
:

-1• .- .•••> ' r

^s^ JÏ.JL ©^.M. C^ ^/1U %s^ Js. Mifc^ C4jl ^L M %J& m m \$ ,

Complexing Potenti

ise Arleth, IMFUFA,
skilde University 199



Préface

The présent report constitutes the master's thesis for Lise Arleth at the
éducation of physics at Roskilde University. The project belongs to the
module 3, the expérimental module at the éducation. The project is carried
out between February 1994 and March 1995. From February to July 1994
and in January 1995 I stayed in the "Small-angle X-ray Laboratory" at the
"Service de Chimie Moléculaire" at Saclay which is a center of reseaxch under
the french "Commissariat à L'Énergie Atomique". The remaining time I
stayed at IMFUFA, Roskilde University. The expérimental part of the project
is performed at the "Servicede Chimie Moléculaire" except from the Neutron
Scattering experiments, which are performed at the SANS facility at the Ris0
National Laboratory.

The advisors at Saclay are Didier Gazeau, Chantai Larpent and Thomas
Zemb. The advisor at IMFUFA is Dorthe Posselt. Jan Skov Pedersen from
the Department of Solid State Physics at Ris0 National Laboratory has hel-
ped me with the data analysis as well as Otto Glatter, University of Graz,
Austria, who demonstrated his methods of indirect Fourier transformation
for me.

I has been very inspiring to cooperate with thèse people. Even though ail
work in the fieldof Soft Condensed Matter, the way things are done at Saclay,
at IMFUFA, at Ris0 and in Graz differs quite much and I believe that it has
been very educational to see and discuss (some of) the différent points of
view of the field.

I wish to thank ail thèse people for their advises and for the many intere-
sting discussions of experiments and interprétations. I want to adress spécial
thanks to Didier Gazeau, Jan Skov Pedersen and Dorthe Posselt for doing
their best to correct my "denglish" to english. To Dorthe Posselt for helping
me with setting up the whole project. To Didier Gazeau for being there ail
the time and for patiently explaining détails for me as many times as were
necessary in order to make me understand. To Chantai Larpent for intro-
ducing me to the magie world of Chemistry and for synthesizing as much
Tetraaza-AC8 for me as I needed. To Jan Skov Pedersen for showing me
how data analysis can aiso be performed and for helping me with modifying



his software and making it applicable to the Tetraaza-AC8. -And finally to
Thomas Zemb for a large number of very inspiring discussions and for hosting
me at Saclay.

The "we" used throughout the report reflects the fact that most results,
models, interprétations etc. are discussed with one or more of thèse people.

Lise Arleth,

29th of March, 1995.



Contents

Introduction 3

1 Surfactants and Complexing Macrocycles 7

1.1 Surfactants 7

1.2 Crown-Ethers and Macrocyclic Ligands 11

1.3 Surface Active Complexing Macrocycles 14

1.4 Tetraaza-AC8 16

1.5 Synthesis of AC8 and Tetraaza-AC8 17

2 Characterization of diluted aqueous solutions of Tetraaza-
AC8 20

2.1 Préparation of the Samples 21

2.2 Density measurements 24

2.3 Complexation 28

2.3.1 UV/visible light spectroscopy 28

2.3.2 pH-measurements 32

2.4 Détermination of the Critical Micellar concentration 35



2.4.1 Estimate of the micellar shapes 49

3 Structural Studies of Tetraaza-AC8 51

3.1 Small angle scattering 51

3.2 Instrumentation gQ

3.2.1 SAXS - The Huxley-Holmes caméra 60

3.2.2 SANS - The Ris0 facility 66

3.3 Experiments and Results 74

4 Data Analysis oo

4.1 The first approach to an interprétation of the scattering data . 99

4.2 The principles of the methods of data analysis 108

4.2.1 The method of Glatter HO

4.2.2 The method of Hayter 115

4.3 Results 195

4.3.1 Tetraaza-AC8 125

4.3.2 Tetraaza-AC8 with equi-molar CuF2 147

4.3.3 Tetraaza-AC8 with CsF 161

4.3.4 Tetraaza-AC8 with RhCl3 164

5 Summary and Discussion 167

Bibliography 179



Introduction

The production and understanding of soft materials are of increasing impor
tance both in science and in the industries. Polymers, surfactant molécules,
bio-sensors and many other kinds of molécules give rise to materials with
many surprising and useful properties. Thèse materials find applications
in the food-industries, the pharmaceutical and chemical industries etc. As
examples can be mentioned détergents, paints, cosmetics, food-stabilizers,
species for oil-recovering as well as ail the plastic and rubber products that
play an important rôle in our everyday-life. Another important example of
soft materials is given by the proteins and lipids that constitutes e.g. cell-
membranes and thereby are vital for everything living.

This project deals with a spécifie example of a surfactant molécule, namely
the so-called Tetraaza-AC8 which is shown at the front page. The hydrop-
hobic part of the Tetraaza-AC8 is constituted by two Cg chains whereas the
hydrophilic part is constituted by two glucose groups and one Tetraaza ring.
The amphiphilic nature of Tetraaza-AC8 makes spontaneous aggregation of
the molécules into micelles probable when the molécule is dissolved in water
or oil. The Tetraaza ring gives the Tetraaza-AC8 molécule a possibility of
complex binding différent cations.

The Tetraaza-AC8 is synthesized by Chantai Larpent. It is non-commercial
and no research into the physical-chemical behavior of the molécule was per
formed until this project was carried out.

Being a surfactant with cation complexing potential, the Tetraaza-AC8 can,
in the long term, possibly be applied for the sélection and extraction of
spécifie cations. This can be of interest for the handling of radioactive waste
or in the chemical industries for extraction of rare earth molécules as for

example Rhodium.

The présent project has, however, not been made with direct sight of such
applications. A thorough characterization of the behavior and abilities of Te
traaza-AC8 is necessary before one can even think of taking it into a larger
production with sight of a spécifie application. Then afterwards the molécule
should be reconsidered with the given spécifie application in mind. It is very
possible that for a given spécifie application, the Tetraaza-AC8, with the



présent structure, is not optimal. Maybe the hydrocarbon chains should be
longer or shorter, or maybe the hydrophilic headgroup will show to be too
large (or small), too rigid or too something else. Finally it can be imagined
that the demand for production of large amounts of the molécule imposes
technical problems that can not be dealt with in practice, which again asks
for modifications of the molécule.

This project deals withonly the first part of this"process ofproduct develop-
ment", namely the characterization of the behavior and abilities of Tetraaza-
AC8. In order to makeuse of the surface activepropertiesof Tetraaza-AC8 it
is necessary to dissolve it in some kind of solvent. As water is an important
solvent which is, in addition, both inexpensive and non-polluting it is the
natural choice.

Since the literature only contains few examples of characterizations of surfa
ctants with cation complexing potentials, we believe that Tetraaza-AC8 can
serve as a modelsystem. For this reason we hâve found it interesting to make
a more thorough investigation of the micelle formation in aqueous solutions
of Tetraaza-AC8 than what can be justified by the potential applications.

In order to investigate the cation complexing potential of Tetraaza-AC8, we
hâve chosen to add respectively CsF, CuF2 and RhCl3 to the solutions. Thèse
salts are chosen in order to get examplesof respectively monovalent, divalent
and trivalent cations.

The aim of the project can then precised as follows:

• To study the micelle formation of dilute aqueous solutions of Tetraaza-
AC8 and

• To détermine how the micelle formation is influenced by the addition
of respectively CsF, CuF2 and RhCl3 to the solutions

The primary method of analysis is small-angle scattering. As small-angle
x-ray scattering (SAXS) and and small-angle neutron scattering (SANS) em-
phasizes différent parts of the micellar structure, the combination of the met
hods allows a good détermination of the micellar shape. In order to support
the interprétation of scattering data, density measurements, surface tension



measurements and UV/visible light spectroscopy are aiso performed. The
scattering data hâve been analyzed according to two fundamentally différent
methods of analysis namely the method of indirect Fourier transform sugge-
sted by 0. Glatter and the method of fitting molecular based models of the
micelles to the scattering spectra.

The first chapter contains a short introduction to the field of surfactants and
complexing macrocycles. The chemical structure of Tetraaza-AC8 will be
explained and motivated. A short description of the synthesis will thereby
be given.

The second chapter contains descriptions of the fundamental physical che
mical measurements made in order to characterize the molécule in aqueous
solutions. In order to décide whether respectively CsF, CuF2 and RI1CI3 is
complexed by the Tetraaza-AC8 molécule, pH and UV/visible light spectro
scopy measurements are performed. Density measurements of the molécule
are made and will show to be applicable later, for the interprétation of the
small-angle scattering spectra. Finally surface tension measurements are per
formed in order to prove that a micellization takes place and to détermine
the areas per headgroup of the micelles, which will aiso show to be applicable
later, for the interprétation of the small-angle scattering data.

The third and fourth chapter deal with what we regard as the core of the
project, namely the small-angle scattering analysis of dilute solutions of Te
traaza-AC8 with respectively CsF, CuF2 and RI1CI3.

Chapter 3 gives a short survey of the fundamental theory of small-angle
scattering, thereby descriptions of the applied SAXS and SANS facilities are
given. At the end of the chapter the raw-data obtained are presented and
discussed.

Chapter 4 deals with the analysis of the obtained scattering data. The prin
ciples of the two applied methods of analysis are explained. At the end of
the chapter the obtained results are presented and discussed.

During the project several différent expérimental methods and techniques
hâve been applied. It should, however, be emphasized that since the project
is of expérimental nature, only brief surveys of the theory, methods and



models applied will be given. More detailed descriptions can in most cases
be found in the fundamental literature.
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Chapter 1

Surfactants and Complexing
Macrocycles

Section 1.1 is an introduction to the fundamental concepts of surfactants
and micelle formation. In section 1.2 and 1.3 reviews on macrocyclic ligands
without, respectively, with surface active properties are given. The section
1.4 explains the reasons for the structure of Tetraaza-AC8 and section 1.5
explains how Tetraaza-AC8 is synthesized.

1.1 Surfactants.

The word surfactant is a contraction of the words surface active agent. Other
commonly used words for the same species are amphiphilic or tensioactive
molécules.

A surfactant contains a hydrophobic and a hydrophilic part. The hydropho-
bic part is generally constituted by one or more hydrocarbon chains whereas
many différent hydrophilic parts can be imagined. The hydrophilic part is
often referred to as the hydrophilic headgroup or simply the headgroup.
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Figure 1.1: The surface tension as a fonction of surfactant concentration
for an aqueous surfactant solution. Figure from [10].

The critical micellar concentration

The amphiphilic nature of the molécule implies that the molécule is adsor-
bed at the surface of the liquid in which it is dissolved. When the molécule
is dissolved in a polar liquid it is energetically favorable for the surfactant
molécules to be arranged at the liquid surface with the hydrocarbon chains
turned away from the liquid (and reversewhen the molécules are dissolved in
apolar liquid). The adsorption of surfactant molécules at the liquid surface
induces a lowering of the surface tension of the liquid, which explains why
the species is called surface active. The adsorbed molécules are in equili-
brium with the surfactant molécules in bulk and as the bulk concentration
is increased the surface tension is lowered, this goes on until the surface is
as packed with surfactant molécules as is possible at the relevant conditions.
At this concentration, which is called the critical micellar concentration (the
CMC), it is energetically more favorable for the monomers to aggregate into
micelles than to adsorb more molécules at the liquid surface for which reason
the surface tension is (practically) no longer lowered (see figure 1.1).

According to Tanford [69] the use of the concept of a "critical micellar con
centration" is inexact. It implies a phase transition of the surfactants in bulk
from being at "monomer state" to being at "micelle state" and that thèse
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two states can only coexists at a given concentration, namely the critical
concentration. This is not how it actually is. The phenomenon is not criti
cal. The molécules adsorbed at the surface, the monomers and the molécules
aggregated into micelles are in equilibrium. At concentrations below the
so-called critical micellar concentration, the equilibrium is moved towards
monomers and molécules adsorbed at the surface, whereas the equilibrium
at higher concentrations is moved towards micelles. A possible way to define
the critical micellar concentration is to say that it is the concentration at
which half of the surfactants in bulk are at monomer state and the other half

hâve aggregated into micelles [69]. An experimenters définition of the CMC
will, however, rather be the concentration at which the surface tension can
no longer be lowered. Thèse two critical micellar concentrations need not
necessarily be the same. In most cases they are however close.

Micelle formation

When dissolved in oil or water, the amphiphilic nature of the surfactant
molécules induces local constraints leading to spontaneous aggregation of
the surfactants into supermolecular structures as e.g. spherical or cylindrical
micelles, vesicles or lamellar structures.

In aqueous solutions the hydrophobic character of the hydrocarbon chains
leads to attractive forces between the surfactant molécules whereas the pré
férence of the hydrophilic headgroups to be surrounded by water molécules
leads to répulsive forces. If the headgroups are ionic, the electrostatic in
teractions will give rise to additional répulsive forces [69]. Thèse attractive
and répulsive forces are the main contributions to the free energy of micelle
formation. Since the forces are opposite, small variations can hâve large
conséquences on the structure of the micelles.

An important feature of the micellar aggregation is that on one hand a mini
mum number of amphiphiles hâve to be associated with each other in order
to minimize the interactions between hydrocarbon and water, which implies
that it is impossible to form stable micelles of only two or three surfactant
molécules [69]. On the other hand steric hindrances as e.g. the length of the



Aggrtgahon number

Figure 1.2: The distribution of aggregation numbers for the aggregates of
micellar solutions (full curve) and of non-micellar solutions (broken curve).
The figure is taken from [10].

hydrocarbon chains and the area per headgroup of the surfactants [68] indu
ces constraints on the maximal dimensions of the micelles. Together thèse
two opposing constraints leads to a distribution of the aggregation numbers
of the micelles, which has a maximum for a finite aggregation number1 (see
figure 1.2) instead of showing a monotone decreasing aggregation number
distribution which normally occurs in non-micellar solutions. [10] The "ag
gregation number" determined by the expérimenter is in most cases a mean
aggregation number being approximately equal to the aggregation number
at which the distribution of aggregation numbers hâve its maximum. This
number is in most cases simply referred to as the aggregation number or
N.agg-

Packing parameters for the micelles

It has been shown that pure géométrie considérations in many cases leads to
a good estimate of the micellar shape [33].

The fraction v/a0lc, where v is the volume of the surfactant, a0 is the area
per headgroup and lc is the length of the hydrocarbon chains, is called the
packing parameter for micelles.

l\f the micelles hâve cylindrical or lamellar structure aggregation numbers can obvi-
ously be infinité (in theory). Instead the distribution of aggregation numbers will show a
maximum per unit length respectively unit area.
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The volumeof the surfactant can be determined from density measurements,
as will be shown in section2.2, whereas the area per headgroup of the micelles
can be determined from surface tension measurements as will be shown in

section 2.4. The length of the hydrocarbon chains can be estimated from the
Tanfords formula [68] [70]:

l-max = 1.5 + 1.265nc (1.1)

Where nc is the number of carbon atoms in the hydrocarbon chain. The
formula gives lmax, the maximal extension of the hydrocarbon chains, which
means that lc < lmax-

Figure 1.3 summarizes how the shape of the micelles dépends on v/a0lc-

1.2 Crown-Ethers and Macrocyclic Ligands.

A macrocyclic ligand or simply a crown is a macrocyclic molécule being
capable of complexing métal cations. The most well-known example of a
macro-cyclic ligand is probably the so-called crown-ether (see figure 1.4) di-
scovered by C.J. Pedersen in 1962 (find original réf.), for which he received
the Nobel prize in 1987 together with J.M. Lehn and D.J. Cram.

The original crown-ethers are cyclic molécules containing several (4 or more)
oxygen atoms as a part of the cycle. The oxygens, having two unshared
électron pairs, are able to complex metallic cations, provided that the cation
can enter the cavity of the molécule. The ability of the cation to enter the
cavity is mainly controlled by the size of the cation compared to the size of
the cavity. Relationships between the size of the crown-ether and the size of
the cations that can be complexed are in gênerai well established.

Since the discovery of the first crown ether, several hundred kinds of new
crown compounds, including aza or thia-crowns, cryptanols and related ma
crocycles hâve been synthesized and investigated [11] [7] [38] [30]. The aza-
crowns hâve the same structure as crown-ethers but nitrogen atoms as éle
ctron donors instead of oxygen atoms. The électron donors of the thia-crown-
ethers are sulphur atoms (see figure 1.5).
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shape of the micelle. Figure copied from [33]
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1.3 Surface Active Complexing Macrocyc
les.

Crown ethers and derivatives hâve various applications suchas phase transfer
catalysts [1] or as a means ofextraction ofmetallic compounds from aqueous
to organic phases. For the latter purpose, crown compounds that are either
partially soluble in organic solvents or that adsorbs in the interfacial région
between the organic an inorganic phase, hâve been synthesized.

Several examples of such surface active crown compounds can be found in
the literature [47] [48] [44] [74] [43] [40] [42] [59].

Surface active crown compounds are obtained by linking a hydrophobic part,
in gênerai a hydrocarbon chain, to the cycle. The crown constitutesin gênerai
the polar headgroup of the obtained surfactant. Examples of surface active
crown compounds found in the literature are shown in figure 1.6. Compound
1, the ((Dodecyloxy)methyl)-18-Crown-6 compound is synthesized and stu
died by Ozeki et al [47][48][49]. Compound 2, the 5-n-tetradecyl-l,10-diaza-
4,7,13,16-tetraxo-cyclooctadecane and 3 the 2-n-tetradecyl-l,4,7,10-tetraaza-
cyclodecane, are both studied by Moroi et al [44]. The crown compounds 4
are studied by Xie et al [74].

Another interesting example of a surface active crown compound is given
by the group of crown compounds called annelides studied J.Simon et al in
several publications (see figure 1.7 for one example). For example [43][40]
[42] [59]. The influence of the complexation of monovalent or divalent cations
on the CMC hâve been studied for compounds 1 to 3 figure 1.6 and for some
of the annelides. The gênerai expérience is that the complexation induces an
increase in the CMC [47] [49] [44] [43]. This is explained by a decrease in the
free energy ofmicelHzation, due to the increased Coulomb repulsion between
the charged headgroups.

With the size ofthe crown compound micelles in mind, scattering techniques
should be very adéquate for studying the micellization. Nevertheless, we
hâve only found one example of application ofscattering techniques for the
study of the micellization surface active crown compound micelles: J.Simon
et al [43] hâve applied static light scattering in order to détermine the shape

14
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of the micelles formed by the annelide shown in figure 1.7. The effect of
complexation on the nature of the aggregates is, as far as we know, never
investigated by means of small angle scattering.

1.4 Tetraaza-AC8.

The crown-ether used for the surfactant studied in this project is a Tetraaza
cyclotetradecane, which is aiso called a cyclam [30]. The cyclam is one of
the most widely used aza crown-ethers. Several examples of studies of the
ability ofthe cyclam to complex divalent cations such as Cu++, Pd++, Pt++
and Ni++ or trivalent cations such as Rh+++ or éléments from the groups of
Lanthanides and Actanides can be found in theliterature [5] [4] [7] [35]. In the
literature we hâve not found examples ofstudies of the ability of the cyclam
to complex monovalent ions. We hâve only found a few examples ofcyclam
derivatives with surface active properties.

For thèse surfactants thepolar head group is constituted by thecyclam. This
implies that surface active properties areexpected to be widely dépendent on
the complexation since the complexation changes the surfactant from being
non-charged to charged.

The approach of this project is quite différent. One the major potential
applications of Tetraaza-AC8 is to extract and dissolve cations. For this
reason the aim hâve been to design a moléculethat forms stable micelles even
when the complexation hâve taken place. This has been obtained by linking
a surfactant molécule to the cyclam instead of only linking a hydrocarbon
chain (see figure 1.8). By doing this, the surface active properties of the
molécule areexpected to be mainly governed by the precursor surfactant. In
order to avoid electrostatic interactions which might affect the complexation,
a non-ionic surfactant, namely the so-called AC8 molécule, hâve been chosen.

The AC8 hâve been synthesized and studied by C. Larpent and L. Retailleau
[63]. The AC8 is bonded to the cyclam by means of a so-called "Michael
addition". A short description of the principles of the synthesis of AC8 and
Tetraaza-AC8 is given below.
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Figure 1.8:

1.5 Synthesis of AC8 and Tetraaza-AC8.

The AC8 and Tetraaza-AC8 applied for this project hâve synthesized by
Chantai Larpent and Jean-Francois Carniaux in the SIRCOB laboratory at
Université de Versailles St. Quentin.

The différent steps of the synthesis are shown in figure 1.9 to 1.11. The
description, given in the figure texts, is far from being detailed and only
meant as an illustration. An article, containing a more detailed description
of the synthesis is in préparation by C. Larpent.

Table 1.1:

aza-AC8.

C H 0 N

Tetraaza-AC8, polar part
Tetraaza-AC8, apolar part

28

16

52

34

12

0

6

0

The components of the polar and the apolar part of the Tetra-

Assuming that the apolar part of the Tetraaza-AC8 molécule is constituted
by the two Cs chains and the polar part is constituted by the rest of the
molécule, the polar and apolar part of Tetraaza-AC8 can be decomposed
into the fundamental components listed in table 1.1.
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First step

HO

HO

HO

\ HO

HO ^^ 7 «<C HO^Z^T^^JVH-fcHjV-CH,

Figure 1.9: The first step of the synthesis. Synthesis of the octylglucosylam
ine (O.G.) from glucose and octyl aminé. The glucose and octyl aminé (both
commercial) are dissolved in methanol, heated to 65° and left ~10 minutes
at this température. The obtained octylglucosylamine précipitâtes and is
afterwards purified by recrystallization in ethanol.

Second step

HO
nu

HO-T^-^2. °HJZ^2^<* + cHl-cH-c-a ™£* •hoH^^2n^^ch=chî
HO H O HO „

R=-(cH^CHj R" -fcHI^-CH3

HO

HO

Figure 1.10: The second step of the synthesis. Synthesis of AC8 from
O.G. and acryloylchloride. The O.G. and acryloylchloride (commercial) is
dissolved in methanol with sodium carbonate. The solution is left at room
température for about 30 minutes. Which results in the AC8.
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Third step

HO
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H20/NaOH 0.1N

HO
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HO

HO
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OH
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Figure 1.11: The third step of the synthesis. Synthesis of the Tetraaza-AC8.
AC8 and Tetraaza (commercial) is dissolved in H2O with sodium hydroxide
(pH~12) and left at room température. The obtained Tetraaza-AC8 pré
cipitâtes and gives a very viscous paste containing both Tetraaza-AC8 and
excess AC8. In order to separate Tetraaza-AC8 from AC8, ethyl acétate is
added to the paste. The ethyl acétate dissolves only the AC8, which can now
be separated from the Tetraaza-AC8 by filtering. The dry Tetraaza-AC8 is
a white powder.
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Chapter 2

Characterization of diluted

aqueous solutions of
Tetraaza-AC8

Introduction

As mentioned earlier the behavior of aqueous solutions of Tetraaza-AC8 was |
unexplored before this project was carried out. For this reason it has been
necessary to do a number experiments and measurements to get fundamental
knowledge about the molécule.

Common to most of the measurements and experiments described in this
section is that they are more or less standard experiments and that the
measuring instruments are commercial. For this reason only brief summaries
of the fundamental theory on each of the methods and short descriptions of
the applied measuring instruments are given. At the end of each section the
main conclusions will be stated. The conclusions from the différent types of m
experiments will not be compared until the end of the chapter.

Section 2.1 contains an account of the observations made when the samples
were prepared.
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The density of Tetraaza-AC8 was not known at any state before the beginning
of the project. It is however a useful parameter to know when the small-angle
scattering experiments shall be interpreted. Section 2.2 contains a short
description of the density measurements and a table of the densities applied
during the project.

In order to détermine the degree of complexation of respectively CsF, CuF2
and RJ1CI3 in aqueous solutions of Tetraaza-AC8, UV and visible light absorp
tion measurements are carried out together with pH measurements. Section
2.3.1 contains a short description of thèse experiments and a report of the
results.

The surface tension is measured as a function of concentration for solutions

of Tetraaza-AC8 alone and with addition of equimolar amounts of respecti
vely CsF, CuF2 and Rh(Cl)3. From the surface tension measurements both
the CMC and the area of the polar part of the molécule can be obtained.
Both parameters are useful to know in the interprétation of the small-angle
scattering data. The results of thèse measurements are given in section 2.4.

2.1 Préparation of the Samples

Ail samples are prepared with de-ionized H20. The only exceptions are the
samples used for the SANS-measurements. The SANS-samples are ail pre
pared with de-ionized D20. In the following water means H2O, except where
something else is stated explicitly.

Tetraaza-AC8

The purity of the Tetraaza-AC8 is estimated to be higher than 98% by Chan
tai Larpent.

Solutions of Tetraaza-AC8 in water (H20 and D20) are prepared by adding
the Tetraaza-AC8 to the water at room température and leaving the solution
until dissolved. This takes from about 5 minutes to about 2 days. The
solution are colourless or slightly yellow.
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Tetraaza-AC8 with equimolar CsF

The CsF cornes from "The British Drug Houses Ltd.". The purity is stated
to be not less than 98%.

Solutions with equimolar concentrations of Tetraaza-AC8 and CsF are pre
pared by adding a very concentrated solution of CsF in water to a solution
of Tetraaza-AC8 in water. The CsF-solution is dissolved in the Tetraaza-
AC8 solution immediately. The CsF solution is colourless and the colour of
Tetraaza-AC8 in water remains unchanged when the CsF is added.

Tetraaza-AC8 with equimolar CuF2

The CuF2 cornes from "Aldrich Chem.Co". The purity is stated to be higher
than 98%.

Solutions of Tetraaza-AC8 with equimolar CuF2 in water are prepared by
adding the dry CuF2 to the Tetraaza-AC8 solution. This results in a pré
cipitation of a very viscous blue paste. When left in a magnetic stirrer for
about 1-2 days the solution becomes homogeneous.

The CuF2 is not very soluble in pure water. The "Handbook of Chemistry
and Physics" claims that it should be possible to dissolve up to 0,48 moles
of CuF2 per liter of cold water. But it has not been possible for to prépare
such concentrated solutions. On the other hand our expérience is that while
it is not possible to dissolve e.g. 0.12 moles of CuF2 per liter of pure water,
it becomes possible when an equimolar amount of Tetraaza-AC8 is added to
the solution. This is important since the phenomenon canonly be explained
by a complexation of the CuF2 by the Tetraaza-AC8.

The colour of the solution of Tetraaza-AC8 with equimolar CuF2 in water is
deep blue, whereas the colour ofthe dilute aqueous solutions of CuF2 is light
blue.
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Tetraaza-AC8 with equimolar RhCl3

The RI1CI3 cornes from "Fluka Chemika". The percentage of Rh in the
Rh(Cl)3-powder is indicated to be around 40%. The RI1CI3 is indicated to
be hydrated. The hydration number of RhCl3 is typically 3 [50], ie. the sait
is on the form of RhCl3,3H20. Assuming that ail the RhCl3 is on the form
RhCl3,3H20 leads to a mass concentration of Rh in RhCl3,3H2 of 39,1%.

Two stratégies hâve been applied in order to prépare the solutions of equi
molar Tetraaza-AC8 and RI1CI3 in water. One is to add equimolar RI1CI3 to
a solution of Tetraaza-AC8 in water and the other is to add equimolar Te
traaza-AC8 to a solution of RI1CI3 in water. Both stratégies seem to give the
same resuit. The Tetraaza-AC8 and RI1CI3 are individually very soluble in
water but when mixed, the solution becomes at first very turbid and rather
viscous. After 3-4 minutes there is a strong précipitation of a very viscous
red-brown paste. The precipitate becomes almost totally dissolved in the
water when the solution is left in a magnetic stirrer for 3-4 days.

It is difficult to détermine the exact concentrations of Tetraaza-AC8 and

RI1CI3 in the solution since there is still a small amount of precipitate left in
the solution after a 3-4 days (even though the sample is diluted) and since
we don't know relation between the amount of Tetraaza-AC8 and RI1CI3 in
respectively solution and precipitate. The précision of the actual concentra
tions can be estimated by freeze drying respectively the precipitate and the
solution, weigh the dry matter and compare to what was originally added
to the solution the précision of the concentration can be estimated. This le
ads to a précision of the concentration of the samples of Tetraaza-AC8 with
RhCl3 at ±5%.

The colour of the solution of RI1CI3 in water as well as the solution of Tetra-
aza-AC8 with equimolar RI1CI3 in water is red-brown.

Observation

There is a qualitative différence between the behavior of the sample with CsF
and the samples with RhCl3 and CuF2. While CsF is very easy to dissolve
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in the Tetraaza-AC8 solution, the samples with Tetraaza-AC8 and CuF2 or
RhCLj seem to be less soluble.

2.2 Density measurements

The densities of respectively AC8, Tetraaza, Tetraaza-AC8, Tetraaza-AC8-
+C11F2 and RI1CI3 in water are measured.

Instrument

The applied instrument is the so-called "Digital Précision Density Measure-
ment System for Liquids and Gases" from Anton Paar in Graz, Austria. It
consists of a "DMA 601, Density measuring cell" combined with a "DMA
60, Density meter" and a thermostated water bath. The sample is contained
in a small U-shaped tube and the density of the sample is determined by
measuring the period of oscillation of the vibrating tube. The volume of the
tube is fixed. As the period of oscillation dépends on the mass of the tube,
the mass and thereby the density of the sample can be determined from a
measurement of the period of oscillation.

Applied formulas

The density measured by this method, p(m) is the density of the solution of
the regarded molécule in the solvent. By assuming that the density of the
solvent is unchanged when the regarded molécule is added to the solution



the following expression can be derived from fundamental équations1:

"1
V2 = M2 lz£(I -I)

x p0 p
(2.1)

where V2 is the molecular volume of the dissolved molécule, po the density
of the solvent, M2 the molar mass of the molécule and p{m) the measured
density of the solution, x, the weight fraction can be determined from the
molarity, m, by

mM2 (2.2)x =

1000/jo + mM2

Estimate of the molecular volumes of the polar and apolar part of
Tetraaza-AC8.

When the total volume of the Tetraaza-AC8 molécule is known, the volume
of the polar and apolar groups can be approximated. The apolar part of
the molécule consists of two linear hydrocarbon chains each constituted by
8 carbon atoms and 17 hydrogen atoms.

The volume of each of thèse hydrocarbon chains can be estimated from the
formula of Tanford [68]:

u= 27.4 + 26.9n(Â3), (2.3)

xThe mass fraction, x, of the regarded molécule in the solvent:

n2M2
x —

noMo + n2M2 '

Where n2 and Mi dénotes respectively the number of moles and the molar mass of the
regarded molécule, no and Mo dénotes the same but for the solvent. The density p of the
solution is:

_ rntotai _ n0M0 + n2M2
vtotai noVo-r-n2V2

where Vb and V2 dénotes the molar volumes of respectively the molécule and the solvent.
The density of the pure solvent, po is given by:

Po
Mo

^o
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where n is the number ofcarbon atoms in the alkyl chains. In our case n=8.

The volume of the polar part becomes then:

Vpoi = Vtot - Vapo, (2.4)

Tanford [68] aiso gives a formula for the maximal extension, lmax of a hydro
carbon chain, which will serve later:

lmax = 1.5 + 1.265n(Â) (2.5)

Results

Table (2.1) summarizes the densities and molecular volumes of the substances
of relevance for the project. Since Tetraaza-AC8 is constituted by two AC8
molécules and one Tetraaza molécule, the molecular volume of Tetraaza-AC8
is expected to be approximately 2^8 + Vretraoza = 1250Â3. The measured
volume ofTetraaza-AC8 is seen to be slightly lower than this value, namely
1180Â3.

In course ofthe project it is assumed that the molecular volume of the polar
part of the molécule, when a cation is complexed is: VTac&,PoI + Vsalt, which
in the case of Tetraaza-AC8+CuF2 gives 735Â. The molecular volume of Te
traaza-AC8 with complexed CuF2 was not measured until late in the project.
As seen in table 2.1 the molecular volume of Tetraaza-AC8 with complexed
CuF2 is measured to be 705Â.

The différence between the two values isnot surprising. The first value is the
sum of the volumes of Tetraaza-AC8 and CuF2, the first dissolved in water
and the latter being on crystalline form. When the CuF2 is complexed a
rearrangement of both Tetraaza-AC8 and CuF2 must necessarily take place,
which apparently leads to a change in density.



Substance Density, g/cm3 Molecular Volume, Â3
H20 0,9982 30

D20 1,11 30

Octane 0,7025 -

Tetraaza 1.09* 310*

AC8 1.20* 470*

Tetraaza-AC8 1,25* 1180*

Tetraaza-AC8, polar part - 695*

Tetraaza-AC8, apolar part - 485

CsF 4,115 61,32

CuF2 4,23 39,87
Tetraaza-AC8+CuF2 1,43 1190

Tetraaza-AC8+CuF2, polar part - 705

RhCl3 5,5* 64*

Table 2.1: The densities and molar volumes of the substances of relevance for

the project. The values marked with a * are measured, ail other values are
from the "Handbook of Chemistry and Physics". Ail densities are measured
at 20°. The densities of CsF and CuF2 are the densities on crystalline state.
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2.3 Complexation

The degree of complexation of respectively CsF, CuF2 and RhCl3 with the
Tetraaza-AC8 molécule is determined by UV/visible light spectroscopy and
pH measurements.

2.3.1 UV/visible light spectroscopy

AU the UV/visible light measurements are performed by Chantai Larpent
and Jean-Francois Carniaux in the SIRCOB-laboratory at the University of
Versailles-St. Quentin.

A 8456 A UV/VIS spectrometer from Hewlett k Packard is used for ail
measurements.

Theory

When a cation is complexed by the Tetraaza molécule a shift in the ground
state énergies of the électrons in the outer orbitals is expected for the cation
and for the interacting nitrogen atoms. The shift will in most cases lead to
a change in the absorption spectrum of UV and visible light.

The strategy of the experiments is to measure the absorption of UV and
visible light as function of the wavelength of solutions of respectively Te-
traaza-AC8, CsF, CuF2 and PJ1CI3 in water and thereby to measure the
same for solutions of Tetraaza-AC8 with equimolar CsF, CuF2 and RhCl3
(respectively).

Ifthecations are not complexed by theTetraaza-AC8 molécules, theexpected
spectrum ofTetraaza-AC8 withelectrolyte will simply be the sum of the Te-
traaza-AC8 spectrum and the electrolyte-spectrum. If the electrolytes are
complexed, there is a possibility that the spectrum of Tetraaza-AC8 with
electrolyte looks différent from the spectrum of the two substances alone.



Sample A, nm t, l/(cm M) Assignment
Tetraaza

Tetraaza-AC8

Tetraaza-AC8

238

250

300

4000

4000

1000

the ring
the ring (bonded to AC8)

the C = 0 binding

Table 2.2: Both samples are in aqueous solutions.

The molar absorptivity is defined according to Lambert-Beer's law as the
relation between the absorbence and the product of the sample thickness
and the concentration as follows:

e =

absorbence

sample thickness • concentration bc
(2.6)

Where the absorbence, A is defined as the logarithm to the intensity of the
incoming beam divided by the intensity of the outgoing beam [58] :

A= log y (2.7)

Results

Tetraaza-AC8

Solutions of pure Tetraaza-AC8 in water are colourless, UV-absorption mea
surements show however that the molécule hâve absorption peaks at 250nm
and 300nm.

Solutions of Tetraaza in water are aiso colourless but show an absorption
peak at 238nm.

We regard this as an indication that it is the Tetraaza ring which causes the
absorption peak at 250nm in the Tetraaza-AC8-spectrum. The absorption
peak at 300nm is assigned to électron transitions in the C = O bindings on
AC8 groups.
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Sample A, nm t, l/(cm M) Attribution

CuF2
Tetraaza-AC8 + CuF2

do.

«800

323

650

11

3340

180

free Cu++

the complex
the complex

Table 2.3: Ail samples are in aqueous solutions.

Tetraaza-AC8 with equimolar CsF

The spectrum of the solution of CsF in water shows that the Césium ion
absorbs neither UV or visible light. If the Césium cations are complexed
a shift in the position of the absorption peak of the ring can be expected.
Theposition ofthe absorption peak ofthe ring remains, however, unchanged
when CsF is added to the solution ofTetraaza-AC8. This suggests (but does
not prove), that the Césium is not complexed to the Tetraaza-AC8.

Tetraaza-AC8 with equimolar CuF2

In the absorption spectrum of Tetraaza-AC8 with equimolar CuF2 one peak
is seen at 323nm and another peak is seen at 650nm. Whereas the Tetra-
aza-AC8 spectrum shows a peaks respectively 250nm and 300nm and the
CuF2-spectrum shows a peak at about 800nm. The positions of the peaks
are listed in table 2.3

The two peaks at 323nm and 650nm can be assigned to respectively a charge
transfer and to an électron transition of the copper.

As the characteristic peak of free Cu++ at 800nm is no longer seen for the
solutions ofTetraaza-AC8+CuF2 we conclude that the complexation, within
the resolution of the experiments, is higher than 95%. The visible light
absorption spectra recorded at various concentrations areshown infigure 2.1.
It can be shown that the absorbence dépends linearly of the concentration of
the samples implying that the degree ofcomplexation does not change when
the samples are diluted. This is another indication that the complexation is
total, since a partial complexation would resuit in a non-linear dependence
between concentration and absorbence [37].
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Figure 2.1: The visible light absorption spectra recorded at various con
centrations of Tetraaza-AC8+CuF2. The sample concentrations are (from
bottom to top) 3 •10~4M, 4.8 -10~4M, 6 •10"4M, 1.2 •10"3M, 3 •10"3M and
6 • 10"3M.

Tetraaza-AC8 with equimolar RhCl3

The absorption spectrum of a solution of RI1CI3 in water shows absorption
peaks at 230nm, 379nm and 464nm. Whereas the absorption spectrum of
the solution of Tetraaza-AC8 with equimolar RI1CI3 shows absorption peaks
at 230nm, 311nm, 344nm and at 452nm. The measured values are listed in
table 2.4

We assign the peak at 230nm to the RhCl3, the peak at 311nm in the solution
of Tetraaza-AC8+RhCl3 to the complex and the peaks at 344nm and 452nm
to the RhCl3.

The shift in the position of two of the Rhodium peaks is an indication that the
Rhodium is at least partially complexed. It is, however, difficult to détermine
the exact degree of complexation.

As for the CuF2 samples, the absorbence has been measured as function of
concentration. A linear dependence between absorbence and concentration
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Sample A, nm t, l/(cm M) Attribution

RhCl3 230 « 18000 free Rh+++
do. 379 80 free Rh+++
do. 464 70 do.

Tetraaza-AC8 + RhCl3 230 18000 free Rh++++TAC8
do. 300 1000 the complex
do. 354 18 complexed Rh+++
do. 448 12 do.

Table 2.4: The solution of Tetraaza-AC8 with RhCl3 is in D20, the other
solutions are in H20.

Sample pH-value
0,125M Tetraaza-AC8

0,112M Tetraaza-AC8, 0,112M CsF
0,125M Tetraaza-AC8, 0,128M CuF2
0,06M Tetraaza-AC8, 0,06M RhCl3

7,6
7.9

5,5
1,8

Table 2.5: The pH-values of solutions of pure Tetraaza-AC8 in water and
of Tetraaza-AC8 with respectively CsF, CuF2 and Rh(Cl)3in water.

isfound for the Tetraaza-AC8+RhCl3 samples, which is in agreement with a
total complexation of the RhCl3 (i.e. a degree of complexation higher than
95%) [PC C.Larpent].

2.3.2 pH-measurements

The pH-values of aqueous solutions ofpure Tetraaza-AC8 and Tetraaza-AC8
with equimolar amounts of respectively CsF, CuF2 and RhCl3 hâve been
measured. The obtained values are listed in table (2.5). The observed pH-
measurements are discussed and interpreted below.

The pH value of the solution of Tetraaza-AC8 in water is measured to be
7.6. De-ionized water is normally slightly acid. The observation that the
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Tetraaza-AC8 solution is basic is explained by a partial protonation of the
nitrogens in the Tetraaza-ring according to equilibria (2.8).

(RN4H)+ + OH~ ** RN4 + H20 (2.8)

N4 dénotes the Tetraaza ring and R dénotes the rest of the molécule.

The degree of protonation of the Tetraaza-AC8 in water hâve from the pH-
value been calculated to be less than 5%.

The pH values of aqueous solutions of Tetraaza-AC8 and electrolyte dépend
on whether the cations are complexed or not and on the pKa value of the
associated anion. From equilibria (2.9) and (2.10) it is seen that the pH is
generally expected to decrease when complexation occurs:

{RN4H)+ + H20 - RN4 + H30+
RN4 + mn+ ^ {RN4m)n+

Where mn+ dénotes the metallic cation.

(2.9)

(2.10)

The complexation can only take place when the Tetraaza rings are deproto-
nated and when the rings are deprotonated the solution becomes acid.

If the cations remain noncomplexed in the solution, the pH-value is in gênerai
not expected to vary markedly from the pH-value of a solution of Tetraaza-
AC8.

Tetraaza-AC8 with equimolar CsF

When CsF is added to the Tetraaza-AC8 solution the pH-value increases
slightly in proportion to the pH-value of the pure Tetraaza-AC8 solution.
This shows that the césium ions are not complexed. The weak increase in
pH is due to the fluorine ions which are slightly basic (pKQ HF/F = 3.45).
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Tetraaza-AC8 with CuF2

When an equimolar amount of CuF2 is added to an aqueous solution of Te-
traaza-AC8 the pH-value decreases. The decrease in pH indicates a shift in
equilibria (2.9) towards the right side, demonstrating that a complexation
takes place.

Tetraaza-AC8 with equimolar RhCl3

When RI1CI3 is added to the Tetraaza-AC8 solution the pH-value decreases
dramatically. The very low pH value can, apart from the complexation, be
explained by the partial hydrolysis of the RhC73 when dissolved in water:

RhCl3 + 2H20 ** Rh{OH)Cl2 + H30+ + Cr
Rh(OH)Cl2 + 2H20 *-* Rh(OH)2Cl + H30++ Cr (2.11)
Rh(OH)2Cl + 2H20 ** Rh{OH)3 + H30+ +Cr

The decrease in pH can both be explained as being an effect of hydrolysis or
as being an effect of hydrolysis and complexation. A pH measurement is for
this reason not sufficient to prove that a complexation hâve taken place.

Conclusion on the complexation of the electrolytes

• pH measurements show that the césium ions are not complexed, which
is aiso indicated by the absorption measurements.

• The CuF2 must necessarily be complexed since its solubility in pure
water is close to zéro, whereas it is fully soluble in solutions with Te
traaza-AC8 and CuF2 at equal molarities. The complexation is further
confirmed by absorption and pH measurements.

• Absorption measurements of Tetraaza-AC8 with RI1CI3 show that the
complexation is total (i.e. higher than 95%).
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A possible explanation of the fact that the Césium ions are not complexed is
that the Césium atoms are simply too large. Another possible explanation
is that the Tetraaza ring is not able to form complexes with monovalent
ions. This is suggested by the observation that no examples of complexes
constituted by the Tetraaza and monovalent ions are found in the literature
(as mentioned in section 1.4).

2.4 Détermination of the Critical Micellar

concentration

There are several différent methods to détermine the critical micellar con

centration, CMC, of a surfactant molécule (conductance, light scattering,
surface tension measurements etc. [39]).

Surface tension measurements, which hâve applied in this case, give infor
mation about both the area per headgroup of the surfactant molécules and
the CMC and are, in addition to this, applicable to both ionic and non-ionic
surfactants.

Instrument.

The measurements are carried out on a "Digital-Tensiometer K10" from
Krûss.

The tensiometer allows two methods of measuring the surface tension of a
sample: The so-called Du Nouy-method, where the surface tension is measu
red by means of a ring and the so-called Wilhelmy-method, where the surface
tension is measured by means of a plate.

The range of the measurement is from 5 to 90 mN/m with the ring (the
Du Nouy-method) and from 0 to 200 mN/m with the plate (the Wilhelmy-
method). The Du Nouy-method is stated to be the most reliable of the two
[71].
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Figure 2.2: Surface tension of the water-air interface as a function of the
surfactant concentration around the CMC [10].

The surface tension measurements carried out on Tetraaza-AC8, hâve ail
been done according to the Du Nouy-method, with a platinum-ring of radius
9.5 mm.

During the measurement the sample is placed in a cup under the ring. The
ring is lowered towards the surface of the sample until it just exactly touches
it. Afterwards it is pulled up again while the necessary force to stretch the
surface is measured. The pulling and the détermination of the surface tension
is carried out automatically. The output is given in the unit mN/m (mJ/m2)
with a précision of O.lmN/m.

Theory

When the surface tension is measured as function of the concentration of
a surfactant solution at constant température and pressure, a graph as the
one depicted in figure (2.2) is typically obtained. For low concentrations the
molécules are distributed as monomers in the solution and at the surface
of the solution. As the surfactants are adsorbed at the surface, the surface
tension of the solution is lowered. At a certain concentration, the so-called
critical micellar concentration, the solution and the surface is saturated with



monomers. At this point the surface tension can no longer be lowered and
the formation of micelles begins.

It is seen in figure 2.2 that the surface tension graph is curved for very low
concentrations, for higher concentrations it decreases with a constant slope
and after the CMC it becomes constant. The first (curved) paxt of the graph
can be modeled by the so-called Langmuir adsorption isotherm [62]. The
second and linearly decreasing part can be modeled by means of the Gibbs
adsorption isotherm [12] which relates the slope of the curve to the area per
headgroup of the micelles. As the Langmuir isotherm in most cases is seen
for very low concentrations, it can only be measured for ultra pure solutions.

Since the purpose of the surface tension measurements is to détermine the
area per headgroup of the micelles and the CMC we hâve not been interested
in measuring the Langmuir isotherm. For this reason this section only conta
ins an explanation of the Gibbs-region of the curve. Parts of the dérivation
of the expression for Gibbs adsorption isotherm is standard and can be found
in standard textbooks as e.g [3]. We decided to bring it anyway since it, for
the Systems we study, at the end takes a form which is normally not seen in
standard textbooks.

The Gibbs adsorption isotherm.

As mentioned in section 1.1 a surfactant is a species which acts at the in
terface between two média. The two média are in our case water and air.

The Tetraaza-AC8 is adsorbed at the water surface and the concentration of

Tetraaza-AC8 in air is negligible.

If the bulk région is denoted a and the surface région is denoted cr, the total
Gibbs function of the system can be written:

G = G{a) + G{a) (2.12)

Where G(a) is the Gibbs function of the system when it is assumed to be
homogeneous and G(a) is the so-called surface Gibbs function [3].

The surface Gibbs function is a function of the température T, pressure P,
surface area A, and amount n;(cr) of the i'th component at the surface:

G(a) = G(T,P,A,ni) (2.13)
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The differential of Go taken at constant T and P then becomes:

«(,)-») M+E(f) *,. (2.14,V oa jTyn. fg.\ dm JT,VAtn.

where the surface tension 7 is defined as:

i.e. as the differential of the Gibbs free energy per unit of the surface area,
A taken at constant température, pressure and composition.

• - PS?) - (w
is the chemical potential of the i'th component.

At constant température and pressure (2.14) intégrâtes to[3]:

G(<r) = 7A + J]Mt-n,-(<7). (2.17)
t

By taking the infinitésimal variation of (2.17) we get:

dG(a) =Ad-y +7dA +Y^rH dni(<r) +^n,(a) dya. (2.18)
i i

Since G(a) is a state function (2.14) and (2.18) must be equal to each other.
Comparing the two équations at constant T and p, we get the so-called Gibbs
adsorption isotherm:

-Ad*i = ^ni(a)dm<^
i

-àr, = £r,-dji,-. (2.19)

Where

r. ==$*. (2.20)
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the amount of the i'th component at the surface per surface area, is called
the surface excess of n{.

For a dilute solution the differential of the chemical potential of a species n,-
is given by [3]:

dpx = RTd\nc, (2.21)

Where c is the bulk-concentration. This leads together with (2.19) to

dj = -^TiRTdlnci, (2.22)

which is called Gibbs adsorption isotherm.

In the Gibbs adsorption model it is assumed that there is no solvent at the
surface. This means for non-ionic surfactants that only surfactants are found
at the surface, while it for ionic surfactants means that both the surfactant
molécules and the counter-ions can be found at the surface.

Gibbs adsorption isotherm for solutions of Tetraaza-AC8 and of
Tetraaza-AC8 with CsF in water

The degree of protonation of the Tetraaza-AC8 molécules when dissolved in
water is calculated to be less than 5%. We can for this reason regard the
solution as being non-ionic which means that (2.22) becomes:

d'y = —TSRT d\ncs (2.23)

Where the index s dénotes surfactant.

As the Césium ions are not complexed by the Tetraaza-AC8 molécules, there
is no reason to expect an adsorption of CsF at the surface. This means that
équation (2.23) aiso applies for the solutions of Tetraaza-AC8 with CsF.
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Gibbsadsorption isotherm for solutions of Tetraaza-AC8 with CuF2
in water

The CuF2 is complexed by the Tetraaza-AC8 which gives:

TAC8 + Cu++ + 2F~

This means that (2.22) becomes:

d-i = -TsRTd\ncs - TFRTd\ncF (2.24)

Where the index F dénotes fluorine ions. The concentration of counter-ions
in bulk, cf must necessarily be twice the concentration of the surfactants.
As the counter-ions normally stay close to the surfactants it can be assumed
that the surface excess of fluorine ions equals twice the surface excess of
surfactant molécules, ie.:

2rs = r> (2.25)

so that (2.22) gives:

d-y = -YSRTdlncs - 2TsRTdln 2c„ (2.26)

this can be rewritten to:

d7 = -T,RT(dlnca + dln(2c,)2), (2.27)

which is equal to:

d-y =-rsRTd\n4c3, (2.28)
by using the chain rule (2.28) becomes:

dj = -3TsRT(dlnca), (2.29)

which is the Gibbs adsorption isotherm for the Tetraaza-AC8 with CuF2 in
aqueous solutions.



Gibbs adsorption isotherm for Tetraaza-AC8 with RhCl3 in water

Assuming that RI1CI3 complexed by Tetraaza-AC8 gives:

TAC8 + Rh+++ + ZCt

Which by arguments similar to the ones used for the Tetraaza-AC8 with
CuF2 gives the following Gibbs adsorption isotherm for aqueous solutions of
Tetraaza-AC8 with RhCl3:

d<y = -4TsRTd\ncs, (2.30)

It has, however, aiso been suggested by [37] that RI1CI3 when complexed by
the Tetraaza-AC8 in aqueous solutions gives:

TACS + Rh3{OH)t + Cl~ + 2HCI

In this case Ts = Tci as well as the bulk concentrations of surfactant and
counter-ions must be equal. Since there is no reason to expect an adsorption
of the HC1 at the surface, Gibbs adsorption isotherm becomes:

<*7 = -2TsRTdlncs (2.31)

Procédure.

To avoid to spend too much product, the samples for the surface tension
measurements hâve been prepared in course of the measurements as follows:
The most concentrated sample is first prepared. Then the surface tension
measurements on this sample are carried out. Afterwards the same sample
is diluted and the value of the new surface tension measured, the sample is
rediluted, etc. The water used for the dilutions is in ail cases distillated and
deionized water. To obtain reasonable accuracy and statistics the surface
tension is measured five times in succession at each sample concentration.

Tetraaza-AC8 of two différent synthèses is used for the measurements. One
is used for the solutions with respectively CsF and CuF2 and another is used
for the solutions of pure Tetraaza-AC8 and Tetraaza-AC8 with RhCl3-
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Figure 2.3: The dependence between surface tension and concentration of
Tetraaza-C8 in water, second measurement.

Results.

The results of the surface tension measurements are shown in the figures
(2.3) to (2.6).

Interprétation of the measurements.

It is seen that ail the curves show a decrease with increasing surfactant con
centration for low concentrations and flatten out to a plateau for higher
concentrations. This is in agreement with the expected behavior of surfact
ants.

The couples ofstraight Unes on the graphs are least mean square fits to the
data points and the CMCs are found as the intersection between each set
of Unes. The determined CMCs are listed in table (2.6). The errors on the
measured values for the CMCs are determined from the standard déviations
of équation for the fitted lines.
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Figure 2.4: The dependence between surface tension and concentration of
Tetraaza-C8 with equimolar CsF in water.

TA8 with equimolar CuF2.
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Figure 2.5: The dependence between surface tension and concentration of
Tetraaza-C8 with equimolar CuF2 in water.
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Figure 2.6: The dependence between surface tension and concentration of
Tetraaza-C8 with equimolar RI1CI3 in water.

Sample CMC, mM 7 at the CMC, mN/m
Tetraaza-AC8 0.14 ±0.02 31

Tetraaza-AC8, CsF 0.09 ±0.02 37

Tetraaza-AC8,CuF2 0.09 ±0.02 41

Tetraaza-AC8,RhCl3 0.25±0.03 34

Table 2.6: The values obtained from the surface tension measurements.
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Sample £r„mN/m Area per Headgroup, A2
Tetraaza-AC8, -5.69 ±0.23 72 ±4

Tetraaza-AC8, CsF -6.99 ±0.56 59 ± 5

Tetraaza-AC8,CuF2 -6.35 ±00.78 190 ± 30

Tetraaza-AC8,RhCl3, eç.(2.30) -5.16 ±0.25 320 ± 20

Tetraaza-AC8,RhCl3, eç.(2.31) -5.16 ±0.25 160 ± 10

Table 2.7: The areas per headgroup determined from the surface tension
measurements.

From the slopes of d'y/dlnc the Ts values and thereby the areas per head
groupcan be calculatedfrom the différent samplesby using the corresponding
expressions for Gibbs adsorption isotherm. The errors of the areas per he
adgroup is estimated from the standard variation of the slopes of the fitted
lines. The obtained values are listed in table (2.7).

The CMCs

It is a gênerai expérience that for non-ionic surfactant solutions the CMC
is practically not aifected by the addition of electrolyte [75] [32]. Traditional
ionic surfactant solutions (i.e. of ionic surfactants which do not form com
plexes) show normally a decrease of the CMC when electrolyte is added to
the solution. This is explained by a shielding effect of the added electrolyte
[75] [32]. For solutions of surfactants with cation complexing potential, the
complexation of cations leads theoretically to an increase of the répulsive
coulomb potential of the headgroups, a decrease of the free energy of micelli
zation and thereby to an increaseof the CMC. This is verified experimentally
by e.g. [48] [47] and [44].

From table 2.6 it is seen that compared to the Tetraaza-AC8 solution, the
values of the CMCs decreases slightly when respectively CsF and CuF2 is
added to the solution, whereas the CMC increases when RcCl3 is added.

According to the statistics the CMCs of Tetraaza-AC8+CsF and Tetraaza-
AC8+CuF2 are significantly différent from the CMC of Tetraaza-AC8 alone.
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We believe, however, that the différence of the CMCs just as well might be
due to the fact that Tetraaza-AC8 from différent synthèses is applied for
respectively the measurement of Tetraaza-AC8 and the measurements of Te
traaza-AC8 with CsF and CuF2. For this reason we conclude that within
the précision of the measurements the CMC of Tetraaza-AC8 is unchanged
when equimolar amounts of CsF or CuF2 is added to the solutions.

The measurementsof Tetraaza-AC8 and Tetraaza-AC8 with RhCl3 are made
with Tetraaza-AC8 which results from the same synthesis. According to the
statistics, the value of the CMC increases significantly when RhCl3 is added
to the solution. For thèse two reasons we conclude that the CMC of Tetra-
aza-AC8 increases when RhCl3 is added to the solution.

Since the CsF is not complexed by the Tetraaza-AC8, it is not surprising
that the CMC of Tetraaza-AC8 remains unchanged when CsF is added to
the solution. As the Tetraaza-AC8 is slightly protonated when dissolved in
water the solution can, in principle, be regarded as a mixed cationic and
non-ionic surfactant solution. The addition ofCsF (which is not complexed)
can therefore, theoretically, lead to a weak decrease of the CMC due to the
shielding effect. This is actually in agreement with what is observed, but as
mentioned above, we believe that the decrease of the CMC as well might be
due to the fact that Tetraaza-AC8 from two différent synthesis hâve been
applied for the two measurements

In the case of CuF2 and RhCl3 respectively the system should be regar
ded as a (dominantly) non-ionic system (the Tetraaza-AC8), which becomes
ionic with the complexation of the electrolyte. This does not change the
polar/apolar balance much, but the increase of the coulomb potential ought
to lead to a decrease in the free energy of micellization and thereby to an
increase in the CMC values. This is seen only to be the case for sample with
RhCl3. We do not understand why the CMC ofthe sample with CuF2 is not
higher than the CMC of the Tetraaza-AC8 solution.

It should be noted that the counter-ions are différent in the samples with
respectively Copper and Rhodium. It is well known that the counter-ion
of a ionic surfactant hâve an effect on the CMC. The gênerai expérimental
observation from thegroup of halogens isthat thefree energy ofmicellization,
- AGm and the aggregation number Nagg increases while the CMC decreases



with the size of the counter ion in the séries F-, Cl-, Br~ and I-. This is
explained by a decrease in the dissociation of the counter ion with increasing
size [32] [75]. Le. the larger anion, the closer it stays to the cation.

This knowledge can be used to predict the relation between the CMCs of the
solutions with respectively CuF2 and RI1CI3.

If the Tetraaza-AC8 becomes: Tetraaza-AC8+Rh+++ + 3C1" when RhCl3 is
added to the solution, we get by comparing to the Tetraaza-AC8 with CuF2
that the larger charge of the Tetraaza-AC8+Rh+++ theoretically should lead
to higher CMC of this solution (due to a higher coulomb potential), whereas
the larger anion of the sample with RI1CI3 theoretically should lead to a
smaller CMC than of the sample with CuF2 due to smaller dissociation of the
counter-ion. In this case we can predict nothing about the relation between
the CMCs of the solutions with respectively CuF2 and RI1CI3.

If the Tetraaza-AC8 becomes: Tetraaza-AC8+Rh3(OH)£+ Cl"+ 2HC1, we
get that the charge of the Tetraaza-AC8 with RhCl3 is smaller than the and
charge of Tetraaza-AC8 with CuF2, and a more dissociated cation of the Te
traaza-AC8 with CuF2. Both of thèse relation ought to imply that the CMC
of the system with CuF2 should be higher than the system with RhCl3, which
is not observed.

The areas per headgroup

From table 2.7 it is seen that the areas per headgroup of the Tetraaza-AC8
increases when a cation (Cu++ or Rh+++) is complexed by the Tetraaza-AC8.
Whereas it decreases slightly when CsF, which is not complexed, is added to
the solution.

Aslight decrease of the area per headgroup of the Tetraaza-AC8 is seenwhen
CsF is added to the solution. This can, as for the CMC, be explained either
by the fact that Tetraaza-AC8 from two différent synthèses was used for the
measurements or by a shielding effect of the added electrolyte.

The area per headgroup of the Tetraaza-AC8 increases as the CuF2 is added
and complexed. This is explained by the coulomb potential which is implied
by the complexation of the cations.
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Two values of the area per headgroup of the Tetraaza-AC8 molécules in the
solutions with RhCLj are estimated. The estimâtes are based on différent
forms of the complexed cations (as explained earlier). Since the area per
headgroup becomes enormous when it is assumed that the complexed cation
takes the form Rh+++, we find it likely that the cation rather takes the form
Rh(OH)2 and that the last ofthe two estimated areas per headgroup should
be trusted. It is, however, aiso possible that a part of the complexed cations
are on one form and the rest are on the other form. In this case the average
area per headgroup will be found somewhere in between the two determined
values. Due to this, one should be rather critical towards the exact values
of the Tetraaza-AC8 with RhCLj and our main conclusion with respect to
the Tetraaza-AC8 with RI1CI3 is that the area per headgroup is to be found
somewhere between the two extrêmes. In ail cases we observe, however, an
increase of the area per headgroup as RI1CI3 is added, which is explained
by the coulomb potential that is a conséquence of the complexation of the
cation.

It is seen by comparing the samples with CuF2 and with RI1CI3 to the mea
surements on Tetraaza-AC8, that the areas per headgroup increase with the
charge. This can be well understood by the increasing coulomb-potential
with charge.

The surface tension at the CMC

The surface tension at the CMC, ycMC is directly related to the area per
headgroup of the surfactant molécules. The smaller area per headgroup and
the more surfactant molécules per surface area, the smaller is the surface
tension.

It is seen by comparing the areas per headgroup of table 2.7 to the icmc
table 2.6 that this is reflected in ail cases except in case where CsF is added
to the solution.

We believe that the latter exception is explained by the fact that the Te-
traaza-AC8 used for the measurements of respectively Tetraaza-AC8 and
Tetraaza-AC8 with CsF results from two différent synthèses. For the same
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reason we prefer not to draw conclusions from the différence of the jcmc in
the solutions with Cu-F2 and with RhCl3.

Conclusions

• The surface tension decreases with increasing concentration of Tetra
aza-AC8 (alone or with CsF, CuF2 or RhCl3). This proves that Tetra-
aza-AC8 is surface active.

• This decrease of the surface tension is only seen up to a certain concen
tration of Tetraaza-AC8. Hereafter the surface tension remains con
stant. This proves that a micellization of the Tetraaza-AC8 molécules
takes place.

e The CMC of Tetraaza-AC8 remains practically unchanged when CsF
or CuF2 is added to the solution. The CMC of Tetraaza-AC8 increases
when RI1CI3 is added to the solution.

e The area per headgroup increases when the Tetraaza-AC8 complexes a
cation and becomes charged.

2.4.1 Estimate of the micellar shapes

According to section 1.1 the shape of the micelles shape in the différent
Systems (Tetraaza-AC8 alone and with respectively CsF, CuF2 and RhCl3)
can be estimated from the packing parameter v/a0lc

As the volume v we use the values determined by the density measurements
(see table 2.1, page 27). For the areas per headgroup we use the values listed
in table 2.7, 45. The length of the hydrocarbon chains is estimated by Tan
fords formula (see section 1.1). Tanfords formula gives the maximal extended
hydrocarbon chains. If the chains not are fully extended, the estimated pac
king parameter becomes an underestimate.

The estimated values are listed in table 2.8. It is seen by comparing the
obtained packing parameters to figure 1.3, page 1.3 that solutions of Te-
traaza-AC8 or Tetraaza-AC8 with CsF, ought to give inverse micelles. The
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Sample v,k3 a0 À2 Lmax v/a0lc
Tetraaza-AC8, 1180 72 ±4 11.6 1.4 ± 0.1

Tetraaza-AC8, CsF 1180 59 ±5 11.6 1.7 ± 0.15
Tetraaza-AC8, CuF2 1190 190 ± 30 11.6 0.54 ± 0.8
Tetraaza-AC8, RhCl3 1240 160 (320) ± 100 11.6 0.7 (0.3)

Table 2.8: The estimated packing parameters.

micelles ofTetraaza-AC8 with CuF2 should either be cylindrical or vesicular.
The micelles of Tetraaza-AC8 with RhCl3 should be spherical, cylindrical or
vesicular.

The determined packing parameter for Tetraaza-AC8 and for Tetraaza-AC8
with CsF are certainly unrealistic. If the Tetraaza-AC8 "preferred" to form
inverse micelles, concentrations of Tetraaza-AC8 in pure water at 0.125M (~
10%ww), as we hâve made with no problems, would be unrealistic.

The micellar shapes can aiso be determined from small-angle scattering ex
periments, as will be shown in the two next chapters. We will leave the
discussion of why the packing parameters of table 2.8 are overestimates for
the gênerai discussion.
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Chapter 3

Structural Studies of

Tetraaza-AC8

The microstructure of dilute solutions of Tetraaza-AC8 in water is studied by
Small-Angle X-ray Scattering (SAXS) and Small-Angle Neutron Scattering
(SANS).

The chapter begins with a short introduction to the theory of small-angle
scattering. The ç-vector, form factor and structure factor will be defined.
Afterwards the instruments for the SAXS and SANS measurements will be

described and the obtained raw-data will be presented and discussed.

3.1 Small angle scattering

Scattering

Elastic X-ray scattering is due to an elastic interaction between the électrons
in the irradiated matter and the electric field imposed by the X-rays. To
a first approximation one can consider the process of scattering as follows:
When a material is irradiated with X-rays, the imposed electric field will
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accelerate the électrons, which, as dipoles, will émit plane waves of the same
wavelength as the incoming X-ray beam.

The intensity of the elastic scattering from an électron is given by theThom
son formula [60]:

Tfa\ t ( e* V 1 l+cos220 , x
m =I-{n^) ^—2—' M

where Is(0) is the intensity of the scattered wave at the angle 6. The angle
26 is the angle between the primary and scattered beam. Iin is the intensity
of the incoming beam, e2lmt<? is the classical électron radius. The classical
électron radius is aiso often referred to as the Thomson factor or as the
scattering length of an électron, a is the distance from the scattered object
to the position ofdétection and the factor 1+ cos2 2612 is the polarization
factor. For small angles the polarization factor is approximately unity and
the intensity of the scattered wave from an électron is given by:

*'**{£?)'$• (3-2)
Neutron scattering is due to an interaction between the incoming neutrons
and the nuclei in the irradiated matter. The scattering from différent atoms
and from différent isotopes of the same atoms can be rather différent. The
process of interaction between the incoming neutrons and the irradiated nuc
lei is not yet sufficiently well-understood to détermine the scattering cross
section of a given nuclei theoretically. The scattering cross-sections found in
tables are for this reason empirical values. By assigning a "de Broglie"-wave
to a neutron of a given mass and velocity, the following expression of the
intensity ofa "neutron-wave" scattered on a nuclei with scattering length 6,
can be obtained:

h = Iinbf—, (3.3)

where Is, as before, dénotes the intensity of the scattered wave, Iin is the
intensity ofthe incoming beam and a is thedistance to thepoint ofdétection.
(3.3) is seen to correspond to (3.2) except that there is no polarization factor
for neutrons.
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Figure 3.1:

Consider a gênerai scattering experiment. Let r,- dénote the position of the
î'th scatterer from a collection of scatterers each characterized by the scatte
ring lengths b{. The total (cohérent) scattering amplitude of the collection of
scatterers is given by the superposition of the scattering contributions from
each scatterer taking into account the respective phases:

€tt)oc£W*, (3.4)

where 6,-, the scattering length, is given by e2/mec2 in the case of X-ray
scattering. The scattering vector q is defined by:

2-k
q= y(s-so), (3.5)

where s~q is the unit vector in the direction of propagation of the incoming
beam and 5 is the unit vector direction of propagation of the scattered beam.
The relation between the length of q and the angle of détection, 26 is obtained
by simple geometry (see figure 3.1):

\q\ =
47r sin 6

(3.6)

It is seen from respectively (3.2) and (3.3) that the constant of proportionality
ofeq.(3.4) is given by i/J;n/a2. For the remainder of this section we will set
this constant of proportionality to unity and write:

aq) =Y, b^ri (3.7)
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Thescattered intensity becomes (with this modification) the absolute square
of the amplitude given by (3.7):

/(£> = Eb*m (3.8)

The form factor and the scattering length density fun
ction

In many cases it can be supposed that the sample studied by small-angle
scattering contains N particles immersed in a homogeneous solvent. We can
thenimagine the sample volume to bepartitioned intoJV cells each containing
one particle [36].

The amplitude (3.7) can in such cases be written:

^ =11^"' (3-9)
i «

where n,- dénotes the number of scatterers in the j'th œil.

The form factor of the j'th particle is defined by:

m =Y.h^3- (3-10)
t

Since traditional small-angle experiments are insensitive to détails on atomic
scale [28], we can replace the summation of the scattering lengths in (3.10)
by intégration over the so-called scattering length density function, p\f) of
the j'th:

f(q) =j p{r)e{'r->dr, (3.11)
where the scattering length density p(f) in a small volume AV at a point r
in the sample is defined by:

P{f) =̂ T" (3J2)
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Denoting the scattering length density of the solvent by po, (3.11) can be
re-expressed as:

f(q) =f{p{f) - Po)etq~->dr+ Ipoé^-dr. (3.13)
Since the second term becomes a delta function centered at q = 0, the form
factor of the j'th particle can aiso be expressed as:

f(q) = /WO - Po)^àr (3.14)

It is seen from 3.14 that the form factor is obtained by fourier transformation
of (p(f) - po).

The absolute square of the form factor, i.e. f(q)f(q)*, which is proportional
to the intensity of the scattering from a given object is aiso often referred to
as the form factor. In order to avoid confusion we will, in this project, let
f(q) dénote the "amplitude"-form factor and P(q) dénote the "intensity"-
form factor.

The form factor has been calculated analytically for a number of différent
objects, among thèse can be mentioned: Spherical, ellipsoidal and short cy
lindrical particles [23].

The distance distribution function

The scattered intensity of a particle is given by the absolute square of the
formfactor:

p(q) = mmm- (3-15)
Inserting the expression obtained in (3.14) gives:

P(q) =km- Po^dr fWi) - Po)e-t^df1. (3.16)
This expression can be rewritten to

P(q)= IAp2{r)e^dr (3.17)
Jj
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where Ap2(f) is the so-called convolution square of (p(f) - p0), defined by:

Ap\f) =jipft) - /Jo)(p(F1 - r) - p0)df, (3.18)
Where the fi and p{f)i in the équations (3.16) and (3.18) are taken for a
so-called "ghost" particle which is exactly similar to the j'th particle [60][21].
It is seen from (3.17) that the scattering intensity of the j'th particle is given
by the fourier transform of the convolution square of (p(r) —p0)

Averaging over ail orientations of the j'th particle, (3.17) can be rewritten
to [21]:

P(q) =JAp2(r)4*r2S™fdr, (3.19)
which is found by using the Debye resuit (exp(qr)) = (sin çr)/çr. The pair-
distribution function p(r) is defined from eq.(3.19) by:

p(r) = r2Ap2(r) (3.20)

The p(r) isi.e. determined for an average over ail orientations of theparticle.

Hankel Transformation

It should bementioned that in thecase of two dimensional cylinders oflength
i, having constant scattering length density along the cylinder axis, the
scattering intensity given by the fourier intergral:

/(«)- rP(r)^dr, (3.21)
Jo qr

it can be shown that the scattering intensity can be separated into a longi
tudinal and a cross-sectional contribution and the intégral reduces to [18]:

I(q) =2*2L rPcr^SIÏdr (3.22)
./o q

Where pc(r) is thepair-distribution function of the cross-section of the cylin
ders and J0(qr) is the zero-order Bessel function. The transformation given
by (3.22) is called the Hankel transformation.
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The structure factor

Ail the above mentioned considérations about the formfactor, the scattering
length density function and the pair-distance distribution function are about
a single particle, namely the j'th particle of the sum given by (3.9).

Denoting the center of mass of the j'th particle by Rj the total scattering
amplitude of the N particles (3.9) becomes:

N

e(«-E/i(«^*. (3.23)

This expression is seen to be very similar to the expression for the formfactor
(3.10), except that the sum in this case is taken over the form factors of
the N particles instead of the scattering lengths of the scatterers in the j'th
particle.

The scattered intensity of the N scatterers is given by the absolute square of
(3.23) [36]:

N N

3 il

(3.24)

Where the /Ji(ç) parallel to in (3.16) is the form factor of a "ghost" particle
to the j'th particle, being exactly similar to this latter one.

Expression (3.24) is gênerai since no assumptions are made particles and the
formfactor can vary from particle to particle.

Assuming that the size of the particles and the orientation of the particles
are not correlated with the positions of the particles, the sum (3.24) can be
taken over the average over the particle sizes and orientations [36]:

j ji

It has been shown by [36] that this sum can be expressed by:

I{^ = N(\f(q)\2)S'(q),
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where the so-called effective structure factor [54] is given by

5,(91 =1+</Py(5(91 "1}' (3-27)
and S(q) is the average structure factor defined by [36]:

*«-4 E £***** (3-28)
j ji

The expression (3.26) obtained on the basis ofthe above mentioned assump-
tions is known as the "Decoupling Approximation" [54].

It is seenfrom (3.27) that if the particles studied are spherical and monodis-
perse then S'(ç) = S(q) so that (3.26) becomes:

nï) = N\f(q)\2S(q) (3.29)

If the particles are non-spherical and/or polydisperse the scattered intensity
will be given by (3.26). In this case we aiso can be sure that the assumption
made for équation (3.25), namely that the size of the particles and the orien
tation of the particles are not correlated with the positions of the particles,
will always be fulfilled. (Since only one size is présent and no orientation can
be attributed to sphère).

It is demonstrated by [36] that a polydispersity and/or a non-sphericity leads
to a damping of the average structure factor S(q) implying that the larger
the polydispersity and/or non-sphericity the smaller structural interactions
are seen.

For an isotrope distribution of the particles in a system, the structure factor
S(q) has the foUowing relation to the radial distribution function, G(r) of
the particles [60]:

S(q) =1+J(G(r) - ^A^JHLdr (3.3o)
G(r) expresses the probability of finding an object in the distance r from the
center ofanother object. The mean value ofG(r) must be given by N/V, the
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number of scattering objects divided by the volume of the sample. G(r) is
thereby a function that oscillâtes around this value. If there is no structure
in the sample G(r) stays constant at N/V and the structure factor reduces
to unity which means that (3.26) reduces to:

I(q) = N(\f(q)\2) (3.31)

The micelles in many of the micellar solutions (for example the ones studied
in this project), are randomly distributed in the sample. A random packing
of objects in a solution dépends on many factors, for example the shape,
orientation and charge of the objects. The random distributions can be very
sensitive to small changes of the parameters that describes the objects and
it seems in practice to be impossible to give analytical expressions of the
G(r)-function in every possible case. Good analytical approximations has,
however, been found from liquid state theory in the case of randomly distri
buted spherical objects with a hard sphère potential, eventually combined
with a répulsive coulomb potential [2] [24].
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3.2 Instrumentation.

The SAXS-measurements are performed on the Huxley-Holmes caméra at
the "Service de Chimie Moléculaire" at Saclay, France. The SANS measure
ments are performed on the SANS-facility at the "Ris0 National Laboratory",
Denmark.

3.2.1 SAXS - The Huxley-Holmes caméra.

A schematic figure of the Huxley-Holmes caméra is shown in figure 3.2.

Image plaie

Caz filled

chamber

Figure 3.2: The Huxley-Holmes caméra at Saclay.

The Huxley-Holmes caméra [31] is characterized by a so-caUed Huxley-Hol
mes coUimation section. It is is constituted by a focusing mirror and a focu-
sing perfect crystal. The Huxley-Holmes coUimation section is the optimal
solution of the two constraints that are to get a monochromatic beam and a
high flux. The characteristics of the caméra are stated in table 3.1.

The x-ray source is a rotating copper anode operating at 15 kW. The appa
rent sizeof the source is lmm*lmm. The copper anode générâtes x-rays with
the foUowing characteristic wavelengths: KQ: 1.54 Â and Kp: 1.39 Â. The
Ka and K0 can furthermore be separated into the doublets Kal% Ka2, K&\
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Flux 107 photons/s
Wavelength 1.54 Â

q-range 0.01-0.7 À"1

Table 3.1: The characteristics of the Huxley-Holmes caméra.

and Kp2. The wavelengths of the two former ones which are of relevance,
are respectively: Kal: 1.5406 À and Ka2: 1.5443 Â. Beside from thèse char
acteristic lines, the anode générâtes a continuous spectrum of x-rays with
a broad spectrum of wavelengths in the interval around the characteristic
bands (bremsstrahlung). The intensity of this continuous spectrum is, howe
ver, much smaller than the intensity of the characteristic lines.

The x-rays generated by the anode are passing from the source to the col-
limation section through flight tube, which is basically an evacuated tube
made out of steel.

It is possible to insert one or more attenuators right before the coUimation
section.

The rôles of coUimation section are to collimate, to focus the beam on the
detector plane and to make the beam monochromatic. The coUimation sec
tion is constituted by a mirror a monochromator and two sets of slits. The
mirror is made of nickel coated glass and the monochromator is a germanium
crystal. The slits are placed between the mirror and the crystal and right
before the sample, as shown in the figure 3.2.

For monochromation the mirror is turned in a position in relation to the
direct beam so that the Ka x-rays are reflected. In this position the angle
between the mirror and the direct beam is smaller than the critical angle of
reflection for x-rays with wavelengths shorter than or equal to A0/2, where
A0 is the wavelength of the Ka x-rays. This implies that ail x-rays with
wavelengths shorter than or equal to A0/2 are absorbed by the mirror. With
the mirror it is, however, not possible to reject the Kp x-rays that are found
in the interval of wavelengths right below the Ka x-rays.

The Germanium crystal is placed after the mirror and the first slit. The rôle
of the crystal is to sort out the x-rays having wavelengths différent from the

61



wavelength of Ka. According to Bragg's law we hâve:

2dsin0 = nAo, (3.32)

where d is the distance between the reflection planes of the crystal, 6 is the
reflection angle, n is aninteger and A0 isthewavelength oftheincoming wave.
Since waves having différent wavelengths are reflected in différent angles, the
Ka band can be separated by turning the crystal and thereby finding the
Bragg angle of the characteristic band. By doing this carefully it is possible
to reject the Ka2 almost completely so only the wished KQi band is left.

The mirror and the crystal are bent in order to focus the beam. The slits
placed between the mirror and the crystal and right before the sample eut
off parasitic x-rays and colUmates. The sample is placed right after the last
set of sUts.

The detector is placed 2.15 m from the sample. The flight-chamber is kept
under vacuum during the experiments.

The appUed detector isa two dimensional position sensitive gas filled detector
with a diameter of 30 cm. A semi-transparent beam stop is placed right
before the detector at the position ofthe direct beam in order to protect the
detector. The atténuation of the semi-transparent beamstop is measured to
be: K = 131327 (= /0//transmi«ed).

q-calibration.

During the experiment electronics connected to the detector records the po
sition of each photon, which reaches the detector. The detector surface is
divided into pixels and the number of incoming photons in each pixel is co-
unted. The output of a measurement, the spectrum, is thus a matrix where
the number placed at each matrix position reflects the number of counts at
a given small area on the detector surface.

In order to convert the real-space distances, found at the detector between
pixels and the position of the direct beam, to ç-values one has to carry out
a q-calibration.
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At the Huxley-Holmes caméra the ç-caUbration hâve been performed by me
asuring the pixel size in real space units. Knowing the size of the pixels, the
sample to detector distance and the pixel position of the direct beam, the
ç-value corresponding to a gênerai pixel position can be calculated.

The ç-calibration hâve been verified by means of samples, which show well
known peaks (Collagen fibers from rat or kangaroo tails, DDAB and Lupo-
len.).

Radial Averaging

Since the samples studied in this project are isotropic, the scattering spectra
obtained are in ail cases centrosymmetric. This implies that a radial ave
raging of the 2 dimensional spectra can be performed without loosing any
information.

Such an averaging hâve been performed for ail SAXS spectra using the stan
dard procédure of the X-ray laboratory at "Service de Chimie Moléculaire".

Since parasitic scattering can occur at small q-values, the régions containing
spots from that kind of scattering, are removed before the radial averaging
is performed. The procédure applied takes into account that the régions are
removed.

Normalization

The normalized intensity scattered by a sample is defined as the scattering
cross-section of the sample du per unit volume V, seen in the solid angle dSl,
i.e.

L(?l
v \anft-iS (3.33)

It will below be shown how the normalized X-ray scattering from a sample is
related to the measured scattering. The déduction is gênerai, it aiso counts
for the scattering of neutrons instead of photons
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The probabiUty, p, of détection of scattering of a photon scattered by a
sample with a scattering total scattering cross-section a is given by:

P=|re, (3.34)
where S is the cross-section area of the photon beam, T is the transmission
and e is theefficiency ofthe detector. Differentiating this with respect to the
soUd angle fî gives:

©v"(âîH/ (3-35)
which is equal to:

fdP\ Te/dcr\ , ,
Km)v-t {m) v- (3-36>

Multiplying this by <p0 VAfl, <f>0 being the flux of direct beam, V the scat
tering volume and Afî the solid angle covered by one pixel, gives:

this can be rearranged to:

©vAn*-=An*°r£4©v <3-38>
since the scattering volume V equals the product of the cross-section area of
the photon beam, S and thesample thickness d. The left side of (3.38) i.e. the
product ofthe flux, the angular dépendent propability ofscattering and the
size of the solid angle equals the rate of scattered photons per solid angle,
AQ. This product will be denoted Icount. On the right side of (3.38) the
product y (â^)v is found, which as mentioned above, equals the normalized
scattering rate, Inorm from the sample. (3.38) can now be reformulated to:

hount = <j>0dTe&Sl Inorm. (3.39)

If the solid angle, Afi, is the angle covered by one pixel, Jcount will be the
count-rate of one pixel.
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The product <^0 T equals the total number of non-scattered photons passing
through the sample per unit of time. This product can aiso be calculated as:

^~=9oT, (3.40)
Where M, the monitor, is the counted number of photons behind the beam
stop after an experiment of duration t. M is proportional to the number of
photons in the direct beam that passes through the sample. The constant of
proportionality is given by K, the atténuation of the beam stop.

Inserting (3.40) in the formula (3.39) gives the expression:

T te2j 1countl/C

norm ~ MKdM'

Afi, the solid angle of one pixel is aiso given by

Aft =
ûpt'xe/

„-^det,sample

Where apixei is the side-length of one pixel and Ddet,sampie is the sample to
detector distance.

Inserting this in (3.41) gives:

T ir2

MKd \-Ddet,sample J

(3.41)

(3.42)

(3.43)

It should be noted that this is not the only possible method to normalize a
spectrum. Another principle is based on normalizing the spectrum from the
unknown sample to a well-calibrated sample. The well-calibrated sample can
e.g. be a lupolen sample1 or a H2O spectrum2 The principle of this method
is used to normalize the SANS measurements performed in the project (see
later sections).

By normalizing a SAXS spectra by means of différent principles, the précision
of the normalization can be estimated. The incertitude of the normalization

of the SAXS spectra is by Didier Gazeau stated to be less than ±10 —15%.

1Lupolen is a standard sample which is calibrated by Wignall and Bâtes, the sample
shows a peak with intensity of 6 cm-1 which can be applied for the normalization.

2A H2O spectrum shows incohérent scattering of an intensity of 0.011 cm-1 for X-rays.

T
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Subtraction of background and empty cell

The samples studied in this project hâve ail been kept in cells with kapton
Windows during the experiments. The kapton Windows contribute to the
total measured scattering. In addition to this, there is a contribution to
the measurements from the background scattering3. The total measured
scattering is therefore given by:

*meas = 1sample + Jcell + 1sample background i (3-44)

where the mentioned intensities are normalized with the measuring time t
and the monitor M. This equals:

•*sample = Jmeas ~ Icell ~ 1sample background- (3.45)

Iceii can be measured by inserting an empty cell in the caméra, the resuit of
such a measurement will be:

lcell,meas = lcell + icellbackground (3.46)

The background is determined as the signal measured by the detector when
the beam is turned off. For this reason there is no différence between
•»sample background and Icell background- Isample IS then found as:

Isample = J-meas ~~ 'cell,meas (3.47)

3.2.2 SANS - The Ris0 facility

A schematic figure of the caméra applied for the SANS measurements is
shown in figure 3.3. The neutrons are collected from the cold source of the
DR3 reactor at Ris0 [46]. The wavelength distribution of the neutrons hâve
a maximum intensity at about 2.5Â [55]. The neutrons are guided from the
source to the caméra by means ofa nickel-coated guide. The neutron guide
has background reducing effect since it absorbs fast neutrons and gamma
rays from the reactor [55]. After the shutter a mechanical velocity selector

3R«sidual parasitic scattering, incohérent scattering, electronic background of the
detector.
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The Riso — small angle neutron scattering tacility: 1 — collimator; 2 — sample chamber; 3
detector tank: 5 — area sensitive detector

valves/vindows; 4 —

Figure 3.3: The SANS facility at Ris0l*fc3 .

is placed. The velocity selector détermines the wavelength of the neutrons.
Neutrons with wavelengths from 3 to 20 Â can be obtained at reasonable
fluxes.

The resolution of the velocity selector was for the measurements performed
in this project around 18%. Compared to the SAXS measurements, this is a
rather large range of wavelengths. This is, however, the necessary compro
mise in order to obtain a sufEciently high flux.

The coUimation section is made of a tube with a length of 6 m. In the tube
neutron guides and pinholes can be mounted in order to define the effective
coUimation length. The maximum possible coUimation length is 6 m whereas
the minimum coUimation length is 1 m. AU the coUimation section is under
vacuum.

The sample is placed in a vacuum chamber between the coUimation section
and the detector section. It is possible to mount five samples at a time in the
sample holder, which is then rotated in order to change the sample during
the measurement.

The detector section is made of a flight chamber with a length of 6 m, the
chamber is kept under vacuum during the measurement. The Detector is
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Setting Sample/Det. (m) A, (À) q-range, (À-1)
1

2

3

1.05

3.00

6.00

2.8

6.2

6.2

0.084-0.56

0.013-0.088

0.0066-0.044

Table 3.2: The setting parameters of the SANS measurements.
ple/det." is short for "sample to detector distance".

sam-

a two dimensional position-sensitive gas detector. A computer and an ele-
ctronic system connected to the detector collects and counts the scattered
neutrons. A non-transparent beam-stop is placed right before the detector
in the position of the direct beam. The beam-stop absorbs the direct beam
and only the scattered neutrons reach the detector.

The sample-to-detector distance can be varied from 1 m to 6 m, depending
onthe ç-range one wishes to cover. SmaU q-values arecovered by maximizing
the sample-to-detector distance andthe wavelength ofthe neutrons. Whereas
large q-values axe covered by minimizing the sample-to-detector distance and
the wavelength ofthe neutrons. By changing the wavelength and the sample-
to-detector distance in the course ofan experiment a ç-range from 5•103 Â-1
to 0.5 —0.6 À-1 can be covered.

In the measurements performed in this project we hâve applied three settings
of the sample to detector distance. The relevant parameters of the three
settings are stated in table 3.2.

ç-calibration

At Ris0 the ç-caUbration was originally performed applying the well-known
structures of Graphite and Mica. The ç-calibration has, recently been re-
evaluated applying a block copolymer 4 that shows Bragg-like peaks due to
a lamellar structure.

4personal communication with K. Almdal, J. Skov Pedersen and K. Mortensen.
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Transmission measurements

Measurements of the sample transmissions are crucial for both the normal
ization and the background subtraction of the scattered intensities. At the
SANS facility at Ris0 the transmissions are measured by inserting an atte-
nuator right after the shutter (see figure 3.3) and removing the beam-stop.
The intensity of the central unscattered beam is measured with respectively
the sample, the empty cell and the boron plast inserted in the beam. The
transmission is given as:

sample —
'count,sample

*count,cell

(3.48)

As the sample transmissions dépend on the wavelength of the neutrons, the
transmissions are measured for both wavelengths used for the measurements
(i.e. 2.8 Â and 6.2 Â .)

Normalization

The normalization of the SANS spectra is performed by normalizing to a
H20 spectrum. The hydrogens in H20 hâve a large incohérent scattering
cross section compared to the cohérent scattering cross section. This gives
rise to a constant scattering function of relatively high intensity from a H20
sample.

For a gênerai sample the theoretical relation betweenthe number of scattered
neutrons, I(q)count and the normalized scattering I(q)norm is given by (see
(3.39)): '

•Icount = 4*0 dsample e •* sample •L{q)norm ^"; (O.'ty)

where e is the efficiency of the detector.

If it is assumed that only incohérent, inelastic scattering occurs and that the
scatters do not shadow for eachother [73], the incohérent scattering from the
H2O counted in the solid angle Afi is given by:

I(q)H20,count = </>0e</(A)(l - rff2o)Afî/47T, (3.50)
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where g(X) is an empirically determined correction factor.

The fraction of I(q)sampie,œunt and I(q)H2o,count is given by:

l\q)sample,count _ <f>0 t daampie Taampie 1(q)norm,sample Afi
I(q)H2o,count <f>oeg(W - TH2o)Aa/4ir ' {->

which can be rearranged to:

T(n\ , - ^tample^unt (1 ~ 7ff2o)g(A) f .
1 \H)norm,sample — ~~77~\ m j "—• [O.DZ)

1 \q)H2Otcount -t sampleO-sample^

This is the formula used for the normalization of the SANS-measurements.

The précision of the normalization is by Jan Skov Pedersen estimated to be
±10%

Subtraction of background and empty cell.

As it is the case for the SAXS measurements the scattering from the empty
ceUs and the background hâve to be subtracted from the expérimental spe
ctra. The scattering from the empty ceU is measured by inserting a D2O
filled cell in the caméra. The background is measured by inserting a pièce of
boron plast at the sample position which absorps aU neutrons in the incident
beam.

The scattering (in counts) from the sample has then been calculated as:

J _ ( •*sample ~ hackground lçuv+D2Q ~ hackground \ rr, /0 eo\
Isample — I ~ — I 1 sample-, {o.DÔ)

\ J-sample J-cuv+D20 /

where the intensities are normalized to the monitor. The scattering (aiso in
counts) from the H20 is calculated as:

T„ / *H2Q ~ hackground Jempty cuv ~ fbackground \ m /o r a\lH*° ~ \ f~n rf 1ïj/a0. (3.54)
\ *• ti2U •'•empty cuv /

Thèse are the expressions for, respectively, the
I{q)sampie,count and the I{q)H2o,count used in expression (3.52).
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Example of treatment of SANS-data.

A normalized SANS spectrum is obtained calculating the expression given
by 3.52. In order to normalize, it is necessary to measure ISampie, lemptyœii,
Id2o-, Ih2o-, horon and Taampie, Temptyceu, Td2o and Tn2o-

To cover a sufficient large ç-range, we used three settings for the wavelength
and the sample-to-detector distance (see table 3.2 page 68). This means that
a complète scattering spectrum is made of three parts and that it is necessary
to measure, respectively, the scattered intensities and the transmissions of
the sample, empty cell, D20 and boron plast for each setting in order to
normalize.

Normalization of the three spectra that forms the total measured I(q) spec
trum for a 0.132 M solution of Tetraaza-AC8 in D20 gives the spectrum
shown in figure 3.4. Two features are striking:

Tetraaza-AC8.

Normalized raw data.

♦ Kq). «Ami. f*fti nom. o l(q).sArtm Hq). 3À/lm
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q.1/A

Figure 3.4: The normalized raw spectrum obtained for a 0.132 M solution
of Tetraaza-AC8 in D20.
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1. The part of the spectrum measured at 6 Â /6 m setting shows a very
large standard déviation.

2. The spectrum is not continuous.

The statistical problem mentioned in 1) is due to a very low scattered inten
sity at the 6Â/6 msetting. The flux at 6Âis markedly lower than it is at 3
À. In addition to this, the sample to detector distance as well as the colUma-
tion length are doubled which implies that the number ofcounts per pixel of
the detector at 6 m is expected to be l/16th of what is measured with the 6
À /3 m setting. The decrease in intensity leads to poor statistics on ail the
spectra (samples, H20, empty cell and background). When thèse spectra are
combined for the normalization and background subtraction, the statistics of
the complète spectrum become even worse. To counter balance the decrease
in the count-rate, it is to necessary to increase the counting time. We hâve,
however, to compromise since the allocated beamtime is limited.

As the intensity ofthe H20 spectrum used for the normalization ispractically
independent of q, the H20 spectrum measured at the 6 Â/3 m setting can
be applied for the normalization of the 6 Â/6 m data.

Renormalizing the 6 À /6 m spectrum with the 6 Â /3 m H20 spectrum
gives the resuit shown in figure 3.5.

The standard déviation ofthe 6 Â/6 m partof thespectrum decreased mar
kedly, but the total spectrum is stiU discontinuous as pointed out previosly
in 2. In order to make the spectrum continuous we hâve optimized the file
overlaps. The optimization consists in finding scaling parameters for the th
ree parts of the spectrum making the overlaps as smooth as possible. We
decided to set the scaling parameter ofthespectrum obtained with the6 Â/3
m setting (the spectrum in the middle) to 1 and rescale the two surrounding
spectra to this one.

The reasons to be more confident in the 6 Â /3 m spectrum than in the 6
À /6 m spectrum are 1) that the statistical déviation is much smaller on the
6 Â /3 m spectrum and 2) that the 6 Â /3 m spectrum is normalized in
the traditional way. The reason for choosing the 6 Â /3 m spectrum instead
of the 3 Â/l mspectrum are both that the factor #(3Â), which is caméra
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Tetraaza-AC8.

Normalized raw data
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Figure 3.5: The spectrum obtained for a 0.132 M solution of Tetraaza-AC8
in D20. The H20 spectrum obtained at the 6 Â /3 m setting is used for the
normalization.

spécifie, is not wellknown for the SANS facility at Ris0 and that since the
latter one covers large angles, géométrie effects can no longer be neglected.

The spectrum after optimization of file overlaps is shown in figure (3.6).
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Tetraaza-AC8.

OptJmized file overlap.
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Figure 3.6: The spectrum obtained for a 0.132 M solution of Tetraaza-AC8
in D20. The H20 spectrum obtained at the 6 Â /3 m setting is used for the
normalization and an optimization of the file overlaps has been carried out.

3.3 Experiments and Results

Both SAXS and SANS data are normalized and the file-overlaps of the SANS
data are optimized. AU SAXS measurements are performed in cells with
kapton walls, the thickness of the kapton cells are either 0.15 cm or 0.20 cm
dépendent on the concentration and thereby the transmission of the samples.
The SANS measurements axe performed in Hellma quartz cells with a thick
ness 0.1 cm. The measuring times for the SAXS samples axe from 4 to 12
hours depending on the concentration of the sample. The measuring times
for the SANS samples axe 30 minutes for the 3 Â/1 m settings, 1 hour for
the 6 A/3 m settings and 3 hours for the 6 À/6 m settings.
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Tetraaza-AC8

The Tetraaza-AC8 samples are listed in table 3.3. The most concentrated
sample and the four other samples are made from two différent synthèses of
Tetraaza-AC8. AU solutions for SAXS are prepared with H20, whereas the
solutions for SANS axe prepared with D20.

Sample molarity (m/1) T3Â T6Â
0.125 -

0.098 - -

Tetraaza-AC8, SAXS 0.069 - -

0.045 - -

0.023 - -

- 0.132 0.815 0.770

Tetraaza-AC8, SANS 0.070 0.828 0.802

0.025 0.877 0.867

Table 3.3: The SAXS and SANS measurements performed on Tetraaza-AC8.

The obtained spectra are listed in figure 3.7 to 3.10. The spectra seen in
figure 3.8 and 3.10 are normalized with respect to the volume fraction of
Tetraaza-AC8 in water.

Tetraaza-AC8, SAXS data

It is seen in the figures 3.7 and 3.8 that there are no dramatic changes in
the spectra when the concentration is increased. From the figures and from
table 3.4 it is seen that the position of the broad peak at small q-values does
not seem to vary maxkedly with the concentration. The dramatic increase
in intensity at small g-values for the 0.125 M SAXS sample might be due
to parasitic scattering. The broad peak at low q values should probably be
attributed to intermicellax corrélations.

The position of the bump at large ç-values does aiso seem to be almost
independent of the increases in concentration (seetable 3.4). This means that
the shape of the micelles does not change dramatically with concentration.
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Figure 3.7: SAXS measurements on Tetraaza-AC8.

Tetraaza-ACS, normalized.
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Figure 3.8: Normalized SAXS measurements on Tetraaza-AC8.
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Figure 3.9: SANS measurements on Tetraaza-AC8.

Tetraaza-AC8 in D20, normalized.
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Figure 3.10: Normalized SANS measurements on Tetraaza-AC8.
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Sample q-max 1/A 9min 1/À
Tetraaza-AC8, 0.125 M - 0.17 ± 0.005

do. 0.098 M 0.033 ± 0.005 0.168 ± 0.005

do. 0.069 M 0.038± 0.005 0.17 ± 0.005

do. 0.045 M 0.04 ± 0.005 0.168 ± 0.005

do. 0.023 M 0.04 ± 0.005 0.175 ± 0.01

Table 3.4: The positions of the maxima and minima of the SAXS spectra
of Tetraaza-AC8.

In the log-log plot of the normalized spectra (figure 3.8) it is noted that aU
spectra flattens out at low q-values. This can be explained by a spherical or
almost spherical structure of the micelles. A slight increase in intensity with
increasing concentration is,however, seen for the low q-values (see figure 3.8).

Tetraaza-AC8, SANS data

The neutron spectra presented in figure 3.9 and 3.10 indicate, as well as the
SAXS data, that no important changes in the shapeof the micelles or in the
interaction between the micelles takes placewith increasing concentration. A

Table 3.5:

AC8.

Sample qmax 1/A
Tetraaza-AC8, 0.132 M

do. 0.070 M

do. 0.025 M

0.042 ± 0.005

0.048 ± 0.005

0.045 ± 0.005

The positions of the maxima of the SANS spectra of Tetraaza-

broad peak is observed at small g-values. The position of this peak does not
change with concentration (see table 3.5). Both observations are inagreement
with what is observed on the SAXS spectra. In the log-log représentation
of the normalized data it is noted that there is practicaUy no change in the
spectra when the concentration is increased, which implies that neither the
shape of the micelles nor the interactions between the micelles change with
concentration.
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Tetraaza-AC8 with CsF

The samples of Tetraaza-AC8 in aqueous solutions with CsF are listed in
table 3.6. The 0.106 M sample of the SAXS measurements is made from one
synthesis whereas the other three SAXS samples are made from a second
synthesis. The Tetraaza-AC8 for the SANS measurements is made from a
third synthesis.

Sample Mol. TAC8 (m/1) Mol. CsF (m/1) T,Â T,A

TAC8+CsF, SAXS
0.112

0.106

0.048

0.025

0.132

0.136

0.057

0.029

TAC8+CsF, SANS 0.10

0.025

0.10

0.025

0.863

0.934

0.850

0.925

Table 3.6: The SAXS and SANS measurements performed on Tetraaza-AC8
with CsF.

The obtained spectra are listed in figure 3.11 to 3.14.

Tetraaza-AC8 with CsF, SAXS data

It is seen from figure 3.11 that for high q-values, the scattering intensity do
not seem scale with concentration. At low ç-values the scattering increases
with increasing concentration as expected.

A gênerai feature of the log-log représentation of the SAXS spectra (see figure
3.12) is that the spectra do not scale with concentration. In ail of the ç-range
the two most concentrated samples hâve approximately the same scattering
intensity when normalized. Whereas the normalized scattering of the 0.048M
and the 0.025M samples seems to increase with decreasing concentration at
high q-values. At small q-values the différence in scattering intensity seem
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Tetraaza-AC8 with equimolar CsF
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Figure 3.11: SAXS measurements on aqueous solutions of Tetraaza-AC8
with CsF.

Tetraaza-ACB with equimolar CeF, normalized.
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Figure 3.12: Normalized SAXS spectra of Tetraaza-AC8 in aqueous solu
tions of CsF.
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Tetraaza-ACS with equimolar
CsF in D20.
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Figure 3.13: SANS spectra of Tetraaza-AC8 in aqueous solutions of CsF.
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Figure 3.14: Normalized SANS measurements of Tetraaza-AC8+CsF. The
spectra are normalized with respect to the volume concentration.
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to be less important. It should, however, be kept in mind that the log-
log représentation emphasizes diferences measured at low intensities while
différences measured at high intensities axe damped.

It is noted that the spectra do not flatten out at low q-values as the samples
without electrolyte do (compare to figure 3.8 page 76). This can be a sign
that the micelles of the solutions with CsF hâve an ellipsoidal or cylindrical
structure.

We do not see the broad peak which is seen for the samples without electro
lyte anymore (compare 3.11 to 3.7). This can indicate that the corrélations
between the micelles become less important when CsF is added to the solu
tions.

Two explanations for the decrease in the scattered intensities with increasing
concentration could be imagined:

1. There is an important problem with the background subtraction, or

2. The micelles axe eUipsoidal or hâve the shape of short cylinders and
become more and more elongated with increasing concentration.

From both figures 3.11 and 3.12 Unsufficient subtracted background as men
tioned in 1. will resuit in an intensity that appaxently increases with decre
asing concentration. An elongation of the miceUes as mentioned in 2. will
theoretically lead to an increasing intensity at low q-values and a decreasing
intensity at high q-values. An elongation of the micelles will aiso lead to
a déplacement of the first minimum of the spectra to lower q-values with
increasing concentration.

It seems likely that 1 is a part of the explanation since we actually observe
an increasing intensity with decreasing concentration. But with the large
différence of the scattered intensities at high q-values in mind, it can not be
the entire explanation. For this reason a change of the micellar shape incre
asing concentration can aiso be a possibility. We do, however, not observe a
déplacement of the first minimum as would be expected from an elongation
of the micelles (see table 3.7).



Sample qmin 1/À
Tetraaza-AC8+CsF 0.112 M 0.132M 0.158 ± 0.005

do. 0.106 M 0.162 ± 0.005

do. 0.048 M 0.162 ± 0.005

do. 0.025 M 0.15 ± 0.005

Table 3.7: The positions of the minima of the SAXS spectra of Tetraaza-
ACS with CsF.

Tetraaza-AC8 with CsF, SANS data

The SANS spectra of aqueous solutions of Tetraaza-AC8 with CsF are shown
in figure 3.13 and 3.14. It is noted that the most concentrated sample shows
a slightly higher scattered intensity at low q-values, whereas the 0.025M
sample shows higher scattered intensity at high q-values. This can be due
to an increase in the length of the micelles as aiso suggested for the SAXS
samples. As for the SAXS samples, no important structural interactions
between the micelles are noted at small q-values.

Since the CsF is not complexed to the Tetraaza-AC8, it is not surprising
that the intermicellar corrélations do not increase when the CsF is added to

the solution. (The complexation of a cation might lead to charged micelles,
and thereby répulsive coulomb potentials acting between the micelles). It is,
however, surprising that the intermicellar corrélations seem to decrease with
the addition of CsF (compare to figure 3.7 and figure 3.9). Two possible
reasons for this behavior can be imagined:

1. The Tetraaza-AC8 when dissolved in water is sligthly protonated. This
might lead to a charge and a répulsive coulomb potential of the Tetra
aza-ACS micelles. The CsF is not complexed by the Tetraaza-AC8.
Instead it has a screening effect which reduces the intermiceUar corré
lations.

2. According to the decoupling approximation of the structure factor (see
57), a différence from sphericity or monodispersity of the micelles leads

83



to a damping of structural interactions. This implies that if the Te
traaza-ACS micelles become less spherical and/or monodisperse as the
CsF is added, the intermicellar corrélations will decrease.

It is possible that the weak intermicellar corrélations should be explained
by a combination of thèse two. It is however necessary to investigate the
miceUar shapes with more certainty before any conclusions can be drawn.
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Tetraaza-AC8 with CuF2

The SAXS and SANS measurements of aqueous solutions Tetraaza-AC8 with
CuF2 are listed in table 3.8.

Sample Mol. TAC8 (m/1) Mol. CuF2 (m/1) t,â \k
0.125 0.128

TAC8+CuF2, SAXS 0.091 0.093 - -

0.058 0.059 - -

0.030 0.030 - -

0.124 0.124 0.911 0.883

TAC8+CuF2, SANS 0.062 0.062 0.821 0.818

0.031 0.031 0.831 0.835

Table 3.8: The SAXS and SANS measurements performed on aqueous
solutions of Tetraaza-AC8 with CuF2.

The obtained spectra are listed in figure 3.15 to 3.18.
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Figure 3.15: SAXS measurements of aqueous solutions of Tetraaza-AC8
with CuF2.
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Figure 3.16: Normalized SAXS measurements of aqueous solutions of Te
traaza-ACS with CuF2.
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Figure 3.17: SANS measurements of aqueous solutions of Tetraaza-AC8
with CuF2.

10

Tetraaza-ACS with equimolar CuF2 in D20, normalized.

OOOOO'

♦ 0.124M

° 0.062M

A 0.031M

q, 1/A

0.1

Figure 3.18: Normalized SANS measurements of aqueous solutions of Te
traaza-ACS with CuF2.
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Tetraaza-AC8 with CuF2, SAXS data

The figures 3.15 and 3.16 show that the scattered intensity of the samples
with CuF2 is proportional tothe concentration as it is the case for thesamples
without electrolyte. The only exception is the 0.125 M sample that seems
to hâve the same scattered intensity as the 0.091 Msample. It seems likely
that this may be due to an error either in the normalization or in the sample
préparation. It was, however, not possible to find the origin of the error. As
the scattered intensities axe proportional to the concentration the shape of
the micelles must be very little dépendent on concentration in the studied
concentration range.

A broad peak at small ç-values similar to the peaks observed the samples
without electrolyte is seen (compare figure 3.15 to 3.7). As for the samples
without electrolyte we assing this peak to structural interactions. As for the
samples without electrolyte, the position of the maximum does not move
change significantly when the concentration increases (see table 3.9).

Sample qmax 1/À 9min 1/À
Tetraaza-AC8+CuF2 0.125 M 0.065 ± 0.01 0.17 ± 0.005

do. 0.091 M 0.065 ± 0.01 0.17 ± 0.005
do. 0.058 M 0.06 ± 0.01 0.17 ± 0.005
do. 0.030 M

- 0.17 ± 0.005

Table 3.9: The positions of the maxima and minima on the SAXS spectra
of aqueous solutions of Tetraaza-AC8 with CuF2.

The shape and position of the second maximum not influenced maxkedly by
the increase in concentration. For ail samples the intensity curve seems to
flatten out at low ç-values. This can indicate a spherical or close to spherical
shape of the micelles.

Tetraaza-AC8 with CuF2, SANS data

The spectra obtained on the SANS caméra confirm the gênerai observations
from the SAXS spectra. The scattered intensities and the sample concentra-
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tions scale as is seen in figure 3.16.

A broad peak is observed for low q-values (see table 3.10) (except for the
most concentrated sample). The position of the peak do not change with
concentration.

Sample <li(q)maX 1/A
Tetraaza-AC8+CuF2 0.124 M

do. 0.062 M

do. 0.031 M

0.04 ± 0.005

0.045 ± 0.005

Table 3.10: The positions of the maxima on the SANS spectra of aqueous
solutions of Tetraaza-AC8 with CuF2.

It is seen from table 3.8, that the transmission of the most concentrated sam
ple is higher than the transmissions of the more dilute samples. This seems
contradictory at first sight. It is, however, what we measure. The scattering
intensities are, in spite of the behavior of the transmissions, proportional to
the sample concentrations (see figure 3.18).

Since the intensities of both the SAXS and SANS scale with the sample
concentrations in ail of the ç-range, it seems likely that the micellar shape of
Tetraaza-AC8 with CuF2 is very little dépendent on concentration.

The broad peaks observed at small ç-values are very similar to the ones
observed for the Tetraaza-AC8 samples without electrolyte: The peaks are
broad and the position of the peak do not change with concentration. This
suggests that the structural interactions are of the same kind for the two
Systems. Since the charge repulsions of the Tetraaza-AC8 can only be weak
(the degree of protonation of the Tetraaza-AC8 in water is less than 5%
according to [37]), similar structural interactions of the Systems with and
without electrolyte, implies that the micelles of Tetraaza-AC8 with CuF2 aiso
only show weak charge repulsions. Since the CuF2 certainly is complexed by
the Tetraaza-AC8 molécules a weak charge of the micelles must be due to
a very high degree of adsorption of the fluorine counter-ions to the micellar
surface. Implying that the effective charge of the micelles is much smaller
than the structural charge (given by iV^jZ^+t).
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Tetraaza-AC8 with RhCl3

The SANS and SAXS samples of aqueous solutions of Tetraaza-AC8 with
RI1CI3 axe listed in table 3.11.

Sample

TAC8+EhCl3, SAXS

TAC8+RhCl3, SANS

Mol. TAC8 (m/1)
0.052

0.033

0.016

0.050

0.033

0.016

Mol. RhCl3 (m/1)
0.055

0.035

0.017

0.051

0.034

0.016

laÀ.

0.854

0.896

0.876

:jlL

0.851

0.908

0.881

Table 3.11: Thesamples for the SAXS and SANS measurements ofaqueous
solutions of Tetraaza-AC8 with equimolax RhCl3.

The obtained spectra axe listed in figure 3.19 to 3.22.
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Figure 3.20: Normalized SAXS measurements of aqueous solutions of Te
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Figure 3.21: SANS measurements of aqueous solutions of Tetraaza-AC8
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Figure 3.22: Normalized SANS measurements of aqueous solutions of Te
traaza-ACS with equimolar RhCl3.
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Tetraaza-AC8 with RhCl3, SAXS data

From figure 3.21 and 3.22 it is seen that scattering intensity of the samples
with RhCl3 aiso scale with concentration. At low ç-values the scattering of
the three samples is practicaUy identical when normalized by volume fraction.
The position of the second oscillation is unchanged, which indicates that no
important modification of the shape of the micelles occurres as the sample
concentration increases (see table 3.12).

In figure 3.20 it is seen that the 0.016 M sample appaxently has a higher
scattering intensity at high q-values than the two other samples. It should,
however, be noted that the log-log représentation enhances the différences
at low intensities, i.e. the différence appears to be more important than it
actually is.

Sample qmax 1/A 9/(«U» 1/À
Tetraaza-AC8+RhCl3 0.052 M

do. 0.033 M

do. 0.016 M

0.028 ± 0.005

0.035 ± 0.005

0.035 ± 0.005

0.15 ± 0.005

0.15 ± 0.005

0.16 ± 0.005

Table 3.12: The positions of the maxima and minima on the SAXS spectra
of Tetraaza-AC8 with RhCl3.

From figure 3.19 it is seen that the spectra show a broad peak for low q-
values. Within the accuracy of the détermination of the peak position we
do not see any significant changes with increasing concentration (see table
3.12).

Tetraaza-AC8 with RhCl3, SANS data

The SANS-data are in agreement with the SAXS-spectra. A broad peak is
observed for low q-values and the position of the peak does not change with
concentration (see figure 3.21 and table 3.12). Further more the normalized
spectra axe practicaUy identical (see figure 3.22).
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Sample q-max 1/A
Tetraaza-AC8+RhCl3 0.50 M

do. 0.033 M

do. 0.016 M

0.043 ± 0.005

0.043 ± 0.005

0.04 ± 0.005

Table 3.13: The positions of the maxima on the SANS spectra of Tetraaza-
ACS with RhCl3.

Again we note that the transmissions do not behave as expected (see table
3.11). The transmission ofthe 0.033 Msample ishigher than the transmission
of the 0.016 M sample. But as it is the case for the samples with CuF2, the
lack of consistency has appaxently no influence on the normalization of the
samples.

As the spectra of both SAXS and SANS samples scale with concentration in
ail of the ç-range it is likely that no important changes ofthe micellar shape
take place as the sample concentration is increased.

As for the measurements on, respectively, Tetraaza-AC8 and Tetraaza-AC8
with CuF2, the corrélation peaks seen at small q-values are broad and the
position of the peaks do not change with increasing concentration. Using an
argument similar to the one used for the sample of Tetraaza-AC8 with CuF2
(see page 89) this can imply a low effective charge of the micelles (implied
by a high degree of adsorption of the counter-ions to the micellar surface).

Comparison of the différent samples

When comparing the spectra obtained for Tetraaza-AC8 alone and with re
spectively CsF, CuF2 and RhCl3 important différences are noted.

At the plots of the SAXS spectra (figures 3.23 and 3.24) we observe a mar
ked différence between the spectrum with CuF2 on one side and the other
spectraon the otherside (see figure 3.23 and 3.24). The spectrum with CuF2
indicates, that the micelles with CuF2 axe more spherical than the micelles
formed in the other solutions. Apart from the différence in the shape of the
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Figure 3.23: SAXS measurements on Tetraaza-AC8 alone and with, respe
ctively, CsF, CuF2 and Rh(Cl)3.
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Figure 3.24: SAXS measurements on Tetraaza-AC8 alone and with, respe
ctively, CsF, CuF2 and Rh(Cl)3.
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Figure 3.25: SANS measurements on Tetraaza-AC8 alone and with, respe
ctively, CsF, CuF2 and Rh(Cl)3.
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Figure 3.26: SANS measurements on Tetraaza-AC8 alone and with, respe
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curves, a shift in the positions of the structure factor peak and the first mi
nimum is observed. The average positions of the structure factor peak and
the first minimum are stated in table 3.14 for the SAXS spectra.

At the plots of the SANSspectra a large variation in the scattering intensities
of the différent samples is observed (seefigure 3.25). Such a variation is aiso
observed for the SAXS spectra, but it seems to be less important in the
latter case (compare to 3.23). The variation of the intensities can reflect
both changes in scattering-length densities and in the shape of the micelles
with addition of the salts.

By comparing table 3.14 to 3.15, it is noted that while the positions of the
structure factor peaks are rather différent for the SAXS spectra on the dif
férent samples, much smaller variations axe observed for the SANS spectra.
The shapes of the SANS spectra do aiso not show as important différences
as the corresponding SAXS spectra show.

Sample qmax 1/A 9mm 1/À
Tetraaza-AC8 0.038 ± 0.05 0.17 ± 0.005

do. +CsF - 0.158 ± 0.005

do.+CuF2 0.063 ± 0.01 0.17 ± 0.005

do. + RhCl3 0.033 ± 0.005 0.154 ± 0.005

Table 3.14: The positions of the maxima and minima on the SAXS spectra
of Tetraaza-AC8 alone and with respectively CsF, CuF2 and Rh(Cl)3.

From the shifts in the shape of the curves and in the positions of the struc
ture factor peak and the first minimum it is tempting to conclude, that the

Sample 9max 1/A
Tetraaza-AC8 0.045 ± 0.05

do. -f-CsF -

do.+CuF2 0.043 ± 0.005

do. + RhCl3 0.042 ± 0.005

Table 3.15: The positions of the structure factor peak on the SANS spectra
of Tetraaza-AC8 alone and with respectively CsF, CuF2 and Rh(Cl)3.
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samples with CuF2 form smaller and more spherical micelles than the other
solutions. -And that the micelles in the samples with, respectively, CsF and
RhCl3 axe larger than the micelles in the two other samples. A more pro-
found data analysis is, however, necessary in order to give a more précise
interprétation of the behavior of the samples.
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Chapter 4

Data Analysis

This chapter is constituted by three sections.

In the first section crude models of the micelles will be used in order to

estimate some of the characteristic parameters of the micellar system.

The second and third section are dedicated to a more sophisticated data
treatment.

Section 4.2 contains a description of the principles of the two applied met
hods of data analysis: The model independent method of indirect fourier
transformation and the method of direct fitting of molecular based models.

In section 4.3 the results of the data analysis are shown.

4.1 The first approach to an interprétation
of the scattering data

The positions of the first minima

If it is assumed that the scattering objects are sphères with constant scat
tering densities, then the radius of the objects can be estimated from the
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position of the first minima.

The form factor of a sphère with constant scattering length density is:

P(q) ={Ap)2V2 (Vm<?r-9rcos9r
V (qr)3

The position of the first minimum of this expression is given by [22]:

qr = 4.493

From which the radius of the sphère r can be approximated.

Applying this for the obtained SAXS data gives a very rough estimate of the
radii of the micelles. The method has, however, the advantage of being fast.

The estimated radii axe listed for the SAXS-samples in table 4.1. The orders
of magnitude of the estimâtes axe in good agreement with what is expected
regarding a model of a Tetraaza-AC8 molécule. According to the formula
of Tanford (page 11). The C8 chains hâve a maximal length of about 11.5
À. Considering the areas per headgroup (table 2.7 page 45) compared to the
volumes of the headgroups (table 2.1 page 27) of the polar part it seems
reasonable that the thickness of the shell should be of the same order of
magnitude. The estimated radii for the four samples vary from sample to
sample (see table 4.1). It is, however, meaningless to interpret the variations
within the frame of this simple model.

Sample R(À)
Tetraaza-AC8

Tetraaza-AC8+CsF
Tetraaza-AC8+CuF2
Tetraaza-AC8+RhCl3

26

28

26

29

Table 4.1: Rough estimâtes of the radii of the micelles.

100

(4.1)

(4.2)



10

1 •-

0,1 -

0,01

1.00E-03

Tetraaza-AC8, 0.13M

• l(q)SANS

e l(q)SAXS

-+-

1.00E-02

"N.

1.00E-01

q, l'A

H

1.00E+00

Figure 4.1: A SAXS and a SANS spectrum for a sample with Tetraaza-AC8.

The différence between SAXS and SANS spectra

The scattering profiles

Expression (4.2) indicates that the radius of the micelles is inversely propor
tional to the position of the first minimum. From the SAXS measurements
the apparent size of the micelles seems in gênerai to be much larger than from
the SANS measurements (see figure 4.1 to 4.4). This is obviously explained
by the différence in scattering density for x-rays and neutrons.

The scattering length density profiles can be estimated for the différent sam
ples by assuming the foUowing simple two-shell model of the micelles: The
micelles are spherical, the hydrocarbon chains form the core of the micelles
whereas the rest of the surfactant molécule is placed in a shell around the
core. In this simple model it is assumed that no water molécules enters the
shell of the micelles.
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Figure 4.2: A SAXS and a SANS spectrum for a sample with Tetraaza-AC8
and CsF.
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Figure 4.3: A SAXS and a SANS spectrum for a sample with Tetraaza-AC8
and CuF2.
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Figure 4.4: A SAXS and a SANS spectrum for a sample with Tetraaza-AC8
and RhCl3.

The scattering length density, p of the core becomes:

2_j "core ™agg £_j "apol
Pcore v —— —; ,

'core *'agg 'apol
(4.3)

where bdénotes the scattering length, V is the volume and Nagg is the agg
regation number. The radius, R of the core becomes:

Rc l'agg 'apol \
. (4/3)*

Corresponding, the scattering length density of the shell becomes:

J2 bshell Nagg J2 bpoi
Pshell = .

yshell NaggVpol

The outer radius of the shell becomes:

R shell

_ (Nagg(Vapol + Vpol)\1/3
(4/3)*
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The scattering length density profiles obtained assuming this simple model
axe shown on figure 4.5 page 104. The volumes of the polar and apolar parts
of the molécule are the ones determined by density measurements (table 2.1
27). The total scattering lengths of, respectively, the polar and apolar parts
are determined by

5>-2>d* (4-7)
where nj is the number of atom j in the polar (respective apolar part) and
bj is the scattering length for atom j. For X-rays the scattering length of an
atom is to a good approximation given by the atomic number of the atom
multiplied by the classical électron radius (e2/mec2). For neutrons empiric
table values of the scattering lengths of the nuclei axe applied. The numbers
nj can for the Tetraaza-AC8 be found in table 1.1 page 17.

The explanation of the différence in the SAXS and the SANS spectra lies
in the fact that X-ray scattering in the présent case is more sensitive to
the excess scattering length density (which is proportional to the electronic
density) in the shell of the micelle whereas the neutron scattering is more
sensitive to the excess scattering length of the core of the micelle.

In the calculation of the scattering length profiles it is assumed that no water
molécules enters the hydrophilic shell. This is an unrealistic assumption. It
is expected that at least the OH-groups of the molécule will be hydrated
when the molécule is dissolved in water. This leads to an expected hydration
number which not smaller than 8. Implying that at least 8 water molécules
per Tetraaza-AC8 molécule should be found in the micellar shell.

The scattering intensities

In the foUowing the différence in scattering density for the SANS and SAXS
spectra will be compared to the theoretically expected différence.

The scattering intensity at q = 0 is, for one scattering object, theoretically
given by the expression [21]:

7(0) = {Ap)2V\ (4.8)
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where V is the volume of the scatter and Ap is the average contrast of the
scatteringobject. (4.8) implies that the scatteringintensityfrom N scatterers
becomes:

7(0) = 5(0)iV(Â7)V2, (4.9)
where 5(0) is the structure factor at q = 0.

Since S{0), N and V2 must be the same for the SAXS and SANS samples at
equal concentrations we obtain:

I{0)sans (ÂpsANs)2 ,.im
msAxs (K-pSAXSy (4-10)

It is impossible to measure 7(0) directly. Instead it is necessary to approxi-
mate 7(0) from the measured I(q) interval.

The average contrast of a scatterer is generally calculated by:

~^~ _ 2-iscatterer ^«' ~ Vscatterer Psolvent (A 11\
'scatterer

where bis thescattering length, Vvolume and pthescattering length density.
In our case this is equal to:

~K~Z —2-imolecule "«' ~ "moléculePwater l'A 19^
"molécule T »*Vwater

where h is the hydration number, i.e. the number ofwater molécules per Te
traaza-ACS molécule in the micelle. We do not need to know the hydration
number explicitely since insertion of (4.12) in équation (4.10) gives:

\2-imolecule "'.W — *molécule Pwater,n) , . nrtN
7v h. -v ^ (4-13)
\L*imolecule *>X "moléculePwater,X )

From which the theoretical relation between the scattering intensity for neu
trons and X-rays at q = 0 can be determined.

When CuF2 or RhCl3, which are both complexed by the Tetraaza-AC8, axe
added to the solutions their respective contributions to the scattering axe
included inthecalculation of 2~2moiecuie to« Wnen CsF,which is not complexed,
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is added to the solution its contribution to the scattering is included in the
calculation of psoivent.

In order to be absoluty précise, the surfactant concentration at the CMC
ought to be included in the calculation of psoivent- But since the CMC is
very low for ail the samples, its contribution to psoivent is so small that it, is
meaningless to include it.

The measured and the theoretical values of I(0)sans/I(Q)saxs are stated in
table 4.2

Sample Wr^i (meas) iBi"1**, (theo)
Tetraaza-AC8

Tetraaza-AC8+CsF

Tetraaza-AC8+CuF2
Tetraaza-AC8+RhCl3

8.2 ± 0.8

10.5 ± 1

12.8 ± 1.2

3.8 ± 0.4

7

7.6

3.8

2.1

Table 4.2: I(0)sans/I{0)saxs, Experimentally and theoretically.

It is seen from table 4.2 that the theoretical I(0)sans/I(Q)saxs generally
axe lower than the expérimental I(0)sans/I(ïï)saxs- The theoretical value
of the sample with CuF2 is indeed very much lower than the expérimental
value.

The foUowing reasons for the différence can be suggested:

1. A systematical error in the normalization of the SANS spectra.

2. A systematical error in the normalization of the SAXS spectra.

The applied procédures of normalization of both the SANS and the SAXS
measurements are standard procédures applied at, respectively, Ris0 and Sac
lay. As mentioned in the previous chapter the précision of the normalization
of the SAXS data is stated to be ± 10-15%, whereas the précision of the
SANS normalization is stated to be ± 10/

This can explain a part of the différence between expérimental and theoretical
values. Since the same normalization procédures are applied for ail SAXS
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and SANS measurements, respectively, an error from the normalization is
expected to be systematic.

It is seen from the table that the différence between the theoretical and
expérimental values is not systematic. The values calculated for the Tetra
aza-ACS spectra are in rather good agreement, whereas the values calculated
for the samples with RhCl3 and especially CuF2 are in very bad agreement.

4.2 The principles of the methods of data
analysis

Two methods of_data analysis is applied in order interpret the obtained
spectra: The model independent method of indirect Fourier transformation
ofGlatter (from now on referred to as the methodofGlatter) and the method
offitting a molecular based model of the miceUe to the scattering data (from
now on referred to as the method of Hayter).

The fundamental ideas behind thèse two methods can best be explained by
regarding the scheme of the relations between the four fundamental functions
in small-angle scattering (see figure 4.6). What is measured is always I(q).
What is the aim of the measurement is to détermine the structure of the

micelles in the direct space. The function that cornes closest to the structure
of the micelles is the scattering density function p(r). Both the method of
Glatter and the methodofHayter describe how to get from I(q) to p(r). From
a mathematical point of view, the main différence between the two methods
is that while the method of Glatter goes via the distance distribution function
p(r), the method of Hayter goes via the form factor f(q).

By means of the method of Glatter, the pair distribution function p(r), is
determined by indirect Fourier transformation of the scattering intensity,
I(q). The scattering length density function p(r) can then be determined
by square-root deconvolution of p(r)/r2 (as explained in section 3.1). The
method of Glatter describes an almost model independent way of reaching
the scattering length density function. The only necessary assumption is
about the maximal length ocurring within the micelles.
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Figure 4.6: The principle of the methods of Glatter and Hayter.

According to the method of Hayter, a model of the scattering length density
is fitted to the scattering intensity curve. The crucial point of the method
of Hayter is the constraint. that the model for the scattering length density
hâve to be moleculax based. This means that the expérimental determined
volumes of the polar and the apolar parts of the molécule as well as the
scattering lengths of thèse parts enters the modelization of the p(f).

It should be mentioned that the names "the method of Glatter" and "the
method of Hayter" are not officiai names for the two methods. Both methods
are based on important contributions from a number of différent people. It is,
however, faster to write "the method of Hayter" than to write "the method
of fitting molecular based models of the micelle".

More detailed explanations of the two methods is given below.
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4.2.1 The method of Glatter

The Glatter method is a method for détermination of the pair distance distri
bution function p(r) and scattering density function p(r) from the measured
scattering intensity I(q). The p(r) is found by a means of a so-caUed indirect
Fourier transformation of I(q). Afterwards the scattering density function
p(r) is determined from the p(r) by a so-called square-root deconvolution
procédure.

The square-root deconvolution can in principle only be performed for objects
of perfect centrosymmetric, cylindrical or lamellar structure. The pair di
stance distribution function from e.g. ellipsoidal objects, which hâve neither
perfect spherical or cylindrical symmetry can in principle not be deconvoluted
by the method suggested by Glatter.

In the foUowing a short summaryof the method for détermination of the p(r)
will be given. The method of square-root deconvoluting p(r)/r2 to p(r) will
not be explained since it has not been used extensively. The basic principles
of the procédure axe described in [17] and [20].

The indirect Fourier transformation

The p(r) can in theory be determined from the Fourier transform of I(q)
[18]1:

i r
I(q)qrsinqrdq (4-14)

In order to calculate the p(r) it is in principle necessary to measure I(q) over
the q-range from 0 to oo. This can not be done in practice which implies
that it is not possible to calculatep(r) by traditional Fourier transformation.

The so-called indirect Fourier transformation is a method to deal with this
problem. The method describes a way to obtain the pair distance distribu
tion function P(r), from the expérimental data, the only input parameter

JAs shown in section 3.1 the Fourier transform of I(q) is given by p(r)/r2 which is
actually called the corrélation function. Since we are only interested in the p(r) part, we
will in the foUowing, for brevity write that p(r) is the Fourier transform of I(q)
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being, L, the maximal distance within the micelles. The indirect Fourier
transformation is described more profoundly several places, see for example
[16], [21] and [18]. The foUowing summary is based on thèse références and a
séries of seminars given by Otto Glatter at Roskilde University in September
1994.

The indirect Fourier transformation can only be applied to the scattering
spectrum of objects with a finite maximal dimension Dmax. For such objects
p(r) will be zéro outside the interval [0;Dmoa;].

The p(r) can be approximated by a linear combination of N cubic B-splines
2 <j)(r) as follows:

N

Pa{t) = 2jc,^„(r) (4.15)
«/=!

The N spline functions are distributed in the interval from 0 to Bmax with a
mutual distance3 of j&*. The coefficients c„ are the unknowns that are to
be determined in order to estimate p(r).

Since the Fourier transformation is a linear transformation we hâve:

FT[PA(r)} =FT[JT cu<p»{r)) =£ cvFT[<pv{r)\, (4.16)
i/=i i/=i

where FT[...} dénotes the Fourier transform of "...". As the spline functions
axe well defined in real space it is straight forward to calculate their Fourier
tranform. Denoting the Fourier transform of <f>v(r) by xpu(q) we obtain:

N

ÏA(q) = ^2c„tpv(q), (4.17)
i/=i

where 7^(q) is the approximation to 7(ç) and the coefficients cv are the
same as in 4.15 (i.e. the coefficients that we want to détermine in order to
détermine p(r)).

2In the method of Glatter cubic B-splines is used. Other functions can aiso be applied.
3No splines are placed in the endpoints r=0 or T=Dmax.
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The problem is now to détermine the coefficients so that the absolute diffé
rencebetween IeXp(q) and IA(q) is minimized. The procédureof minimization
is carried out by minimizing the foUowing sum [16]:

7. + AJVV, (4.18)

where L is calculated as follows:

£c£(frrH--W (4.19)
°2(qk)k=l

Mis the number of data points and the 7(ç*)'s in the numerator axe respe
ctively the measured and approximated value in the fc'th data point. a2(qk)
dénotes the variance ofthe fc'th data point obtained from counting statistics.

Net is in the method of Glatter defined as foUows:

N-l

Nc = ^(c»+i - c„)2 (4.20)
v=l

Where c„ is the is the i/'th Fourier coefficient (from expression (4.15) and
(4.17) ). Ais a so-called weight parameter4.

From an intuitive point of view it seems logical that L is the parameter that
should be minimized. The minimization of L is however not sufficiently con-
strained to give the right solution, i.e. the solution that gives the right p(r).
For this reason an additional constraint is introduced in the minimization.

The additional constraint chosen in the method of Glatter is the so-called
smoothness constraint XNci.

It is seen from 4.20 that the Nci somehow contains information about the
length of the curve that is described by p(r). If p(r) is very oscillating,

4In a similar method ofindirect Fourier transformation implemented by J. Skov Peder
sen this constraint is changed to

JV-l

N* = H (C"+l ~ C»)2 +cl + cn (4.21)
1/=1
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the différence between the c„'s will be large and Nc> will consequently be
large too. If p(r) on the other hand is a very flat curve, Nj becomes small.
For real Systems the p(r) will normally be a smooth curve, which is neither
too oscillating nor too flat. This justifies that JVV contains information of
relevance for the fitting procédure.

It is seen from (4.18) Nci is multiplied by a A, namely the so-called weight
parameter. Ais an externally chosen parameter in the détermination of p(r).
If a too large A is chosen the term containing Nc< will hâve most importance
in the minimization of (4.18), as a conséquence the approximated p(r) will
hâve a tendency flatten. If A, on the other hand, is chosen too small, only
the term L in (4.18) will hâve importance. But as explained above, L not
sufficiently constrained to give the right p(r).

A procédure to minimize L + N^ for a given choice of the number of splines,
Dmax and A is implemented in the computer programs applied in the this
project [15] [52]. Left for the user is to choose the number of splines, Dmax
and A in order to find the optimal solution.

In this project the applied strategy of finding the optimal choice of has been
the standard method suggested by Glatter [21]. Le. to try a number of
différent 7)maj;'s and number of splines and then, for each Dmax try a number
of différent A values. The optimal A value is then chosen from the so-called
stability plot [16] [21].

Practical aspects

Two différent programs are used in order to perform the indirect Fourier
transformation. AU SAXS data are Fourier transformed applying the pro
grams PDH5 and ITP6 from Otto Glatter, University of Graz, Austria. Whe
reas ail SANS data are Fourier transformed applying the program called
GLATTER from Jan Skov Pedersen, Ris0National Laboratory, Denmark.
The applied methods of Fourier transformation are in principle the same.

5Primary data handling.
6Indirect Fourier transformation.
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For the Fourier transformation of the SANS data, resolution effects axe ta
ken into account [53].

An example of a pair distance distribution function obtained applying the
methodofindirect Fourier transformation is given in figure 4.7. The approxi
mated 7,i(<jf) is compared to the expérimental I(q) in figure 4.8.

Tetraaza-C8 0.098M.

r,A

Figure 4.7: SAXS data. The pair distance distribution function obtained
applying the method of indirect Fourier transformation.

As is seen from figure 4.7 the obtained pair distance distribution function
looks reasonable. Le. it is not too oscillating and not too flat. Further
interprétation of the p(r) will be given later in the chapter.

From figure 4.8 it is seen that the fit of 7a(ç) (the Fourier transformed of
p(r)) to IeXp(q) is very good. This is gênerai for ail the obtained fits of
7a(?) to Iexp{q). The reason for the good accordance is that the number
of spline functions applied in the modelization of p(r) is chosen sufficiently
high. With a sufficiently high number of spline functions it is always possible
to find a p(r) that fits a given expérimental spectrum. We can, however, not
always be sure that the determined p(r) is a realistic p(r) of the micelles in
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Tetraaza-C8 0.098M.

Figure 4.8: SAXS data. Plot of the Iexp(q) and IA(q) obtained applying the
method of indirect Fourier transformation.

the studied sample. Since the method of indirect Fourier transformation is
model independent the unrealistic solutions are not excluded.

4.2.2 The method of Hayter.

The method of Hayter starts off at the scattering density function: Amodel of
the micelle and the associated p(r) is formulated. p(r) is Fourier transformed
and (absolute) squared in order to calculate the form factor P(q). In the case
of dilute Systems the form factor can directly be fitted to the expérimental
data. In the case of Systems with interactions a model of the structure
factor has to be formulated and combined with the form factor in the fitting
procédure (as described in section 3.1).

The model is hère (and in [76]) called the method of Hayter since it, as
suggested by J.B. Hayter is molecular based, which implies that the model
contains internai constraints.
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Formulation of the model

For monodisperse objects of spherical symmetry we hâve

I(q) = NP(q)S(q). (4.22)

In the case of objects that do not fall in this category the decoupling ap
proximation (described in section 3.1) must be applied.

The form factor.

In order to exemplify, the process of modelization will be described for the
case of spherical miceUes. Similaxprinciples applies to the other shapes of the
miceUes of relevance to this project. The form factor of a spherical micelle,
constituted by a core and a shell is given by [28]:

/(<?) = Vc(pc - pa)fo(qRc) + Vs(ps - pw)f0(qRs), (4.23)

where Rc is the radius of the core and Rs is the radius of the shell. Vc is the
volume of the core, i.e. \nRzc whereas Vs is the volume of the whole micelle,
i.e. •$TrR3. pc, p3 and pw are the scattering densities in respectively the core,
the shell and the solvent. The factor fo(qR) is the formafactor of a sphère
normalized by the volume of the sphère and given by:

MqR) =̂ qR-jRcoSqR) (4 24)
Assuming that the core of the micelle consists only the hydrocarbon chains
of the Tetraaza-AC8 molécules then:

Vc = -irR] = NaggVapol, (4.25)

where Nagg is the aggregation number of the micelles and Vapoi is the volume
of the two hydrocarbon chains of the Tetraaza-AC8 molécule.

The shell of the micelle is assumed to contain the polar part of the Tetraaza-
ACS molécule plus hydration water. This leads to:

Va-Vc =^ir(Rl -R3C) =Nagg(Vpol +hVH20) (4.26)
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where Vpoi and VH20 are the volumes of respectively the polar part of the
Tetraaza-AC8 molécule and a water molécule, h, the hydration number is
defined as the number of water molécules per surfactant molécule in the shell.
The volumes VpoX and Vapol are determined from the density measurement
(table 2.1 page 27), whereas the volume of a water molécule is determined
from the density of water. The scattering densities in the core, the shell and
the solvent are calculated as follows:

Pc

Ps

Pw

2-iapol bj
'apol

T,pol bi + hHw bi
Vfpoi + h • Vh2o

v,H20

(4.27)

where ]T)apo/ fe,, J2pol &,• and £w b{ are the total scattering lengths of, respec
tively, the apolar part of Tetraaza-AC8, the polar part of Tetraaza-AC8 and
a watermolecule.

It is seen from (4.2.2), (4.26) and (4.27) that under the assumpition of sp
herical micelles, the only required fitting parameters are Nagg and h, the
aggregation number and the hydration number. From thèse two parameters
Rc, R„ Vc, Vs, pc and ps axe fixed and the model of the form factor (4.23)
can be calculated. In order to calculate the form factor scattering in absolute
units it is necessary to enter the surfactant concentration in the calculations.

The form factors of ellipsoids or cylinders

If the micelles are ellipsoidal or cylinders of finite length a third fitting pa
rameter, namely the ellipticity, emajor/rmtnor, respectively the length has to
be introduced.

The form factor of an ellipsoid (normalized by the volume of the ellipsoid)
having the axes 272, 272 and 2e72 and the volume

K = -veR3, (4.28)

117



is according to [23]:
F(q) = fo(qR'), (4.29)

where 72' is given by:
T? = Ry/cos26 + e2sin26 (4.30)

Where the angle 6 gives orientation of the major axis of the ellipsoid in re
lation to q. The factor /o(...) is the form factor of a sphère normalized by
the the volume of the sphère (according to (4.24)). In the case of isotro-
pic distributed ellipsoids (4.29) hâve to be averaged over ail orientations of
the ellipsoids and the intensity (normalized by the volume of the ellipsoids)
becomes:

*«(«)= / J%(q#) cos 6d6 (4.31)
Jo

For the two-shell system, we hâve inserted 7£(ç72)1/2 in (4.23) applying the
volumes and scattering length densities of the ellipsoidal core and shell.

It is seen from the équation 4.29 that for a given orientation of the eUipsoid
relative to q, the form factor of the ellipsoid is identical to the form factor of
a sphère. This provides according to [28, page 70] "an interesting example
of one of the pitfalls of small-angle scattering: Scattering from polydisperse
sphères can often be ascribed to équivalent monodisperse ellipsoids, and vice
versa. "

The scattering intensity of an isotrope distribution of cylinders of radius 72
and length L is given by [23]:

. , . r/2sin2{qLcos6) 4J2(qRsin6) . '
Jo qiL2cos26 q2R2smi6

where the scattering intensity, again, is normalized by the volume of the cy
linders. For the two-shell model we hâve (as for the ellipsoids and sphères)
inserted 7cyj(ç72)1/2 in (4.23) applying the volumes and scattering length den
sities of the cylindrical core and shell.
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The structure factor

The structure factor is as explained in chapter (3.1) more difficult to handle.
Analytical models of the average structure factor (eq. 3.28 page 3.28) for
Systems having isotrope interactions only exist for a few spécial cases.

As mentioned in section 3.1 the structure factor of asystem having isotrope
interactions is given by:

S(q) =1+ f(G(r) - £)4,rr2^r,
J V qr (4.33)

where the radial distribution function G(r) is related to the corrélation fun
ction, 7(r) of the system the foUowing way:

7(0 =G(r)£ - 1
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In order to détermine the structure factor of a system it is i.e. necessary to
know the corrélation function of the system.

The models for the structure factor applied for this project are respecti
vely the "Perçus-Yevick" model of hard-sphere interactions and the "Hayter-
Penfold" model of the interaction of charged hard-spheres.

The Perçus-Yevich hard-sphere model is based on the Perçus-Yevich approxi
mation of the corrélation function for athree-dimensional many-body system
with again is based on a solution of the so-called Ornstein-Zernike équation.
In the approximation, the many-body corrélation function of the system is
given as the sum of the two-body corrélation functions of any pair of objects
[57]. An analytical solution of the calculation of the corrélation function is
given by the spécial case of interacting hard sphères in [72] using the well
known hard-sphere potential:

$(r) = oo forr<RHS
$(r)=0 forr>RHS

This leads to an expression for the structure factor as function of the hard-
sphere volume fraction of the sample and the hard-sphere interaction radius,



i.e. S(q,i/HS,RHs)- The exact analytic expression is long and will not be
brought hère. The expression can e.g. be seen in [45].

The Hayter-Penfold model of the structure factor of charged hard-spheres is
based on a solution of the Ornstein-Zernike équation in the so-caUed "mean
spherical approximation" [24]. Again the calculation of the gênerai corréla
tion function is based on the two-body corrélation function between a gênerai
pair of objects. An analytic solution can be found including the foUowing
potential of interaction of the objects:

$(r) = oo forr<RHS
•««=? forr>RHS, (4^

where k = D/rr>, where D is the diameter of the objects and ro is the
Debye-Hùckel screening length. -ye~k = fiireeoDipl, where 0 = kbT, e0 and e
are respectively the vacuum permittivity and the relative permittivity of teh
solvent médium. ip0 is the so-called surface potential, it is, according to [24]
related to the electronic charge, zm of the object to a good approximation by

*» =reeoD(2m+D/rD) {4M^
This leads to an approximation of the structure factor of the system which
dépends on the hard-sphere volume fraction, the radius of the objects and the
charge of the object, i.e. S(q, Rhs, vhs, Zefj)- For a ionic surfactant system
the structural chaxge of the micelles is given by Naggz, where z dénotes the
charge of each surfactant molécule. Due to adsorption of the counter-ions
at the micellar surface and a screening effect of eventual electrolyte in the
solvent, the effective répulsive Coulomb potential of the micelles becomes
smaller than the expected potential of the structural chaxge. The effective
chaxge Zejj is the chaxge of the micelle is the chaxge that can be associated
with the effective répulsive Coulomb potential. Since this chaxge, in gênerai,
not is known riori it has to enter the calculations of S(q) as an extern
parameter. It is seen that if the charge zm of the objects becomes zéro,
the surface potential given by (4.36) aiso becomes zéro. This implies that
the Coloumb potential given by 4.35 becomes zéro and that the répulsive
potential reduces to a hard-sphere potential. It aiso implies that the Hayter-
Penfold model converges towards the Perçus-Yevich model for decreasing
chaxge of the objects.
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The exact analytical expression of the Hayter-Penfold model of S(q) is even
longer than the expression for the Perçus-Yevich model and will aiso not be
brought hère. The expression can however be found in [24]

The Perçus-Yevich model and the Hayter-Penfold model both calculate the
structure factors for interactions between micelles interactions between mi
celles. When the micelles are of spherical symmetry thèse tb models can
directly be multiplied with the model of the form factor in order to simulate
the scattering intensity. In the case of polydisperse and/or ellipsoidal micel
les, the two structure factor can be applied in the decoupling approximation
(see 58)

Implementation of the model.

For the modelization performed in this project the foUowing two différent
programs hâve been applied: 1) A program from the SAXS laboratory at
Saclay, France, modified for Tetraaza-AC8 by Lise Arleth and Didier Gazeau
and 2) a program from Jan Skov Pedersen at Ris0, Denmark, modified for
Tetraaza-AC8 by Lise Arleth and Jan Skov Pedersen.

The program from Saclay.

The program calculâtes

I(q) = NP(q, (Nagg, h, t))S(q, (RHS, vHS, Zeff)). (4.37)

The implemented structure factor is the Hayter-Penfold structure factor for
charged micelles. The decoupling approximation mentioned in section 3.1 is
not implemented. Différent form factors hâve been implemented. The form
factors used in this project are the two-shell models of respectively spherical
and ellipsoidal micelles. The program does not contain an automatic fitting
procédure. The "fitting" is performed by varying the input parameters in
order to find the combination that gives the best agreement between model
and expérimental data.
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By setting the hardsphere radius, 72ns necessary for the calculation of S(q)
equal to the average radius of the micelles (RHS := [Kltc/(4/37r)]1/3), the
hard-sphere radius of S(q) can be omitted as fitting parameter. By further-
more setting the hard-sphere volume fraction Uffs equal to the volume of the
micelles in the solution (i.e. the sum of the volume fraction of Tetraaza-AC8
+ the volume fraction of the hydrating water) the uhs can be omitted as
fitting parameter.

Thèse two simplifications are obviously only approximations. If the micelles
differ much from sphericity there is no reason to assume that the hard-sphere
radius can be set equal to the average radius of the micelles in this case the
approximation certainly fails. Even though the micelles axe spherical, it can
easily be imagined that they hâve a soft surface and thereby are able to
either penetrate slightly into each other or to be deformated so that the
effective hard-sphere radius is smaller than the actual radius of the micelles.
If the micelles were formed by surfactants having relatively long hydrophilic
parts (as e.g. block co-polymers) it would definately be wrong to make
the simplifications. But since the Tetraaza-AC8 molécule has a relatively
compact headgroup we believe that the simplifications can be made.

The simplifications hâve, however, the important advantage of reducing the
number of fitting parameter

With the simplifications the resultingfitting parametersof the program from
Saclay are the foUowing:

1. Nagg, the aggregation number,

2. e, the ellipticity,

3. h, the hydration number and

4. zeff {=Zeff/Nagg), the effective chaxge per surfactant
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The program from Ris0.

This program calculâtes

I(q) = NP(q, (Nagg, h, e))S(q, (RHS, uHS, Zeff)), (4.38)

for anumber of différent models applying the decoupling approximation men
tioned in section 3.1. The used structure factors axe the Perçus-Yevick hard-
sphere model for and the Hayter-Penfold model for charged Systems. The
models of the form factors applied for this project are two-shell models of
respectively ellipsoids and short cylinders. The program from Jan Skov Pe
dersen has the advantage of containing an automatic fitting procédure. With
this program it is possible to fit models of the micelles to SANS and SAXS
data at the same time taking into account the respective scattering length
density functions. This is an advantage because it constrains the fitting
process.

The fitting procédure is acombination of the so-called Levenberg-Marquardt
algorithm [61] [6] and a cyclic optimization.

The fitting parameters applied in the program from Ris0 are the foUowing:

1. Nagg, the aggregation number

2. e(or L), the ellipticity or the length (for ellipsoids and cylinders, respe
ctively)

3. h, the hydration number

4- vhs, the hard-sphere volume fraction

5. Rfis/Rav. The fraction of the hard-sphere radius and the mean radius
of the micelles

6. zeff (=Zeff/Nagg), the effective charge per surfactant

7. BG The background.
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It is seen that the hard-sphere volume fraction vjjs and the hard-sphere
radius Rjjs are concerned as fitting parameters in this case7 The arguments
for this are the same as the the objections raised against the simplifications
made in the program from Saclay omitting thèse two fitting parameters:
The hard-sphere volume fraction and the hard-sphere radius necessary for
the calculation of S(q) can not generally be expected to hâve any direct
relation to the volume fraction of the micelles and the average radius of the
actual micelles. But we want to be able to modelize the system aiso when
the shape of the micelles differs from sphericity.

Furthermore the background is regarded as a fitting parameter. Sufficient
background ought to be subtracted according to the procédures of backgro
und subtraction foUowed. But as we hâve seen for e.g. the SAXS data of
Tetraaza-AC8 with CsF, there stiU seem to be excess background scattering
at some of the scattering spectra.

At first sight the number of fitting parameters seems very large; It might be
objected that it is possible to fit any model with this number of fitting para
meters. This is not the case. The aggregation number, length and hydration
number concern only the form factor whereas the hard sphère volume frac
tion, the hard-sphere radius and the effective chaxge concern the structure
factor. The studied concentrations of Tetraaza-AC8 in water corresponds to
volumefractions of Tetraaza-AC8 from ~ 2—8%vol. implyingthat the hards-
phere volume fraction must be at the same order of magnitude. As is seen
from the SAXS simulations in figure 4.9 to 4.12 the structural interactions
axe mainly seen for low q-values (q < 0,1 - 0,15Â-1) For for higher g-values,
the structure factor can be neglected and the scattering can be regaxded as
pure form factor scattering. This makes it possible to détermine the form
factor by fitting only in the high-ç région and then afterwards détermine the
structure factor by fitting in the full ç-range.

7Rhs is implicitely a fitting parameter, the direct fitting parameter is Rhs/Rov, where
Rav is calculated by: Rau = (Kmic/(4/37r))1/3.
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I(q) as function of concentration.
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Figure 4.9: Simulation of the I(q) from a SAXS measurement using the
Perçus-Yevich hard-sphere model. Nagg = 16, RHS = Rmic = 16.6Â, vHS is
set equal to the volume fraction.

4.3 Results.

4.3.1 Tetraaza-AC8.

The spectra measured for the samples without electrolyte are analysed by
means of both the method of Glatter and the method of Hayter. Since the
analysis can be rather time consuming, not aU the obtained spectra hâve un-
dergone the same analysis. Herebelow is a list of the fits and transformations
performed on the samples without added electrolyte:

1. AU SANS and SAXS spectra are Fourier transformed inorder toobtain
the p(r)'s (see figures 4.13 to 4.16).

2. The SAXS spectra measured for the most concentrated sample is Han
kel transformed in order to obtain the p(r) of the cross-section of the
micelles (see figures 4.17 to 4.18).
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S(q) as function of concentration.

Figure 4.10: Simulation of the S(q) from a SAXS measurement using the
Perçus-Yevich hard-sphere model. Nagg = 16, Rus = Rmic = 16.6Â, uns is
set equal to the volume fraction.

3. The p(r) obtained by Hankel transformation is deconvoluted in order
to détermine the scattering density profile of the micelles (see figures
4.19 to 4.20).

4. The SAXS and SANS data axe simultaneous fitted with a two-shell
model of short cylindrical micelles (see figures 4.22 to 4.24).

5. The scattering density profile of the fitted two-shell model of the micelle
is determined (see 4.25)

The results referred to in 1. to 3. are obtained by means of the method of
Glatter. 4. and 5. are obtained by means of the method of Hayter.

The pair distance distribution functions obtained from SAXS me
asurements
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I(q) as function ofconcentration for charged spherical micelles.

q, 1/A

Figure 4.11: Simulation of the I(q) from a SAXS measurement using the
Hayter-Penfold hard-sphere model. Nagg = 16, Zeff = 0.2, RHS = 72mtc =
16.6À, vHS is set equal to the volume fraction.

The p(r)'s determined from the SAXS measurements do aU show a local
maximum at ~ 10 Â, a local minimum at ~ 16 Âand a global maximum at
~ 28 À(see figures 4.13 and 4.14. The p(r)'s show a"tail" for high r-values.
The p(r)'s are characteristic of micelles with a core-shell structure, with
alternating signs of the scattering density of the core and the shell [19].
The tail seen for high r values indicates a prolate ellipsoidal structure of
the micelles (see figure 4.15)[ibid]. The r value for which p(r) equals zéro
corresponds to the length of the ellipsoids. From the p(r)'s the length of the
micelles is seen to increase with concentration.

The lengths of the micelles corresponds roughly Tr/qmin, the theoretical ma
ximal distance seen in the qinterval from which p(r) is determined (see table
4.3). This implies that the maximal dimensions of the micelles are close to
the détection limit of the spectra and that one should be critical towards the
exact values for the lengths of the micelles obtained by this method.

The first part of p(r) (from 0to 36 ± 2 Â) corresponds roughly to the cross
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S(q) as function of concentration for charged spherical micelles.
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Figure 4.12: Simulation of the S(q) from a SAXS measurement using the
Hayter-Penfold hard-sphere model. Nagg = 16, Ze// = 0.2, RHs = Rmic =
16.6À, vus is set equal to the volume fraction.

Tetraaza-CS 0.069M.

1.20E-O2

Figure 4.13: The p(r) of the 0.069M Tetraaza-AC8 sample. The p{r) is
normalized with the molaxity of Tetraaza-AC8. SAXS measurement.
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Tetraaza-C8.

Figure 4.14: The p(r)'s determined from the SAXS measurements of
Tetraaza-AC8. The p(r)'s are normalized with the molarity of Tetraaza-
ACS. The négative part part of the curve, appearing for r > Dmax is eut
off.
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Sample D À"mai) •<* A qmini 1/A f/Çmin, À
0.125 M 90 1E5 0.05 63

0.098 M 80 3E5 0.05 63

0.069 M 75 1E6 0.05 63

0.045 M 70 3E6 0.05 63

0.023 M 80 3E5 0.05 63

Table 4.3: Tetraaza-AC8. The parameters of the indirect Fourier trans
formations of the SAXS spectra. The first column lists the sample con
centrations. Column 2) and 3) list the parameters of the indirect Fourier
transform. Column 4) lists the minimum ç-values applied in the transforma
tion. According to the samplingtheorem [64] the scattering data contain the
fuU information for aU particles with maximum dimension 7r/çmin. Column
5. lists the 7r/çm,n's.

section of the micelles. It is noted that there are no qualitative différences
between the p(r)'s in this région, which implies that the diameter of the
miceUes does not change with increasing concentration. Since the diameter
of the micelles is 36 ± 2 Â, the radius of the micelles must be 18 ± 1 Â. The
maximum at ~10 Â is assigned to the occurrence of the short distances in
the micellar shell (see figure 4.15).

The minimum at ~16 À is assigned to the occurrence of distances with one
endpoint in the shell and the other endpoint in the core. Since the signs of
the scattering densities in the core and the shell axe différent, the core-sheU
distances contribute negatively to the p(r).

The thickness of the micellar shell can be approximated from the fuU width
at half maximum (FWHM) of the peak at ~28 Âsince the FWHM of the
peak willbe two times the thickness of the shell. The FWMH of the peak is
14 Â ±2 Âleading to a thickness of the shell of 7 ±1 Â. Since the radius of
the micelle, rmic is 18 ±1 Âand the thickness of the shell is 7±1 Â, the radius
of the core of the micelle, rcore must be 11±2 Â. Combining thèse results
with the maximum length of the miceUes, we can now estimate the volumes
and the aggregation numbers of the micelles at différent concentrations.
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Figure 4.15: Distances of type Aare the short distances in the micellar shell,
type B are the shell to core distances and type C are the long distances in
the micellar shell.

Estimation of aggregation numbers from the p(r) functions

We assume that the micelles are ellipsoids with an ellipticity given by:
L,

e =
Jmtc

tJ~' (4.39)

where Lmic is the length of the micelles and Dmtc is the diameter of the
micelles. The volume of the cores is given by

whereas the volume of the shell of the micelles is given by
4

The cores of the micelles are assumed to contain only the apolar parts of
the surfactant molécules. Whereas the micellar shells contain both the polar
parts of the surfactants and hydration water.

From the volume of the cores the aggregation number can be estimated:

ycore = NaggVapoh (4.42)

where Vapol is the molecular volume of the apolar part of the surfactant
molécule determined by Tanfords formula (see page 25).
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From the volume of the shells and the aggregation numbers estimated from
4.42, the hydration numbers, h, can be estimated:

Vsheii = Nagg(Vpol + hVHio), (4.43)

where Vpo\ and Vh2o is determined from density measurements (see page 27).

The obtained estimâtes are listed in table 4.4. One should be very criti
cal towards the estimated values for the hydration numbers which are very
model dépendent. The molecular volume of a water molécule is very small
compared to the volume of the Tetraaza-AC8 and a slight déviationfrom per
fect ellipsoidal shape of the model for the micelles can change the hydration
number maxkedly.

Sample length, À e V À3vcorei "• Vshell À3 Niyagg h

0.125 M 70 1.94 10800 37000 22±5 30±10

0.098 M 62 1.72 9600 33000 20±5 30±10

0.069 M 58 1.61 9000 30000 19±5 30±10

0.045 M 55 1.53 9000 29000 18 ±5 30±10

0.023 M 53 1.47 9000 28000 17 ±5 30±10

Table 4.4: Tetraaza-AC8. Estimation of the aggregation and hydration
number from the p(r) functions assuming ellipsoidal micelles. The errors
Nagg and h axe estimated from the errors on rmic and rcore.

Interprétation of the p(r)'s from the SANS-measurements

Thep(r)'s from the SANS measurements axe shown onfigure 4.16. Thep(r)'s
of the measurements aU show a maximum at ~17 Â and a "tail" for high
r values. Contrary the SAXS p(r)'s, t hère is no big différence between the
position of the endpoints for the différent concentrations.

The p(r)'s from the SANS measurements axecharacteristic for micelles which
do not hâve alternating signs of the scattering length densities in the scatte
ring length density function. This is in agreement with the naive model of
the scattering length density profile shown on page 104.
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Tetraaza-ACS In D20,
normalized, SANS.

|— —Pjr)0,132M ——P(r)0,07M- - • P(t)0,025M|

Figure 4.16: The p(r)'s determined from the SANS measurements of
Tetraaza-AC8. The functions are normalized by the molarity of Tetraaza-
ACS and eut off at p(r) = 0
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The tails indicate that the micelles must hâve the shape of prolate ellipsoids,
which is in agreement with the SAXS p(r)'s. Since the neutrons mainly see
the core of the micelles, the position of the endpoints of the p(r)'s can not
be directly related to the length of the micelles.

For objects with homogeneous scattering length densities, the position of the
maximum in p(r) is approximately equal to the radius of the objects. The
scatteringdensityof the Tetraaza-AC8 micelles is, however, not homogeneous
since the scattering length densities of core and shell axe différent. This
impliesthat the position ofthe maximumcan not be assigned to the radius of
the micelles. Neither can the aggregationnumber of the micelles be estimated
from the p(r)'s of the SANS-data.

The scattering length density function

The square-root deconvolution can (with the applied software) only be per
formed in the case of objects of spherical or cylindrical symmetry. As the
miceUes, according to the p(r)'s, are ellipsoids they hâve neither spherical
nor cylindrical symmetry. This means that the square-root deconvolution
can in principle not be performed and the scattering length density function
can in principle not be found.

We hâve decided to do it anyway. In the p(r) of the 0.125M SAXS sample
(see figure 4.14) pc{r), the pair distance distribution function of the two-
dimensional cross section of the micelle stands out and can be sepaxated
from the longitudinal contribution to the p(r). For this reason the micelles
of this solution can, to an approximation, be regarded as infinité cylinders,
which justifies that a Hankel transform can be performed.

By Hankel transforming the scattering intensity function of the 0.125 M
SAXS sample and thereby square-root deconvoluting the obtained p(r)c, the
scattering density profile of the cross-section of the micelles is determined.

The deconvolution performed is the one which is applicable for two-dimen-
sional objects. (Le. the deconvolution from the p(r) of the cross-section to
the p(r) ofthe cross-section of the micelles.) The Hankel transformation and
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Figure 4.17:
micelles.

Tetraaza-ACS 0.125M.
P(r) for the cross-sectlon of the micelles.

r.A

Hankel transform of I(q). The p(r) of the cross-section of the

the deconvolution hâve only been performed for the I(q) obtained by SAXS
measurement.

The results are shown in figure 4.17 to 4.20.

Figure 4.17 shows the p(r) functions determined by Hankel transformation
of I(q). The p(r) shows a local maximum at ~2 Â, a minimum at ~ 13Â
and a global maximum at ~24 Â. The maximal distance occurring in the
cross-section of the micelles is ~32 Â. The first peak is rather asymmetric.
This is due to a too high background of the expérimental spectrum rather
than to the actual structure of the micelles. If the background had been
correctly subtracted, the first peak would probably be more symmetric with
a maximum at ~4-6 Â. As it is the case for the p(r) shown in figure 4.14,
the first peak reflects the occurrence of short distances in the micellar shell,
the minimum is assigned to shell to core distances and the global maximum
reflects the occurrence of long distances in the micellar shell. The diameter
of the micelles is given by the maximal distance occurring in the cross-section
of the micelles, e.g. 32 Â.
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Tetraaza-ACS 0.12SM.

Fitobtained by Indirect Hankel transformation of l(q)exp.

Figure 4.18: Hankel transform of I(q). Expérimental I(q) versus approxi
mated I(q).

Tetraaza-ACS 0.125M

Scattering density profile of cross-sectlon.

Figure 4.19: Deconvolution of p(r). The p(r) of the cross-section of the
micelles.
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Tetraaza-ACS 0.125M.

Ht obtained by deconvolution of P(r).
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'>w

Figure 4.20: Deconvolution of p(r). p(r) obtained by Hankel transformation
versus approximated p(r)

Figure 4.18 shows the expérimental I(q) versus the approximated IA(q) (the
Fourier transformed ofp(r)). A good agreement between the two is seen for
high qvalues. For small qvalues a1/q dependence is seen for IA(q) but not for
the expérimental I(q). The 1/q dependence for low qvalues is characteristic
of infinité cylindrical structures of the micelles. The différence I(q) and IA(q)
is explained by the fact that while the expérimental I(q) indicates finite
objects, 7,4(9) is based on the assumption of infinité cylindrical objects.

Figure 4.19 shows the scattering length density function determined by de
convolution of the p(r). The two shell-structure of the micelle is seen even
though it is not as marked as in the naive model of micelles shown on page
104. There axe two reasons for the less marked core-sheU structure of the
p(r) determined by deconvolution: 1) The micelles, being dynamic objects,
do not hâve a clear core-sheU structure and 2) the resolution of the SAXS
measurement, traditional set equal to 7r/qmax, is ~9Â8, implying that even if

According to [56] this is an overestimate, the actual resolution is smaller implying that
distances smaller than ir/qmax can aiso be seen.
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the micelles had a markedcore-sheU structure, it would not be possible to see
it. From the p(r) it is seen that the radius of the core is ~7 Â. This means
that the hydrocarbon chains axe not stretched to their maximal length, which
would give a radius of 11.6 Â. The thickness of the outer shell in p(r) is larger
than the thickness of the shell in the naive model on page 104. At the same
time, the scattering length density of the shell is lower in the expérimental
p(r) than in the naive model. Both could be explained by water présent in
the shell.

Figure4.20 shows fitted p(r) versus the p(r) determined by Hankel transform.
p(r)A is the convolute of p(r). p(r)A is in good agreement with the p(r)
obtained by Hankel transformation. The twofunctions deviatemainlyfor low
r-values. But as explained above, the p(r) determined by Hankel transform
is affected by insufficiently subtracted background at the same rvalues.

Fitting of molecular based models

We hâve tried to fit the expérimental scattering data with two différent mo
dels of ellipsoidal micelles and one model of short cylindrical micelles. AU
models axe based on the formulation ofa scattering densityunctionfor SAXS
and SANS based on the density measurements. The models are illustrated
on figure 4.21.

Model 1 is a simple model of two concentric ellipsoidal shells with différent
radii but identical ellipticities. For large ellipticities the model becomes un-
physical since the thickness of the shell becomes much larger at the ends of
the micelle than it is at the middle. For small ellipticities this error can be
neglected.

Model 2 is a modified version of model 1. It is stiU constituted by two
concentric sheUs. The ellipticityof the outer shell is, however, lower than the
ellipticity of the core. The ellipticity of the outer shell is determined so that
the thickness of the sheU is approximately constant.

Model 3 is two-shell model of short cylindrical miceUes. The model is in
principle unphysical since there is direct contact between the hydrocarbon
cores and the water at the ends of the cylinder.
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Figure 4.21: The three fitted models of the micelles and a model that has
not been tried.

139



|
i

Tafraaza-ACS, 0.13M

• <q)«p.S*NS l(q)«tSANS K*», SAXS * Hq)«p. SAXS

q.«A

Figure 4.22: The fit of short cylindrical micelles to the expérimental data for
the most concentrated SAXS and SANS samples.

Model 4 is a modification of model 3. The model is a model of short cylinders
with endcaps. The endcaps makes the model more physical than model 3,
since the direct contact between the hydrocarbon core and water is avoided.
The scattering function of the model has been calculated by [13]. The model
is not implemented in any of the applied programs, it could, however, be
interesting to implement it in the future.

Model 1 and 3 has been fitted to the SANS and SAXS data simultaneously,
with the corresponding contrasts. The expérimental data are fitted with
the models of the form factors together with the Perçus-Yevich model of
the structure factor. Model 2 has been fitted to the SAXS and SANS data

separately, together with a Hayter-Penfold model for the structure factor.

The best agreement between experiment and model is obtained with a model
of short cylindrical miceUes. This is the only model that fits the SAXS data
at high q values. The fits are shown in figure 4.22 to 4.24. An even better
accordance could maybe be obtained applying model 4, but this has not been
verified. The fitting parameters and the obtained values are listed in table
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Tafraaza-ACS, 0.07M

• Kq>«B>. SANS l(q)Sl. SANS l(q)fit, SAXS A S4n»4

t+fmm

T»*

l «A

Figure 4.23: The fit of short cylindrical micelles to the expérimental data for
the 0.07 M SAXS and SANS samples.

Tefriaza- AC8, 0.02SM
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Figure 4.24: The fit of short cylindrical micelles to the expérimental data for
the most dilute SAXS and SANS samples.
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4.5. From the table it is seen that the length and aggregation number of the

Sample N L, À h Vhs rhs/r BGw BGx
0.125 M

0.069 M

0.023 M

21

21

18

80

82

70

70

80

90

0.09

0.11

0.13

1.25

1.33

1.15

0.064

0.038

0.021

0.023

0.015

0.010

Table 4.5: The fitting parameters of the fit of a model of short cylinders
to the expérimental data. Nagg is the aggregation number, L is the length
of the cylinders, h is the hydration number, nus is the haxd-sphere volume
fraction, rjjs is the haxd-sphere radius, r is the radius of sphères having the
same volume as the cylindrical miceUes, BG^and BGx axe the backgrounds
of, respectively, the SANS and the SAXS spectrum.

micelles do not change dramatically with increasing concentration.

The hydration numbers are very high and seem unrealistic. We hâve tried
to fit the data by keeping the hydration number fixed at a lower and more
reasonable value, for example at ft=20. AU other parameters being kept free.
The fits obtained for /i=20 axe fax from as good as the fits obtained with
higher hydration numbers. When the hydration number finally is unfixed it
increases again to ~70.

As seen from the table, the hard-sphere volume fractions of the structure
factor increases with decreasing concentration. This seems contra intuitive.
For the most concentrated sample the SAXS spectrum shows apparently
parasitic scattering at low ç-values implying that while the intensity in the
SANS spectrum decreases as q —> 0 it increases in the SAXS spectrum, as
if the structure factor was less important in the latter case. This means
that the fitted structure factor beomes underestimated implying that the
haxd-sphere volume fraction is underestimated. It is very possible, that the
structure factor can be determined with more précision by fitting the SANS
data alone, applying the form-factor determined from the simultaneous fits.
This has, however, not yet been done.

The fraction ^ is almost constant at ~1.2-1.3. It is reasonable that the
value do not vaxy too much and is close to unity since the shape of the
models of the micelles neither varies much, n or is very far from a spherical
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structure. But applying the same argument as above, there is not much point
in interpreting the variations for the différent samples.

The remaining background for the SAXS and SANS spectra are seen to be
small and to decrease with concentration.

Comparison of the results obtained by the methods of Glatter and
Hayter

The aggregation numbers obtained by the method of Glatter (table 4.4) axe
in good agreement with the aggregation numbers obtained by the method of
Hayter.

The length of the micelles determined by the method of Hayter are generally
a little bit larger than the lengths determined by the method of Glatter.
Whether the values of lengths obtained by the method of Glatter or the
method of Hayter are the most reliable is impossible to say. The form factor
is in both cases determined from a q range starting at ~0.05 À-1 9, which
according to the sampling theorem leads to a theoretical maximal resolution
of ~60 À.

The hydration numbers diverge maxkedly but as explained eaxlier, one should
be very critical towards the hydration numbers obtained with the method of
Glatter.

Figure 4.25 shows the scattering length density profiles of the cross-section
of the micelles obtained by the methods of Glatter and Hayter respectively.

The p{r) obtained by deconvolution has been "normaUzed" by setting the
scattering length density in the core equal to the scattering length density
in the core of the fitted model. Which is a theoretical value determined by
using Tanfords formula for the volume of Cn chains (see page 25).

The scattering length densities obtained by, respectively, deconvolution and
direct fitting are qualitatively différent since the first is modeled by several
shells/steps while the second is a two-shell model. In spite of this, a good

'The structure factor is too important for lower qt-values.
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Tetraaza-ACS 0.12SM

Scattering length density profile of cross-sectlon.

Figure 4.25: The p(r) obtained by the methods of Glatter and Hayter.

agreement between the two />(r)'s is obtained. The obtained radii of the core
and the shell axe approximately the same for the two methods. The average
scattering length densities of, respectively, the core and the shell obtained
by deconvolution axe likewise seen to be close the scattering length densities
obtained by the method of Hayter.

The multiple equilibria model: A possibility of extending the ap
plied model of the form factor

The micelles in surfactant solutions are generally polydisperse [10]. The ag
gregation numbers determined by the expérimenter axe mean aggregation
numbers of the micelles in the solutions. In the models of the micelles fit
ted to the scattering intensity curves this polydispersity is not taken into
considération. A possible way of improving the models is to implement the
polydispersity of the micelles. The polydispersity of the micelles at a given
concentration can be estimated from the so-called multiple equiUbria model
[76], which is based on the only assumptions that dilute solution theory holds
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for the micellar solutions10 and that the micellar liquid is in equilibrium. The
chemical exchange (multiple equilibria) of the aggregated and monomer sur
factant molécules has as a conséquence that the standard déviation, a of the
size distribution11 can be related to the mean micelle aggregation number,
N at &given concentration the foUowing way [76] [34]:

<J = N
^r dN

dln(S-Xi)
(4.44)

Where S is the mole fraction of surfactants in the solution12, and X\ is the
mole fraction of monomers in the solution. The expression relates the change
in aggregation number as a function of concentration to the polydispersity
of the micelles at a given concentration. As is seen, a weak dependence of
the aggregation number with concentration is synonymous to a low degree
of polydispersity of the micelles.

Assuming that X\ is given by the CMC (expressed in mole fraction), the
standard déviation a of the aggregation number of the Tetraaza-AC8 micel
les can be calculated applying the aggregation numbers determined at the
différent concentrations. This has been done for the aggregation numbers of
the Tetraaza-AC8 solutions. The calculations axe carried out for both the

aggregation numbers determined from the method of Glatter and the met
hod of Hayter. The obtained standard déviations are listed in table (4.6).
The slope dNdm(S —Xi) from eq.(4.44) is determined by least mean square
fitting a straight Une to the aggregation numbers as function of In S for the
results obtained by respectively the methods of Hayter and Glatter. The
CMC, X\ has been neglected since it is very small compared to the total
concentrations (X\ ~ 0.0055"). The obtained slopes are respectively:

dNH

ôln(5-Xi)
= 2.2 (4.46)

10i.e. that the micellar solution is sufficiently dilute to permit that non-ideality terms
arising from inter-micellar interactions can be neglected [69].

u^2 = (N-N)
12In our case

mTAC&
S =

mwater + "VTAC8

where ttitacs and mwater dénotes respectively the number of moles of Tetraaza-AC8 and
water in the solution.
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Sample StAC8 Nagg,H °H Nagg,G °G

0.125 M 0.0022 21 6.8 22 7.7

0.098 M 0.0018 20 7.4

0.069 M 0.0012 21 6.8 19 7.2

0.045 M 0.00081 18 7.0

0.023 M 0.00041 18 6.3 17 6.8

Table 4.6: Standaxd déviations determined for the aggregation numbers
obtained from the method of Hayter (tr#) and from the method of Glatter

and
dN,G
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ain(s-x1)=2-7 (4-47)
By assuming a size and/or shape distribution of the miceUes, the hereby
obtained standaxd déviations can, in principle, be implemented in the model
of the form factor. Exactly whichsize/shape distribution of the micelles that
would be reasonable to implement demands, however, for further considéra
tions.



4.3.2 Tetraaza-AC8 with equi-molar CuF2

The samples with CuF2 are analyzed by means of both the method of Glatter
and the method of Hayter. Herebelow a list of the performed transformations
and fits is given:

1. AU SANS and SAXS spectra are Fourier transformed in order to dé
termine the p(r) (see figures 4.26 and 4.27).

2. The p(r) of the 0.059 M SAXS sample is square-root deconvoluted in
order to détermine the scattering density of the cross section of the
micelles (see figure 4.28 and 4.29).

3. The expérimental data are fitted with a two-shell model of short ellip
soidal micelles (see figures 4.30 to 4.33).

4. The scattering density profile of the fitted two-shell model is determi
ned.

The transformations referred to in 1) and 2) are performed according to the
the method of Glatter. 3) and 4) are results of the method of Hayter.

The pair distance distribution functions

The p(r) functions determined for the SAXS spectra ail show a local maxi
mum at ~10 Â, a minimum at ~15 Â and a global maximum at ~28 À .
The p(r)'s do ail go down to zéro at 43 ±2 Â.

The p(r)'s do not show tails as the p(r)'s of the samples without electrolyte
do. This indicates that the micelles with CuF2 should be more spherical than
the micelles without electrolyte.

As it is the case for the p(r)'s of the samples without electrolyte, we assign the
first maximum to the occurrence of short distances in the shell, the minimum
to the négative contribution from the shell to core distances and the global
maximum to the long distances in the micellar shell. The aggregation and
hydration numbers of the micelles are estimated foUowing the same strategy
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Tetraaza-ACS with equimolar CuF2

t
0,01 ..

Figure 4.26: The p(r)'s determined from the SAXS measurements of
Tetraaza-AC8 with equi-molar CuF2.

as with the samples of Tetraaza-AC8 in water (see previous section). For the
estimâtes it is assumed that the miceUes are perfectly spherical with rcore=12
±lÀand rmjc=21 ±1À. Since the différence between the obtained p(r)'s is
diminutive compared to the accuracy of the estimâtes (see figure 4.26, note
that the p(r)'s axe not normalized by the molarity), the aggregation number
is only calculated for one sample namely the 0.091M sample.

The p(r)'s from the SANS measurements of Tetraaza-AC8 with CuF2 are
very similar to the p(r)'s from the SANS-measurements of Tetraaza-AC8
without electrolyte. This similaxity indicates that the micelles axe elUpsoidal
or cylindrical. This is in disagreement with the p(r)'s of the SAXS measure
ments.

The scattering density profile.

Since the p(r)'s of the SAXS data axe pair distance distribution functions for
spherical micelles, the p(r) can be determined by square-root deconvolution.
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Tetraaza-ACS with equimolar CuF2 In D2Q, normalized, SANS.

Figure 4.27: The p(r)'s determined from the SANS measurements of
Tetraaza-AC8 with equi-molar CuF2. The functions are normalized by the
molaxity of Tetraaza-AC8.
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Sample Umaxi •"• A Çmtn, 1/À Tr/Çmtn, À
0.125 M 55 3E5 0.08 40

0.091 M 55 3E5 0.075 42

0.058 M 50 1E5 0.07 45

0.030 M 50 1E5 0.065 48

Table 4.7: Tetraaza-AC8. The parameters of the indirect Fourier trans
formations of the SAXS-spectra. The first column lists the sample con
centrations. Column 2) and 3) list the parameters for the indirect Fourier
transform. Column 4) Usts the minimum ç-values used. Column 5) lists the
theoretical maximal distances within micelles that the chosen I(q) interval
contains information about.

Sample Length À radius À V À3'caret " Vshell À3 Niyagg h

0.091M 42 21 7200 26000 15 ±4 35±10

Table 4.8: Tetraaza-AC8 with equi-molar CuF2. Estimation of the agg
regation and hydration number from the p(r) functions assuming spherical
micelles. The errors on Nagg and h axe estimated from the errors on rm;c and

The deconvolution is performed applying the program "SDENS-D" from J.S.
Pedersen. Spherical symmtry is assumed (see figure 4.26).

The obtained scattering density function is shown in figure 4.28. The fit of
the convolute of p(r) to p(r) is shown in figure 4.29. The radii ofrespectively
core and shell are 8±1 Âand 22±2 Â. It is noted that the scattering density
of the shell is much lower than is expected from the primitive model on page
104. This can refiect a high hydration of the micellar shell.

pAr, the convolute of p(r) is in good agreement with p(r) except for low
distances.
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0.058M Tetraaza-ACS with equimolar CuF2.

Scattering density profile for the micelles.

Figure 4.28: The scattering density profile of Tetraaza-AC8 with CuF2 de
termined by deconvolution.

0.0S8M Tetraaza-ACS with equimolar CuF2.
Fit obtained by deconvolution of P(r).

« »

Figure 4.29: pA(r), the convolute of p(r) compared to p(r).
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Modelization.

It has not been possible to fit both the SANS and SAXS data from the
samples with CuF2 simultaneously. The same model of the micelle gives
either too much scatteringfor the SAXS data or not enough scatteringfor the
SANS data. This actually reflects the same problem as is seen for the CuF2
samples in table 4.2 on page 107. Either the samples measured by SANS
scatter more than theoretical or the samples measured by SAXS scatter less

The foUowing two explanations axe suggested to explain this:

1. The objects in the SANS samples axe larger than the micelles in the
SAXS samples.

2. The molecular volumes used for the polar and apolar parts of the mo
lécule axe wrong.

Explanation 1) is likely since the Tetraaza-AC8 measured by SAXS and
SANS results from two différent synthèses. 2) can aiso constitute a part
of the explanation. The volume of the polar part of the molécule used in the
fit is Vpoi + VcuF2 =735À3 where VcuF2 is the moleculax volume oncrystalUne
state (see table 2.1). The moleculax volume of the polar part of the molécule
with complexed CuF2 is, however, measured to be 717À3. Unfortunately the
molecular volume of Tetraaza-AC8+CuF2 was not measured until late in the
project and has for this reason not been used in the fitting. The différence
between the estimated and the measured value is however small (j3%) and
it seems unlikely that it should be possible to explain the différence between
SAXS and SANS data only by this reason.

Accepting that the micelles in the SAXS and the SANS samples are slightly
différent leads to the fits shown in figure 4.30 to 4.33.

The fits axe performed by Didier Gazeau on the program from Saclay. The
model ofthe micelles is a modified two-shell model for elliptical micelles (mo
del 2 page 138). The structure factor is a Hayter-Penfold model of charged
micelles. The fitting parameters of the model axe 1) the aggregation num
ber, 2) the ellipticity, 3) the hydration number and 4) the effective chaxge
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Figure 4.30: Two-shell model of elliptical micelles fitted to the SAXS spe
ctrum of the 0.091 M sample. Ar=aggregation number, è=effective charge,
/i=hydration number, e//.=ellipticity and Dmax is the length of the micelles.

of the micelles. The haxd-sphere volume fraction and the hard-sphere radius
are in this case set equal to respectively the volume of the hydrated micelles
and the radius of the hydrated micelles. This is obviously an assumption in
principle only applicable for spherical micelles. The fitting parameters and
the obtained values are listed in table 4.9.

Sample Nl^agg e h b

0.091M, SAXS 21 2.4 18 0.08

0.058M, SAXS 21 2.2 18 0.08

0.062M, SANS 24 2.0 15 0.03

0.031M, SANS 24 2.0 15 0.05

Table 4.9: The fitting parameters of the fit of a model of two-shell ellipsoids
to the expérimental data. Nagg is the aggregation number, e is the ellipticity,
h is the hydration number, 6 is the degree of dissociation of the counter ions.

The best fit of the SANS spectra is obtained for an aggregation number of
about 24, whereas the best fit of the SAXS spectra gives an aggregation num-
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Figure 4.31: Two-shell model for elliptical micelles fitted to the SAXS
spectrum of the 0.058 M sample.

TA8 / CuF2 0.062 M
N=24, b=0.03, h=15, e=2
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Figure 4.32: Two-shell model of elliptical micelles fitted to the SANS spe
ctrum of the 0.062M sample. Af=aggregation number, 6=effective charge,
/i=hydration number and e=ellipticity.
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0.5

Y*
g-1.5

c-2.5

-3.5

-2

TA8 / CuF2 0.031 M
N=28, b=0.05, h=15, e=2.2

Figure 4.33: Two-shell model of elliptical micelles fitted to the SANS spe
ctrum of the 0.031M sample.

ber of about 21. The ellipticity and hydration number is slightly larger for
the SAXS data implyingthat the micelles, in this sample, are more elongated
than the micelles in the SANS sample. The effective charge is seen to be low
in ail cases, though lowest for the SANS samples. Since the structure factor
is applied without taking into account the decoupling apprximation it is in
principle only is applicable for spherical micelles one should i.e. one should
be critical towards the obtained values of b. The decoupling approximation
implies, as explained in section 3.1, that the more the micelles deviate from
sphericity and monodispersity, the more the average structure factor S(q)
(page 58) is damped. The models of the micelles fitted to the experimetal
data, do not deviate much from spherical shape. Consequently the effect of
omitting the decoupling approximation is expected to be small. One expec
ted effect is, however, that the effective charge will be underestimated.
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0.058M Tetraaza-ACS with equimolar CuF2.
Scattering density profile for the micelles.

r,A

Figure 4.34: The p(r) of the cross-section of the micelles. Profiles obtained
by Glatter and Hayter method.

Comparison of the results obtained with the method of Glatter and
the method Hayter

The p(r)'s of the SAXS spectraindicate that the micelles axe spherical, while
the p(r)'s of the SANS-data indicate that the micelles are short ellipsoids.
Using the methodof Hayter, the best fit isobtainedwith a model ofellipsoidal
miceUes.

The aggregation numbers obtained by the method of Hayter are higher that
the aggregation numbers obtained bythe method ofGlatter. Theaggregation
numbers are, however, at the same order of magnitude.

The p(r)'s of the SAXS-data obtained applying respectively the method of
Glatter and the method of Hayter axe shown in figure 4.34. The scattering
density profiles obtained from the two methods are not in very good agree
ment. The deconvoluted p(r) shows a smaller core and a more hydrated shell
than the fitted p(r).
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The effective charge of the Tetraaza-AC8+CuF2 micelles.

From the fit of the Hayter-Penfold structure factor of charged micelles to the
SANS and SAXS data, effective charges of the Tetraaza-AC8+CuF2 micelles
hâve been determined (see table 4.9). The précision of the effective charges
determined is probably not very high. Since the decoupling approximation
hâve been omitted the effective charges determined are probably aiso unde
restimated. We believe that the determined values, from 3 to 8% are of the
right order of magnitudes since effective charges being much higher would
lead to much more significant corrélation peaks at low g-values.

A simple model, the "Dressed Micelle Model", relating the effective chaxge
of the micelles of a ionic surfactant system to the size of the micelles and
the température and concentration of the micellar liquid hâve been suggested
by D.F. Evans, D.J. MitheU and B.W. Ninham [14]. The model hâve later
been modified by J.B. Hayter [hayter92], who aiso compared the model to
expérimental data found in the literature.

The model, which shall not be explained hère, is derived from the nonlinear
Poisson-Boltzmann équation and describes the distribution of ions around a
spherical ionic micelle.

The model predicts that the adsorption excess per monomer, T/N (= 1 —
Zejf) is given by the expression:

T_
N

4

x0s
(y/l+uj2- y/l-f-xjU (4.48)

where T is the number of counter-ions adsorbed at the micellar surface, N
is the aggregation number and Zeff is the effective charge. x0 = kR, where
k-1 is the Debye screening length and R is the radius of the micelle. s is the
so-called "scaled surface charge density" given by the expression:

le2
6o6Ka

(4.49)

where 0 = 1/kbT, e is the charge of the électron, e0 the permittivity of free
space, e the relative permittivity of the miceUar liquid and a = 4irR2/N is
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Figure 4.35: Effective chaxge (6in Hayters notation). Model vsexpérimental
valuesrZ*!}

the axea per headgroup of the surfactant. 13 The tu offormula (4.48) is given
by the expression:

Xq
u> =

2\2 s\2 2_
Xq

L \ /S\* 2
1+_ +(ô -—+ 1Xn/ \2J Xo

(4.50)

The model of the "Dressed Micelle" hâve been compared to expérimental
data found in the literature as shown in figure 4.35 copied from [29]. As
seen from the figure the agreement between the model and the expérimental
values is rather good in almost ail cases.

In order to investigate whether the Tetraaza-AC8+CuF2 micelles behave as
other ionic micelles, the model of the "Dressed Micelle" hâve been applied

13As noted, the area per headgroup applied in the model is not the same as the one
determined from the surface tension measurements. Instead the area per headgroup of
the surfactants in the micelle is applied. The area per headgroup determined from the
two methods should obviously not vary too much from each other. If the micellar shell
is thick (as in our case), the area per headgroup taken at the core-shell interface is much
smaller than the area per headgroup taken at the shell-solvent interface. In this case
Hayter suggests, that the R applied for the calculation of a should be chosen to be the
radius at which the shell is divided into two equal volumes.
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Sample N h R, À #p,À a, À2 Rd, À Zeff,th £eff,exp
0.091 M 21 18 20.6 17.7 190 6.0 0.63 0.08

0.058 M 21 18 20.6 17.7 190 7.4 0.60 0.08

0.062 M 24 15 21.1 18.5 180 7.2 0.58 0.03

0.031 M 24 15 21.1 18.5 180 10.2 0.54 0.05

Table 4.10: Parameters for the compaxison of expérimental and theoretical
values for the effective chaxge. The two uppermost samples are SAXS samples
the two other samples are SANS samples. The aggregation and hydration
numbers axe the values obtained by means of the Hayter method, the 72 is
the applied radius of the micelles, Rp is the at radius at which the shell is
partitioned into two equal volumes, a the area per headgroup calculated as
47r/2p, Ru is the Debye screening length, Ze//,t/i is the theoretical effective
charge calculated according to the model and Ze//,exP is the experimental/fit-
ted value of the effective charge

and theoretic values of the effective charge hâve been determined for the
system.

The aggregation numbers of the micelles necessary for the model is taken to
be the aggregation numbers obtained by means of the Hayter method. Since
the model opérâtes with spherical micelles, the applied radii are not taken to
be the radii of the ellipsoids fitted to the expérimental spectra. Instead the
radii of spherical micelles of the same aggregation and hydration number as
the fitted models has been applied. The same counts for the applied areas
per headgroup. This can obviously give rise to systematic errors. But as
no corresponding model exists for ellipsoidal ionic micelles it is a necessary
compromise. Since the models fitted to the expérimental data are of short
ellipsoids, it seems unrealistic that the systematic errors caused by the above
mentioned assumptions should be dramatic.

The obtained values are listed in table 4.10.

As seen from the table, there is a very bad agreement between the effective
charge predicted by the model and the expérimental values. The disagree-
ment is too important to be explained by the ellipticity of the micelles. We
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believe that the disagreement simply is due to that fact that the Tetraaza-
AC8 molécule with a complexed cation can not beregarded as a typical ionic
surfactant.
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Tetraaza-ACS with equimolar CsF.
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Figure 4.36: The p(r)'s for the SAXS measurements of Tetraaza-AC8 with
CsF.

4.3.3 Tetraaza-AC8 with CsF

The scattering spectra of the samples with CsF are not analyzed as detailed as
the spectra of Tetraaza-AC8 with and without CuF2. The SAXS and SANS
hâve aU been Fourier transformed in order to détermine the corresponding
p(r)'s. No further data analysis is performed.

The obtained pair distance distribution functions axe shown in figure 4.36
and 4.37. The p(r)'s of the SAXS and SANS measurements are in good
agreement. Both indicate that the length of the micelles increases with in
creasing concentration. The maximal length observed is smaller for neutrons
than for x-rays. This is, however, not surprising since the neutrons are more
sensitive to the core of the micelles, whereas the x-rays are more sensitive to
the shell.

The p(r)'s of the SAXS spectra do ail show a local maximum at ~9 À, a
local minimum at ~17 À and a global maximum at 30 À. The p(r)'s of the
SANS measurements show a maximum at ~18 À.

161



Tetraaza-ACS with equimolar CsF In DzO, normalized, SANS.

Figure 4.37: The p(r)'s for the SANS measurements of Tetraaza-AC8 with
CsF.

Sample D À"mon *»• A Îtoith 1/A TT/Çmm, À
0.112M 105 3E5 0.05 63

0.106M 85 1E6 0.05 63

0.048M 65 1E6 0.055 57

0.023M 65 1E6 0.055 57

Table 4.11: Tetraaza-AC8 with CsF. The parameters of the indirect Fourier
transformations of the SAXS-spectra.
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FoUowing the same procédure as for the samples without electrolyte the agg
regation numbers and hydration numbers can be estimated. In the estimâtes
we use the foUowing values for the radii of the micelles rcore=12±lÂ and
rmtc = 19±1 À leading to a diameter of the cross-section of the micelles
at 38±2 Â. The radii are estimated from the p(r) functions. The obtained
values are listed in table 4.12

Sample Length À radius À V À3 Vshell À3 Niyagg h

0.112 M 92 19 17500 52000 36 ±9 24±10

0.106 M 82 19 15600 46400 32 ±8 24±10

0.048 M 62 19 11800 35100 24 ±6 24±10

0.023 M 51 19 9700 28900 20 ±5 24±10

Table 4.12: Tetraaza-AC8 with equi-molar CsF. Estimation of the agg
regation and hydration number from the p(r) functions assuming spherical
micelles. The errors on Naao and h are estimated from the errors on rm,c and'agg
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Tetraaza-ACS with equimolar Rh(CI)3.

Figure 4.38: The p(r)'s for the SAXS measurements of Tetraaza-AC8 with
RhCl3.

4.3.4 Tetraaza-AC8 with RhCl3

The SANS and SAXS spectra of the samples with Tetraaza-AC8 and equi
molar RI1CI3 axe ail Fourier transformed in order to détermine the correspon
ding p(r)'s. No further analysis is performed. The obtained pair distribution
functions axe shown in figure 4.38 and 4.39. The p(r)'s of the SAXS-data

Sample D ÂXJmaxi " A qmim 1/A- n/qmin, À
0.052 M

0.033 M

0.016 M

70

70

50

1E6

3E5

1E5

0.031

0.031

0.031

100

100

100

Table 4.13: Tetraaza-AC8 with RhCl3 The parameters of the indirect Fourier
transformations of the SAXS-spectra.

indicates a sUght increase in the length of the micelles, whereas no important
changes is seen from the SANS data. The maximal lengths observed for the
SANS data are close to the maximal lengths observed from the SAXS data,
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Tetraaza-ACS with equimolar RhCI3 In D20, normalized, SANS.

Figure 4.39:
RhCl3.

The p(r)'s for the SANS measurements of Tetraaza-AC8 with

though generally a slightly smaller. Since the neutrons mainly are sensitive
to the core and the X-rays to the shell of the micelles, the maximal lengths
of the p(r)'s of the neutron data were expected to be maxkedly smaller than
the maximal lengths seen by x-rays. This happens not to be the case. The
p(r)'s of the SAXS data show aU a local maximum at ~9 Â, a minimum at
~18 Â and a global maximum at ~30 Â. The p(r)'s of the SAXS data are
characteristic of micelles with a two-shell structure with alternating signs of
the scattering density of core and shell. This is in fuU agreement with what
is expected and what is observed for the previous samples. The p(r)'s of the
SANS data do ail show a maximum at ~18 Â.

The aggregation and hydration numbers are estimated from the p(r) using
the same procédure as for the interprétation of the p(r)'s of the samples
without electrolyte. The estimâtes of Nagg and h are based on the foUowing
estimâtes of the radii of the micelles: rMre=12±l Â, rmiC= 19±1 Â leading
to a cross-section of the micelles of 38±2 Â. The estimâtes of N,
listed in table 4.14.

agg
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Sample Length À radius À V À3vcorei -f» Vshell À3 N1,1agg h

0.052 M

0.033 M

0.016 M

54

48

40

19

19

19

10300

9100

7600

30500

27200

22600

21 ±6

19 ±5

16 ±4

22±10

22±10

22±10

Table 4.14: Tetraaza-AC8 with equi-molar RhCl3. Estimâtes of the agg
regation and hydration number from the p(r) functions assuming elUpsoidal
miceUes. The errors on Naga and h axe estimated from the errors on rm;c and
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Chapter 5

Summary and Discussion

Characterization of Tetraaza-AC8

Complexation.

The pH and UV/visible light absorption measurements show that Cu++ and
Rh+++ are complexed by the Tetraaza-AC8 with a degree of complexation
superior of 95%. The complexation of the Cu++ is aiso proved by the fact
that CuF2 is not soluble in pure water but can easily be dissolved in an
aqueous solution of Tetraaza-AC8.

The Cs+ is not complexed. A possible explanation is, that the ions are are
too large and the complexation is hindered by steric interactions. Another
possibility is that Tetraaza is not capable of complexing monovalent ions.
This is suggested by the fact that no examples of such are found in the
literature.

CMCs and areas per headgroup.

The surface tension measurements prove that Tetraaza-AC8 is surface active
and that a micellization of the Tetraaza-AC8 molécules takes place above the
critical micellar concentration.
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The surface tension measurements show that the CMCs of the four samples
generally hâve an order of magnitude of 0.1-0.3mM (see table 2.6 page 44).
The CMCs of Tetraaza-AC8, Tetraaza-AC8+CsF and Tetraaza-AC8+CuF2
do not vary markedly within the resolution of the measurements. The CMC
of Tetraaza-AC8+RhCl3 is measured to be about a factor of two higher than
the three former ones.

It is not surprising that the CMCs of Tetraaza-AC8 and Tetraaza-AC8+CsF
hâve the same orders of magnitude since the CsF is not complexed to the
Tetraaza-AC8. The Tetraaza-AC8 is slightly protonated when dissolved in
water. When CsF is added to the solution a slight decrease in the CMC is
theoretically expected due to shielding effects of the fluorine anions [32]. We
actually observe a weak decrease in the CMC of Tetraaza-AC8+CsF. Within
the accuracy of the experiment the decrease can, however, aiso be due to
statistical variations.

The complexation of the cations leads theoretically to an increase in the ré
pulsive coulomb potential of the headgroups, a decrease in the free energy
of miceUization and thereby to an increase in the CMC. The gênerai expé
rimental observation is furthermore that —AGm and Nagg increases and the
CMC decreases with the size of the counter ion in the séries F~, Cl", Br"
and I". Which is explained by a decrease in the dissociation the counter ion
with increasing size.

With this in mind, it is surprising that the CMC of Tetraaza-AC8 do not
increase when CuF2 is added.

The CMC of Tetraaza-AC8+RhCl3 is higher than the CMCs of Tetraaza-
ACS, Tetraaza-AC8+CsF and Tetraaza-AC8+CuF2. It isnot surprising that
the CMC of Tetraaza-AC8 with RhCl3 is higher than the CMCs of Tetra
aza-ACS and Tetraaza-AC8+CsF since the former system is expected to be
more charged. We can not theoretically predict anything about the CMC
of Tetraaza-AC8+RhCl3 compared to the CMC of the Tetraaza-AC8+CuF2
since both the cation and anion is changed: The larger charge of the cation
should theoretically lead to an increasing CMC because of the increasing
Coulomb potential, whereas the larger anion theoretically should lead to a
decreasing CMC due to a larger association of the counter-ion.
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The areas per headgroup of Tetraaza-AC8, Tetraaza-AC8+CsF, Tetraaza-
AC8+CuF2 and Tetraaza-AC8+RhCl3 can be determined from the slopes of
the j(c) curves (see table 2.7 page45). It is seenthat the areas per headgroup
increases with the charge of the complexed cation. This is explained by the
répulsive Coulomb potential of the charged Systems. From the areas per
headgroup, the volume of the surfactant molécules and the length of the
hydrocarbon chains, the so-called packing parameters of the micelles axe
determined (page 50). The determined packing parameters suggest that the
Tetraaza-AC8 and Tetraaza-AC8 with CsF should form inversemicelles, that
the micellesof Tetraaza-AC8 with CuF2 should be cylindrical or vesicular and
that the micelles of Tetraaza-AC8 with RhCl3 should be spherical, cylindrical
or vesicular.

SAXS and SANS raw-data

Both SAXS and SANS studies show important intermicellar corrélations bet
ween the micelles in the solutions of Tetraaza-AC8, Tetraaza-AC8+CuF2 and
Tetraaza-AC8+RhCl3 and less important corrélations between the micelles
in the Tetraaza-AC8+CsF solutions. This can be due to a larger répulsive
potentials than the latter ones. According to the decoupling approximation
a part of the différence can, however, aiso be explained by a larger déviation
from sphericity and/or monodispersity of the micelles with CsF.

The form factor, seen for high q-values, remains practicaUy invariant upon
changes in concentration of the spécifie samples. This implies that the agg
regation number of the micelles (in the respective cases) is very little dépen
dent on concentration. Small effects on the form factor are however observed

when the différent electrolytes are added to the solutions. Regarding the
raw data of the SAXS measurements it appears that the Tetraaza-AC8+CsF
miceUes are more cylindrical than the other micelles, whereas the Tetraaza-
AC8+CuF2 appears to be more spherical. The samples with RhCl3 appears
to hâve approximately the same shape as the Tetraaza-AC8 micelles, event
ually with a slightly larger radius. From the raw data of the SAXS and SANS
measurements it is however seen, that neither the shape nor the aggregation
number changes dramatically upon addition of electrolytes.
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SAXS and SANS data analysis

The results of the data analysis axe generally in good agreement with thèse
observations.

The method of Glatter

The p(r)'s determined from the SAXS data contain in gênerai more infor
mation than the p(r)'s determined from the SANS data. This is due to the
scattering density functions which for X-rays show alternating signs of the
scattering density in core and shell.

The distance distribution functions determined applying the Glatter method
indicate that ail micelles are spherical or slightly ellipsoidal. For ail samples,
except the CuF2 samples, anincrease in the length ofthe micelles and thereby
in the aggregation number is seen for increasing concentration.

The p(r)'s show that the miceUes become more elongated in the séries Te
traaza-AC8+CuF2, Tetraaza-AC8+RhCl3, Tetraaza-AC8 and Tetraaza-AC8
with CsF. This is in agreement with what can beexpected from the areas per
headgroup of the micelles according to simple geometry: At constant radius,
the area per headgroup of surfactants organized in cylindrical micelles is
smaller than that of surfactants organized in spherical micelles.

Due to the différent contrasts for SAXS and SANS we expect the maximal
distances seen within the micelles to be longer applying SAXS than SANS.
This is seen to be the case for the samples containing Tetraaza-AC8 and Te-
traaza-AC8+CsF, but not for the samples containing Tetraaza-AC8+CuF2
and Tetraaza-AC8+RhCl3. The maximal distances seen for the two latter
ones axe approximately the same for x-rays and neutrons.

One should be critical towards the lengths of the micelles determined by the
p(r)'s of the SAXS data. The distance distribution function of the micelle is
theoretically determined as the fourier transform of the form factor scatte
ring. The expérimental spectra will however always show a combination of
the form and structure factor. In order to détermine a p(r) of the micelles
from an expérimental spectrum it is necessary to sélect a ç-range, where it
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is estimated that only the form factor scattering is seen. On one hand we
want this ç-range to contain as much information as possible about the p(r)
of the micelles (i.e. to be as large as possible) and on the other hand we do
not want to be disturbed by the structure factor. This becomes a conflict in
our case since the S(q) is non-negligible for low ç-values, i.e. in the ç-range
containing information of about the maximal length of the micelles. This
problem can be very important for the p(r)'s determined from the SAXS
spectra of the two most concentrated Tetraaza-AC8+CsF samples. The two
p(r)'s are both very oscillating for high r-values indicating that the p(r)'s
are underdetermined in this région and that the errors on the determined
maximal lengths can be very large. If the micelles were infinité cylinders at
thèse concentrations, it probably would not be seen from the p(r)'s due to
the influence of the structure factor.

For the SANS data the problem is less important due to a différent con
trast which makes the micelles appear smaller and moves the form factor
contribution towards higher q-values.

The method of Hayter

Good fits of molecular based models to the expérimental data axe obtained.

For the Tetraaza-AC8 samples two-shell models of short cylinders are fitted
simultaneously to SAXS and SANS data. An aggregation number of 21
is found for respectively the 0.7M and 0.13M sample, whereas the 0.025M
sample shows an aggregation number of 18. The length of the cylinders
are ~80Â for the two former samples and ~70Â for the latter sample. The
"hydration" numbers obtained are in gênerai very high. With the obtained
orders of magnitude, it is certainly unrealistic that ail water molécules should
be hydrating. The numbers do rather reflect a large amount of free water
molécules in the shell.

The Perçus-Yevich hard-sphere structure factor is combined with the form
factor using the decoupling approximation. This makes it possible to obtain
reasonable fits in the low-ç range. The hard-sphere volume fraction deter
mined from the fit of the structure factor decreases with increasing concen
tration. This seems not very physical. In some of the SAXS spectra hâve
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problems with parasitic scattering at low qvalues. This might be part of the
explanation of the strange behavior of the haxd-sphere volume fractions. It
is very possible that more consistenthaxd-sphere volume fractions can be de
termined by fixing the determined parameters of the form-factor and fitting
the remaining S(q) to the SANS data only. This has however not yet been
tried.

A modified two-shell model ofellipsoids is fitted to the Tetraaza-AC8+CuF2
data. The SANS and SAXS data can not be fitted simultaneously. An
aggregation number of 24 and an ellipticity of 2 is determined for the SANS
data. Whereas the SAXS data can be fitted with an aggregation number
of 21 and ellipticities from 2.2 to 2.4 as the concentration is increased from
0.030M to 0.125M.

The structure factor used for the modelization of the scattering data of Te
traaza-ACS with CuF2 is the Hayter-Penfold model for interaction between
charged hard-spheres. The model is applied without taking into account the
decoupling approximation. Since theellipsoids fitted hâve a close to spherical
shape, this will not introduce important errors though it can lead to a slight
underestimate of the structure factor. The haxd-sphere volume fraction and
the haxd-sphere interaction radius axe not considered as fitting parameters
but set equal to the volume fraction and the average radius of the micelles.
The effective charges determined axe small (from 3 to 8 %). Comparing the
determined effective charges to the effective charge expected according to
"the dressed micelle model" [29], we see that the effective charges are much
smaUer than what theoretical is expected for ionic micelles of the same size
and structural chaxge. This implies that the micelles of Tetraaza-AC8 with
CuF2 can not be regarded as a traditional ionic surfactant.

This provides, however, an explanation of why the CMC of the Tetraaza-
ACS does not increase when the CuF2 is added. If the effective charge of the
micelles are low the counter-ions will be only little dissociated. As the fluorine
ions in gênerai stay close to the Tetraaza-AC8+Cu++, the effective chaxge
and thereby the répulsive Coulomb potential of the surfactant molécules will
be small and the Gibb's free energy of micellization will approach the free
energy of micellization of Tetraaza-AC8 alone.
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The hydration numbers obtained for the samples with CuF2 are lower and
seem more reasonable than the hydration numbers obtained for the samples
without CuF2. It should, however, be noted that two différent programs hâve
been applied for the fitting of the Tetraaza-AC8 micelles and the Tetraaza-
AC8+CuF2 micelles. The Tetraaza-AC8 data are fitted applying an imple
mented mathematical fitting procédure, whereas the Tetraaza-AC8+CuF2
data are fitted by changing the parameters manually until the least mean
square of the distance between expérimental and fitted data points is obser
ved. As the parameters are changed manually, a less neutral fit is obtained:
The parameters will always be kept at values that seem realistic.

Comparison and discussion of the results obtained by
the Hayter and the Glatter method.

Tetraaza-AC8.

The aggregation numbers and micellar shapes of the Tetraaza-AC8 samples
determined applying the two différent methods are in good agreement (table
4.4 page 132, table 4.5 page 142). Both the method of Hayter and the method
of Glatter indicate that the micelles hâve the shape of short cylinders or
ellipsoids. The good agreement is aiso reflected by the scattering density
profiles of the cross-sections of the micelles determined by the two methods
(see figure 4.25 page 144).

The methods of Glatter and Hayter show qualitative différences in the beha
vior of the évolution of the aggregation numbers with concentration. While
the aggregation numbers estimated from the p(r)'s show an increase of Nagg
from ~ 17 to ~ 23 as the concentration increases from 0.023 M to 0.125 M,
the aggregation numbers obtained by fitting a molecular based model to the
expérimental spectra show practicaUy no change. The fits of molecular based
models to the SAXS and SANS spectra of respectively the 0.07 M sample
and the 0.13 M sample both give aggregation numbers at 21, while the the
aggregation number determined from the SAXS and SANS spectra of the
0.025 M sample is 18. The fits to the latter spectra are, however, not very
good compared to the fits of the former spectra, for which reason one should
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be more critical towards the aggregation numberdetermined for the 0.025 M
sample than towards the other ones.

The aggregation numbers determined by means of the method of Hayter
axe based on the informations from both SAXS and SANS spectra, whereas
the aggregation numbers determined by means of the method of Glatter axe
based on only the SAXS spectra. For this reason we hâve most faith in the
aggregation numbers determined by means of the method of Hayter.

The"hydration numbers" determined from the pairdistribution functions are
only rough estimâtes, which axe very dépendent of the géométrie model of
the micelleused for the interprétation. For this reason we are not concerned
about the déviation from the "hydration numbers" determined by fits of
moleculax based models. The "hydration numbers" obtained by means of
the latter method axe, however, very much higher than what we expected in
advance.

From the good agreement between the scattering density profiles found by
means of respectively the Glatter and Hayter method (page 144) it seems,
however, that the amount of water in the micellar shell indeed is higher
that what could be expected from pure hydration of the polar headgroups.
This can possibly be explained by the size ofthe polar headgroups compared
to the size of the nonpolar hydrocarbon chains. Since the headgroups axe
relatively large the molécule must be relatively hydrophilic. This can lead
to a relatively high mobility of the surfactant molécules and thereby a more
loose structure of the micelles than what is traditionally observed.

Tetraaza-AC8-fCuF2

The scattering spectra obtained from the Tetraaza-AC8+CuF2 samples axe
not yet fully understood and interpreted: There seem to be a différence bet
ween the size ofthe micelles in thesamples dissolved in D20 and the samples
dissolved in H20. This is reflected by both the determined pair distance di
stribution functions and the modelization of the scattering intensities.
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The p(r)'s determined from the SAXS data indicates spherical micelles whe
reas the p(r)'s determined for the SANS data indicates slightly elongated
micelles.

The expérimental data can be fitted applying a model of ellipsoidal micelles.
It has not been possible to fit the SANS and SAXS data simultaneously. The
aggregation number determinedfor the SANS data is slightly larger than the
one determined for the SAXS data.

Furhtermore there is a quantitative différence between the results obtained
by means of the method of Hayter and of Glatter. The aggregation numbers
determined by fitting a model of the micelles to the expérimental data axe
found to be at the order of 21-24, whereas the aggregation number deter
mined from the p(r) is found to be at the order of 15. We believe that the
actual aggregation numbers of the Tetraaza-AC8+CuF2 micelles should be
found within thèse orders of magnitude. We do, however, not yet know the
aggregation numbers with higher précision.

Both the raw-data and the data analysis indicates that the aggregation num
bers are only very little dépendent of the concentration.

Tetraaza-AC8 with CsF and Tetraaza-AC8 with RhCl3

The aggregation numbers of respectively the Tetraaza-AC8+CsF micelles
and the Tetraaza-AC8+RhCl3 micelles hâve only been estimated from the
pair distribution functions determined from the SAXS spectra.

The aggregation numbers determined for the samples with RhCl3 increase,
according to the estimâtes from the p(r)'s, from 16to 21 as the concentration
increases from 0.16 M to 0.52 M.

The shape and aggregation number of the Tetraaza-AC8+CsF micelles seem
to be more dépendent of concentration than what is observed for the three
other micellar Systems. According to the pair distribution functions, the
Tetraaza-AC8+CsF micelles become more and more elongated as the con
centration increase from 0.023 M to 0.11 M. This results in an increase of
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the aggregation number from 20 to 36 for the Tetraaza-AC8+CsF micelles
as the concentration of Tetraaza-AC8 increases from 0.23 M to 0.112 M.

Since the aggregation numbers of the samples with CsF and RhCl3 numbers
axe estimated from the p(r)'s one should be critical towards the exact mag
nitudes. But again we believe that the estimated aggregation numbers are
close to the actual ones.

Model Extensions

The packing parameters calculated from the areas per head-group in section
predict that the micelles of Tetraaza-AC8 and of Tetraaza-AC8 with CsF
should form inverse micelles, the micelles of Tetraaza-AC8 with CuF2 should
form cylindrical or vesicular micelles and that the micelles of Tetraaza-AC8
with RhCl3 should form spherical, cylindrical or vesicular micelles. It is seen
from the scattering data, that thèse prédictions do not corne through at aU.
Thefraction v/a0lc gives an overestimate of actual packing parameters of the
micelles in our case, v, the volume of the surfactant as well as a0, the area
per headgroup axe externly measured parameters which hâve to be accepted.
According to figure 1.3 the length (or height) of the micelles is determined
as the length of the hydrocarbon chain, implying that the thickness of the
headgroup is neglected. This might apply for surfactants having relatively
small head groups. From the data analysis performed in this project it is,
however, seen that as the fitted models of the micelles ail hâve relatively
thick sheUs we cannot use this approximation. Instead a packing parameter
as e.g. v/(a0(d + lc)) should be applied. This would generally give lower and
more reasonable packing parameters.

The "hydration numbers" determined, axe as discussed earlier much higher
than what can be explained as hydration of the headgroup. We believe that
the high numbers reflects a large amount of free water molécules présent in
the micellar shell. The obtained magnitude of "hydration numbers" can i.e.
reflect the actual truth.

It can however aiso be imagined that the high hydration numbers axe some
kind of reflection of a too simple theoretical model of the micelle. It se
ems unrealistic that the transitions in the scattering length density from the
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micellar core to the hydrophilic shell and from the hydrophilic shell to the
solvent should be as well-determined as assumed in the two-shell model. A
more soft or smeared transition from core to shell and shell to solvent would
probably be more realistic. It is possible that a modification of the model
from the rough two-shell model to a more soft two-shell modelwould lead to
changes in the hydration numbers determined.

Another possibility of extending the model is to include a polydispersity
of the micelles in the model. According to the multiple equilibrium model
(section 4.3.1 page 144) the variation of the aggregation number with con
centration can be used to estimate the polydispersity of the micelles at a
given concentration.

Perspectives

As explained inthe introduction and in section 1.4, one of themajor potential
applications of Tetraaza-AC8 is to extract and dissolve cations.

We hâve seen that the Tetraaza-AC8 is actually aiso capable of doing this.

The CuF2, which is only very little soluble in pure water, becomes soluble
when Tetraaza-AC8 is added to the solution. Copper is not very rare métal
and the interests in extracting copper are therefore limited. Rhodium is a
very rare métal which is of interest as catalysator. The hydrated RhCl3
used for this project is already soluble in water without added Tetraaza-
ACS so in this spécial case nothing is gained by adding the Tetraaza-AC8.
Rhodium appears, however, aiso alone or with other counterions, and is not
soluble in water in many cases. As the Tetraaza-AC8 was able to render the
CuF2 soluble, it seems likely that it can aiso be used to dissolve Rhodium
compounds which are not soluble in pure water. As mentioned in section
1.4 several différent examples of complexes of Tetraaza and di- or trivalent
cations can be found in the littérature. As shown in this project, the linking
of surfactant molécules to the Tetraaza ring, apparently not changes the
ability of the Tetraaza of forming complexes. It seems therefore likely that
many of the complexes that can be made with Tetraaza and a cation, can
aiso be made Tetraaza-AC8 and the cation.
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We axe not discontented by the fact that the effective chaxge of the micelles
with CuF2 is low an that the Tetraaza-AC8+CuF2 can not be regarded as a
typical ionic surfactant. As mentioned in section 1.4 the purpose linking a
surfactant molécule to the Tetraaza ring instead of linking only a hydrocarbon
chain to achieve a surfactant with cation complexing potential, which is stable
and stiU form micelles upon complexation.

The characterization and the scattering studies of the solutions of Tetraaza-
ACS alone and with CuF2 and RhCl3 demonstrate that such a surfactant
molécule is actually achieved.
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