hydrogen bonds and thus favour the self-aggregation.

SAXS measures were performed in the same conditions used for compounds 4 and

5.

The SAXS intensities of compound 6 were concentration-dependent and showed

the presence of self-assembled structures as indicated by the increase in intensity

of the signal in the region 0.1 - 1.0 nm-1 (figure 4.10 a), while in figure 4.10 b are

reported the respective Guinier plots.

Figure 4.10. SAXS intensities (arbitrary units, solvent subtracted) of compound 6 in cyclohexane at different

concentrations (a) and Guinier plot of SAXS intensities (b).
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The calculated radii were plotted as a function of surfactant concentration (figure

4.11 a) and it was found to be comprised between 1.8 and 2.6 nm over the

concentration range of 50-300 mM.

A plot of I(0) vs concentration allowed to estimate a CAC by extrapolating the

concentration at I(0) = 0.The CAC appeared to be comprised between 20 and 40

mM (Figure 4.11 b).

Figure 4.11: geometric radii of aggregates and CAC extrapolation by linear fit of I(0) for compound 6.

The scattering spectrum of amphiphile 7 in cyclohexane at different concentrations

is reported in figure 4.12a while the Guinier plot of the intensities subtracted of the

solvent contribution are shown in Figure 4.12 b.

Figure 4.12 SAXS intensities (arbitrary units, solvent subtracted) of compound 7 in cyclohexane at different

concentrations (a) and Guinier plot of SAXS intensities (b), 25°C
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Over the range of concentrations, all the slopes and therefore the Rg's of 7 were

very similar. The geometric radii (R) were calculated using equation R2 = 5 Rg2/3,

and the values obtained were plotted in Figure 4.13 a as a function of amphiphile

concentration and, assuming a spherical shape of the aggregates, averaged around

1.7- 2.5nm.

Figure 4.13 geometric radii of aggregates and CAC extrapolation by linear fit of I(0) for compound 7.

The self-aggregation of compound 7 in cyclohexane is more evident than the other

amphiphiles, and in figure 4.13 b it is clear that the aggregation took place after

100mM.

To the best of our knowledge, these results provided the first experimental

evidence of self-assembly of reverse amphiphiles in hydrocarbons to form typical

micellar structures.

Once obtained the proof of micelle formation in cyclohexane using our new reverse

amphiphiles, the project was carried on at the University Of Sydney, where there

was the possibility to acquire SAXS and SANS data. All the results collected are

presented below.

Firstly, all data presented above were confirmed. Then the effects of solvent, water

addition and temperature on the self-aggregation were analysed.
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4.4.2.Solvent effect

As presented above, compounds 4-7 were found to be soluble in cyclohexane at all

concentrations up to a 50/50 volume ratio and gave evidences of aggregation. The

analysis of those aggregates by SAXS allowed to establish an aggregates size of

around 4 nm of diameter and to speculate about their possible spherical shape.

Different hydrocarbons were then used in order to study the behaviour of reverse

amphiphiles in solvents having different geometry and electronic features.

The aim of this study was on one hand to establish a correlation between the

terminal group of the tail - i.e. ethyl or hydroxyl - and the electronic features of the

solvent, while on the other hand we searched for a relation between the geometry

of solvent and the one of the headgroup.

The solvents used were n-hexane, methylcyclohexane, ethylcyclohexane,

isooctane, toluene, benzene and water

n-hexane

Hexane is a six-carbon hydrocarbon like cyclohexane, but linear. The difference in

the geometry of these two compounds was very important, because the

interaction with amphiphiles both in the packing process and in the stabilisation of

the aggregate was different.

Hexane and cyclohexane differs also for polarity, vapour pressure, melting point

and boiling point. For details see appendix B.

The result of all these differences was a different interaction with reverse

amphiphiles, that strongly influenced their solubility and aggregation capacity.

Compound 4 and 5 were characterised by a terminal ethyl group that diminished

the polarity of the tail. These compound were soluble in hexane up to 50/50

volume ratio. Solutions of 200 mM in hexane for both compound were studied by

SAXS. The profiles obtained are indicative of the presence of aggregate in solution

(fig 4.14).
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Figure 4.14. SAXS intensities (arbitrary units, solvent subtracted) of compound 4 and 5 at 200mM in n-

hexane, 25°C

The size of aggregates was calculated using the Guinier law, and the Rgs found were

around 1.5 and 2 nm for compound 4 and 5 respectively. The profiles were fitted

using the sphere model and the ellipsoid model. Both models gave a good fitting

only using a polydispersity index comprised between 0.3-0.7 (Shultz distribution).

On the contrary reverse amphiphiles 6 and 7 were not soluble in n-hexane. The

terminal hydroxyl group lend such a polar nature to the tail, that the solubilisation

in this solvent was not permitted.

Methylcyclohexane and ethylcyclohexane

These two solvents are characterised by a cyclic but asymmetric geometry - due to

the alkyl chain on the ring - a very low melting point and are both immiscible in

water.

In both solvents compounds 4-7 were soluble and self-assembled in aggregates.



67

Figure 4.15 SAXS intensities (arbitrary units, solvent subtracted) of compounds 4-7 in ethylcyclohexane at

100mM (a) and in methylcyclohexane at 300mM (b), 25°C

In figure 4.15 are reported the SAXS intensities of compounds 4-7 in

ethylcyclohexane at 100mM (a) and in methylcyclohexane at 300mM (b). The

scattering curves of compounds 4 and 5 were less intense than those of compounds

6 and 7 in both solvents. For all amphiphiles, also in this case it was not possible to

establish the shape of aggregates between sphere or ellipsoids, because of the high

polydispersity index of the size of aggregates, that were comprises between 0.3

and 0.8 (Shultz distribution).

For this it was not possible to give an accurate size for the aggregates formed.

Average radii (see table 4.2) were calculated fitting the profiles with sphere models

instead using the Guinier plot because data points were smeared, especially for

compounds 4 and 5.

4 5 6 7

Ethylcyclohexane 0.5± 0.7 nm 0.6± 0.8 nm 1.3± 0.8 nm 1.2± 0.9 nm

Methylcyclohexane 0.3 ± 0.8 nm 0.4 ± 0.7 nm 1.4 ± 0.8 nm 1.3 ± 0.7 nm

Table 4.2 average radii of aggregates in hydrocarbons of compound 4-7, calculated by fitting with sphere

model.

Isooctane

The main difference between the other solvents tested so far and isooctane (2,2,4-

trimethylpentane) is the geometry. This is a linear branched alkyl hydrocarbon
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immiscible with water and with a very low melting point ( i.e. -107.4°C, see

appendix B)

At 25°C, compounds 4-6 are soluble in this solvents up to 100 mM, concentration

after which all the solutions became turbid. Compound 7, instead was soluble up

to 75 mM, while at around 100 mM it was possible to appreciate a clear phase

separation.

For all compounds the formation of particles in solution was detected by SAXS. It

was not possible, though, to establish the nature of the scatterer because the SAXS

curves were not reproducible. The hypothesis that could explain this behaviour is

that the scattering might be originated by the self-aggregation of amphiphiles, as

well as by the formation of very small drops of amphiphiles that at concentration

higher than 100 mM caused the macroscopic turbidity of solutions.

Benzene and Toluene

Benzene and Toluene were chosen to determine the effect of a planar geometry

and a more polar nature of the solvent respect to cyclohexane. Compounds 4-7

were soluble up to 50/50 volume ratio, but no aggregates were detected at any

concentration.

Water

Analogously to conventional surfactants that self-assemble in reverse micelles in

hydrocarbons, reverse amphiphiles in water were expected to aggregate in reverse

micelles. Compound 4 and 5, were instead insoluble in water and formed a

separate clear phase at all concentrations, while compounds 6 and 7 gave turbid

solutions once mixed with water.

4.4.3.Addition of water effect

By using SAXS it was possible to observe the formation of typical micelles in

hydrocarbons using reverse amphiphiles. In this system, the micellar core was

lipophobic, while lipophilic heads were arranged on the external surface toward

the hydrocarbon solvent. Our hypothesis was that water should be incorporated in
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the core of micelle thanks to the positive polar interactions with the triethylene

glycol tails.

The choice of the solvent was based on the previous SAXS results: cyclohexane,

methylcyclohexane and ethylcyclohexane were solvents in which all amphiphiles

examined formed aggregates. Methylcyclohexane, though, was chosen because it

has a melting point that allowed to study the process also at low temperature (see

appendix B), and it was more easily available than ethylcyclohexane.

Solutions of the amphiphiles 6 and 7 at 200mM in methylcyclohexane and

water/amphiphile ratios of 0.6, 3 and 5 were prepared mixing the amphiphile with

water and subsequently diluting the mixture with the solvent. All solutions were

then mixed overnight and analysed by SAXS.

In the solutions of compounds 4 and 5 water separated out as a different phase.

SAXS of the organic phase were performed to confirm the absence of water in

solution. For both amphiphiles the profiles collected at different w/a ratio (r) were

compared with the one in absence of water. Figure 4.16 reported the example of

compound 4.

Figure 4.16: SAXS intensities (absolute units, solvent subtracted) of solution containing compound 4 at

200mM in methylcyclohexane and at different w/a ratios (r): without water in black, r=0.6 red, r=3 blue, r=5

magenta.



70

SAXS curves plotted in figure 4.16 are relative to a water/amphiphile ratio (r) of 0,

0.6, 3 and 5. Those curves are superimposable, thus aggregates in solutions are not

influenced in number or size by the addition of water. An analogous result was

obtained with compound 5.

A completely different scenario was obtained with compounds 6 and 7.

In figure 4.17 are compared SAXS intensities of solution containing amphiphile 6 at

200 mM in methylcyclohexane without water and with water/amphiphile ratios of

3 and 5.

Figure 4.17 SAXS intensities (absolute units, solvent subtracted) of solution containing compound 6 at

200mM in methylcyclohexane and at different w/a ratios (r): without water in black, r=3 red, r=5 blue.

For all SAXS profiles the aggregate sizes were calculated by fitting the scattering

curves with a sphere model (table 4.2).

Water/amphiphile ratio

0 3 5

1.4 ± 0.8 2.6 ± 0.06 3.9 ± 0.08

Table 4.1 aggregate sizes at different water/amphiphile ratio (r) calculated by sphere model fitting

The effect of water on the aggregation of reverse amphiphile 7 was more

complicated.
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Water was added without any phase separation up to 0.6 water/amphiphile ratio

at an amphiphile concentration of 200 mM. SAXS measures were performed on

this solution and compared to the profile of a solution of amphiphile at the same

concentration without the addition of water.

Figure 4.18: SAXS intensities (absolute units, solvent subtracted) of solution containing compound 7 at

200mM in methylcyclohexane without water (black) and with a water/amphiphile ratio (r) of 0.6 (red).

The aggregate size formed by addition of water was calculated fitting the scattering

curve with a sphere model. The value of the radii found was 2. 1± 0.6 nm.

At a water/amphiphile ratio of 3 the solution separated into two different phases.

SAXS measures were performed on both phases.

Figure 4.19 phase separation of a solution containing amphiphile 7 at 200 mM and water at 600mM in

methylcyclohexane.
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Figure 4.20 SAXS intensities of solution containing compound 7 at 200mM in methylcyclohexane without

water (blue, absolute units, solvent subtracted) and with a water/amphiphile ratio (r) of 3: supernatant

(black, absolute units, solvent subtracted) and microemulsion (red).

In figure 4.20 are compared SAXS profiles of the two phases and of a solution with

the same content of amphiphile 7 without water. The SAXS curve relative of the

supernatant is almost flat and points are spread. On the contrary, the profile

relative of the lower phase is intense and well defined.

4.4.4.SAXS Data discussions

SAXS is a more sensitive technique than 2D-DOSY NMR, thus it allowed a more

detailed and accurate study of the behaviour of reverse amphiphiles in

hydrocarbons.

Compounds 4-7 in cyclohexane were measured by SAXS at different concentrations

to determine size and CAC of aggregates in solution. Compounds 6 and 7 were

found to form bigger aggregates than compounds 4 and 5. The terminal hydroxyl

group of the formers, increased the polar nature to the lipophobic part of the

reverse amphiphiles, favouring their aggregation in hydrocarbons. This behaviour

was clearer in ethylcyclohexane and methylcyclohexane. The intensity of scattering

measured on solutions containing the amphiphiles bearing a terminal ethyl group

was weaker than that of amphiphiles 6 and 7. Radii dimensions suggested that for
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compounds 4 and 5 only very small and few oligomers were formed, while for

reverse amphiphiles 6 and 7 micelles of about 1.5-2 nm radii were detected.

The difference in polarity due to the terminal group influenced also the solubility

of reverse amphiphiles. This behaviour was macroscopically evident in n-hexane.

Compound 4 and 5, characterised by a less lipophobic tail, were soluble in this

solvents and seemed to aggregate in small and very polydisperse aggregates. On

the contrary, compounds 6 and 7 were insoluble at any concentration.

A different scenario was observed for isooctane. Although it is immiscible with

water as cyclohexane, its dielectric constant is indicative of a different electronic

configuration. In this solvent compounds 4-7 were all apparently soluble up to 75-

100 mM. However, SAXS measures were not reproducible, and this suggested that

the scattering observed in solution was due to small drops rather than aggregates.

The difference between a drop of amphiphile and an aggregate lies on the solubility

of the molecule in the solvent: if the amphiphile is completely insoluble, a phase

separation take place, and drops are formed. Within the drop the molecules are

not ordered. On the other hand, although the aggregate formation it is considered

as a microphase separation, molecules are packed with a precise order and the

process of formation is reproducible.

The aromatic nature of benzene and toluene was found to be enough to hinder the

aggregation of reverse amphiphiles.

Lastly, the aggregation of reverse amphiphiles in water was analysed. The

formation of reverse micelles was expected, at least for amphiphiles 6 and 7, which

could hydrogen bond with water. The results, instead, indicated a clear phase

separation for compounds 4 and 5 at all concentrations, and the formation of

turbid solutions for compounds 6 and 7. The explanation for this might be due to

the fact that the hydroxyl group present on 6 and 7 did hydrogen bond water, but

the interactions (i.e. repulsions with heads and attraction with tails) were not

sufficient for micelle formation.



74

The effect of the presence of water in the system was studied. Our hypothesis was

that water should be incorporated in the core of micelle by positive interactions

with the polar tails. SAXS results suggested that water molecules interacted only

with the reverse amphiphiles 6 and 7 that are able to hydrogen bond . Although

those amphiphiles had the same tail, the effect of water on their micellar solutions

was different: spherical aggregates with an increased radius were observed for

compound 6 at all water/amphiphile ratios, while a phase separation took place at

a water/amphiphile ratio of 3 for compound 7. For the latter, SAXS measures were

performed on both phases. The SAXS intensity of the supernatant phase was

weaker than the one of the solution containing the amphiphile at 200 mM, and

almost comparable to the profile of the pure solvent. This meant that almost the

entire amount of reverse amphiphile 7 was confined in the heavier bottom phase.

The SAXS profile of the latter was fitted with several models, but without any

conclusive results. Our hypothesis was that the amphiphile 7 formed with water

and methylcyclohexane a bicontinuous microemulsion in which the three

components coexisted in a clear and thermodynamically stable phase. For this

system the subtraction of solvent would be a wrong procedure, since

methylcyclohexane was probably not the most abundant component. Furthermore

the shape of SAXS profile suggested the formation of an ordered phase but

different from aggregates obtained so far. The accurate study of this system should

be carried on by building a ternary phase diagram.

Our hypothesis to explain the different behaviour of compounds 6 and 7 in a water-

in-oil system, is based on the geometry of these reverse amphiphiles. Headgroup

shapes influenced the packing properties of amphiphiles in the micelle. Thus a flat

rounded headgroup (6), that resemble the shape of a spoon, might lead to a more

stable micelle than a spherical one (7) that looks like an air balloon (see figure 4.21).
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Perturbing the system with water addition, made this difference in stability more

evident.

Figure 4.21 3D structure of compound 6 and 7, associated to a spoon and a balloon respectively

4.5. Small Angle Neutron Scattering (SANS) results

As explained in chapter 3, all SANS measures presented in this thesis were collected

at the nuclear facility ANSTO, using QUOKKA SANS instrument.

The proposal for SANS acquisitions included two different studies. The first part

was to confirm the results collected by SAXS, while the second part aimed to study

the behaviour of reverse amphiphiles 4-7 in liquid methane.

4.5.1.Micelle detection: water and temperature effect

This part of the project was performed with a 20 sample holder, equipped with a

temperature controller (fig 4.22, indicated by a red arrow) that allowed to reach

the temperature of -20°C.
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Figure 4.22: 20-samples holder on Quokka instrument, temperature controller indicated by the red arrow.

The cell used was a 1mm, round quartz cell mounted on an aluminium support (see

figure 4.23).

Figure 4.23 pictures of the 1mm quartz cell (left) and of the cell mounted on the aluminium support (right).

SANS measures required the use of deuterated solvents that often are very

expensive. For this reason, the number of solvents and samples investigated are

limited. For example deuterated ethylcyclohexane is not commercially available

and thus it was excluded.

Compounds 4 and 5 were analysed in deuterated hexane, cyclohexane and

methylcyclohexane in the range of concentration of 50-200 mM at different

temperatures (25, 0 , -10 and -20 °C).

Compounds 6 and 7, instead, were analysed in deuterated cyclohexane and

methylcyclohexane in the same range of temperature and concentration. Just as

was done for SAXS, water influence on a solution 200mM of compound 6 was

studied.
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Compounds 4 and 5

SANS curves of compound 4 and 5 were acquired in hexane, cyclohexane and

methylcyclohexane. Figure 4.24 reports all SANS curves acquired for compound 4.

Figure 4.24: SANS intensities of compound 4 in n-hexane (a), cyclohexane (b) and methylcyclohexane (c) in

the concentration range of 50-200 mM, at 25 °C.

SANS curve of compound 4 in n-hexane at 100 mM (fig 4.24 a, blue) was affected

by humidity condensing on the aluminium surface of the sample holder. It was

possible to limit this phenomenon by a constant flux of nitrogen on the surface of

the holder, but it could not be completely avoided.

Analogous SANS curves were collected for compound 5 (see appendix C).

The samples were analysed at 25°C, 0°C, -10 °C and -20°C. The aim of this study was

to determine the correlation between micelle formation and temperature.

Figure 4.25 reports the effect of temperature on samples at 200mM. This

concentration was well above the CAC, thus we were sure to analyse the effect on
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aggregates already formed. For samples in cyclohexane, SANS intensities under 0

°C were not collected because that was below its solidification point.

Figure 4.25 SANS intensities of compound 4 in n-hexane (a), cyclohexane (b) and methylcyclohexane (c) at

the concentration of 200 mM at different temperatures

In all cases SAXS curves were almost superimposable. The profiles collected in n-hexane,

instead, showed an increasing of the scattered intensity with the temperature lowering.

Analogous results were obtained for amphiphile 5 and reported in appendix C.

Compounds 6 and 7

SANS intensities of compounds 6 and 7 were collected in cyclohexane and

methylcyclohexane at 50, 75, 100 and 200 mM. The profiles obtained at 25°C were

plotted and compared as reported in figure 4.26.

As also previously observed for the SAXS measurements, SANS profiles were

intense and well defined. A first estimation of size of the aggregates was conducted

using both a sphere model and an ellipsoid model, and the average radius of
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gyration was found to be around 2 nm, the same value previously calculated for as

calculated with SAXS. More accurate fittings are currently being studied with the

aim of discriminate between these two micelle geometries. In the same way, the

evaluation of a precise value of the geometric radius (or radii in the case of

ellipsoids) is still object of study as it depends on the shape.

Figure 4.26: SANS intensities of compound 4 in cyclohexane (a) and methylcyclohexane (b) in the

concentration range of 50-200 mM, at 25 °C.

As for compounds 4 and 5 the effect of the temperature was studied.

In cyclohexane at the temperature of 0 °C, the curve might be affected by the

solidification of cyclohexane (figure 4.27 a, orange curve). In methylcyclohexane

SANS profiles showed an increasing of the scattered intensity with the temperature

lowering.

Figure 4.27 SANS intensities of compound 6 in cyclohexane (a) and methylcyclohexane (b) at the

concentration of 200 mM at different temperatures
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Analogous results were collected for amphiphile 7 and are reported in fig C.5 (see

appendix C).

For compound 6 the effect of the addition of water was studied. A preliminary

study of the water-in-oil system was performed with SAXS (see paragraph 4.4.3).

The different contrast length between H2O and D2O, in fact, allowed the acquisition

of a more detailed analysis (for the theory of contrast length see paragraph 3.2.2).

200 mM solutions of compound 6 were prepared in deuterated methylcyclohexane

without water and with a water/amphiphile ratio of 3, using H2O and D2O

separately. These three solutions were analysed at 25, 0, -10 and -20 °C. The aim

of lower the temperature was to analyse the behaviour of water in the micelle

under 0°C, since water should freeze.

The SANS profiles of the 200 mM solutions of compound 6 without water, with

H2O and with D2O (both at water amphiphile ratio of 3) at 25°C are plotted and

compared in figure 4.28.

Figure 4.28 SANS profiles of solutions of compound 6 at 200 mM without water (brown), with H2O (light

blue) and with D2O (both at water: amphiphile ratio of 3) at 25°C

As expected, the intensity of the SANS curves increased with water addition, and it

was more intense with H2O rather than with D2O. The most interesting thing was

the shape of the profile relative to the solution with D2O, that is typical of spherical
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micelles. This effect was more evident at –20 °C. At this temperature, the scattering

curve did not present any variation due to the D2O freezing. The SANS profile,

though, suggest an increasing of D2O density, that highlight more details of micelle

structure thanks to the contrast length (figure 4.29).

Figure 4.29 SANS profiles of solutions of compound 6 at 200mM with D2O/ amphiphile ratio of 3 at 25, 0, -

10 and -20 °C.

The SANS profile acquired on the solution containing D2O at -20°C, was fitted using

the most plausible shape that micelle can adopt to minimize the superficial tension:

the sphere. The curve of a sphere with 2.7 nm radii fit the SANS curve with a good

agreement, taking into account that at high q the polydispersity of the real system

affects the correspondence between the real and the ideal systems (see figure

4.30).
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Figure 4.30 SANS intensity of compound 6 at 200 mM with D2O (red dots) and of a sphere of 2.7 nm radius

in a ideal monodisperse system.

4.5.2.SANS: Micelles in liquid methane

As anticipated at the beginning of paragraph 4.5, the second part of the proposal

presented to ANSTO was the study of the behaviour of reverse amphiphiles in

liquid methane. This part of the project was based on the possibility of life on

Saturn’s moon Titan and it required a special equipment, designed to work at -

170°C and with the possibility to completely fill the cell with deuterated methane.

The cell was built in aluminium with an O-ring of Indium. This element has the

characteristic to expand at low temperatures, thus it was supposed to be the best

candidate to seal the cell.
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Figure 4.31 pictures of the equipment adopted for SANS acquisitions in liquid methane.

The cell was built with a direct connection to the cryostat, which assured the

temperature control of the cell. The inner part of the cell was connected both to a

vacuum pump and to the D4-methane bottle, through a T-shape valve. The

experiment required the dissolution of the amphiphile in the cell before its

solidification. To fulfil this requirement the amphiphiles were weighted directly in

the cell, the cell was closed and evacuated with a vacuum pump and then filled

with gaseous methane at room temperature. The cell holder was then put under

vacuum and the entire system chilled to -170°C.

Unfortunately, the attempts were unsuccessful because the O-ring didn’t seal the

cell, and once the vacuum was applied the amphiphile was sucked out the cell.
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4.5.3.SANS data discussion

Although the determination of an accurate value of size and shape at each

temperature is an issue still under study, it was sill possible to make some

considerations.

As observed via SAXS, amphiphiles 4 and 5 aggregated in small polydisperse

oligomers. Because of the high polydispersity it was not possible to determine an

accurate value of the size, neither the shape of the aggregates. It was possible

though, to exclude the formation of more complex and bigger structures. The

accurate determination of these parameters is still one of the issues currently being

studied.

For what concerns the screening of temperature effect on solutions containing

compounds 4 and 5 in cyclohexane and methylcyclohexane, SANS curves were

almost superimposable. The profiles collected in n-hexane, instead, showed an

increasing of the scattered intensity with the temperature lowering. Furthermore,

the flex points of the curves were approximately at the same q value, except for

the one collected at -20 °C.

The hypothesis was that at lower temperature the aggregate size remained

constant, while the number of aggregates increased. At -20°C instead a change in

shape or dimensions might happened. To confirm this hypothesis further data

analysis needs to be done.

Although a more accurate determination of size and shape of aggregates in

solution is still under examination, SANS measures confirmed the micelle

formation in methylcyclohexane from compounds 6 and 7. Their radius of gyration

is comparable with those calculated by SAXS.

It was not possible to analyse the effect of low temperature in cyclohexane because

the measure was performed just under its melting point. It was not possible to

determine the reason why the SANS intensity increased at very low q, since it was
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not possible to check the solution during the acquisition. The reason could be the

solidification of the sample or its cloudiness.

The profiles collected in methylcyclohexane, instead, showed an increasing of the

scattered intensity with the temperature lowering. This behaviour suggested an

increasing of the number as well as the size of particle in solution. It was possible

though, to exclude the formation of more complex and bigger structures.

Once the micelle formation was ascertained, the most obvious concern was to

determine the shape of such micelles. The target was to determine the polar nature

of the micelles core by adding water. The results confirmed the formation of

micelles in hydrocarbons with the same geometric configuration of typical micelles

in water.

In literature are reported several methods for the detection of micelles in water

and to establish their core nature.

A more sophisticated analysis like SAXS allowed us to collect preliminary measures

using water as probe. But the most useful and reliable technique was SANS.

We took advantage of the contrast length of H2O and D2O to determine the position

of water molecules in the micelle and we were able to confirm the lipophobic

nature of micelle core.

With a more accurate analysis of SANS data, it will might be possible to determine

the shape of micelles and thus their averaged dimensions. The high polydispersity

might affect seriously this analysis.

We had the possibility to run some SANS measures in liquid methane. The design

of such delicate system was really complicated, and many factors has to be taken

into account. We still don’t know if reverse amphiphiles 4-7 are soluble in liquid

methane, neither if they self-assemble in it. SANS is probably the only technique

that can be used for such analysis, but it’s obviously not easily available.
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A.1 Chemical Potential
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µi = µi° + RT ln xi + RT ln γi

where µi° is the standard chemical potential, R is the ideal gas constant, x i is the

concentration of solute in solution and γi is called the activity coefficient.

The standard chemical potential (µi°) includes all interactions between the solute

and the solution as well as the solute internal energy. All solute-solute interactions

are accounted for in RT ln γi, which can often be set equal to zero at low

concentrations, or more precisely as the solute concentration approaches infinite

dilution. RT lnxi is a purely statistical term arising from the entropy of mixing solute

and solvent. The great advantage of using mole fraction units is that all of the

entropy is accounted for in this term and the standard chemical potential contains

only the solute-solvent free energy and the solute internal free energy.

[1] C. Tanford, The hydrophobic effect: formation of micelles and biological

membranes, Wiley, New York, 1973.
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Appendix B

n-hexane Cyclohexane Methylcyclohexane

density (g/cm3)[1] TU66 (20°C) 0.7781 0.77 (25°C)

solubility in water (g/L)[1] 0.0095 (20°) immiscible immiscible

m.p. (°C)[2] -94 4-7 −126.3

b.p. (°C)[2] 69 80.7 101

dielectric constant[3] 1.89 (20°C)
2.023

(20°C) 2.020 (20°C)

Ethylcyclohexane Isooctane Benzene Toluene

density (g/cm3)[1] 0.788 (25°C) 0.692 0.8765 (20°C) 0.867 (20°C)

solubility in water (g/L)[1] immiscible immiscible 1.84 (30 °C) 0.52 (20°C)

m.p. (°C)[2] -111 -107.38 5.53 °C -95

b.p. (°C)[2] 131 99 80.1 110.6

dielectric constant[3] N.A. 1.94 2.284 (20°C) 2.379 (25°C)

[1] http://www.sigmaaldrich.com/;

[2] C.B. Willingham, W.J. Taylor, J.M. Pignocco, F.D. Rossini, Journal of Research of the National

Institute of Standards 1945, 35, 219-244.

[3] NIST, NBS Circular 514, 1951.
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Figure C.1: SAXS intensities of compounds 4-7 (a-d respectively) at different concentrations in cyclohexane,

compared to cyclohexane
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Figure C.2 SANS intensities of compound 5 in n-hexane (a) and cyclohexane (b) in the concentration range of

75-200 mM, at 25 °C.
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Figure C.3 SANS intensities of compound 5 in n-hexane (a) and cyclohexane (b) at the concentration of

200mM at different temperatures.
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Figure C.4 SANS intensities of compound 7 in cyclohexane(a) and methylcyclohexane (b) in the concentration

range of 75-200 mM, at 25 °C.
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Figure C.5 SANS intensities of compound 7 in cyclohexane (a) and methylcyclohexane (b) at the concentration

of 200mM at different temperatures.
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Abstract

ÁÂ ÃÄÅÆÇÈÉÂ ÊÇË ÌÂÍÎË ÊË ËÊÈÅÄÂÈÏÐÈË ÆÈÇÃÇÑÉË ÃÐÌÌÂ ÃÐÆÇÈÒËÄËÇ ÊË ÓËÉÂÑÅ ÎÂ ÃÅÌÌÇÔÂÉÅ ÌÂ ÕÐÇÃÉËÅÑÇ

ÊÇÌÌÖÇÃËÃÉÇÑ×Â ÊË ØÇØÏÈÂÑÇ ËÑ ÍÈÂÊÅ ÊË ÂÐÉÅÙÂÃÃÇØÏÌÂÈÃË ËÑ ËÊÈÅÄÂÈÏÐÈË ÄÎÇ ÆÅÉÈÇÏÏÇÈÅ ÇÃÃÇÈÇ ÂÌÌÂ ÏÂÃÇ

ÊÇÌÌÂ ÔËÉÂ ÇÚÉÈÂÉÇÈÈÇÃÉÈÇÛ

ÜÑ ÕÐÇÃÉÂ ÉÇÃË ÔÇÑÍÅÑÅ ÊÇÄÈËÉÉË ÊÇÃËÍÑÝ ÃËÑÉÇÃË Ç ÂÍÍÈÇÍÂ×ËÅÑÇ ÊË ÐÑÂ ÑÐÅÔÂ ÄÌÂÃÃÇ ÊË ÂÑÒËÒËÌË ËÑÔÇÈÃË ËÑ

ÃÅÌÔÇÑÉË ËÊÈÅÄÂÈÏÐÈËÄËÛ Questi anfifili inversi di nuova sintesi hanno una geometria simile a quella dei

surfattanti tradizionali ma con configurazione topologica opposta, vale a dire testa lipofilica e coda

lipofobica.

La loro aggregazione in idrocarburi è stata studiata mediante una serie di tecniche diverse, tra le quali 1H

DOSY-NMR, SAXS, SANS, DSC, DLS. È stato dimostrato che gli anfifili inversi sintetizzati in questa tesi hanno

la capacità di aggregarsi in solventi idrocarburici e di formare strutture micellari.

Abstract

The hydrocarbon lakes discovered on Titan prompted the question on the existence of membranes able

to self-assemble in hydrocarbons that would be at the basis of life in such extra-terrestrial environments.

This thesis describes the design, synthesis and the self-assembly behavior of a new class of reverse

amphiphiles in a hydrocarbon solvent. The synthesised reverse amphiphilic molecules possess a geometry

similar to conventional amphiphiles but with an opposite topological configuration: lipophilic heads and

lipophobic tails. Their self-assembly in hydrocarbons was studied by using a number of techniques,

including 1H DOSY-NMR, SAXS, SANS, DSC, DLS. It was demonstrated that the reverse amphiphiles

synthesized in this project are capable of self-assembly in a hydrocarbon solvent and that they form

organized micellar-like structures.
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