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Abstract 
 

The fusion and fission of fluid amphiphilic bilayers is a key process in biology, occurring 

both on the cellular and subcellular level. In a model system of excess water (D2O), oil 

(n-decane) and nonionic surfactant (C12E5) the kinetics and mechanisms of transitions 

between two phase types of extended amphiphilic bilayers, i.e. the lamellar and sponge phase, 

are investigated. An abrupt change in temperature is used to initiate these phase transitions. 

The isotropic sponge or L3-phase consist of a continuous membrane of multiply connected 

passages extending in three dimensions, while the anisotropic lamellar or Lα-phase is 

composed of stacks of bilayer sheets. Thus the L3-to-Lα transition involves passage 

annihilation/bilayer fission, while passage formation/bilayer fusion marks the reverse case. By 

employing time resolved 2H-NMR spectroscopy and SANS, it is found that these transitions 

occur through essentially different mechanisms: nucleation and growth in the case of the 

L3-to-Lα transition and the formation of locally uncorrelated passages in the reverse case. The 

kinetics of the L3-to-Lα transition (successfully described by the Avrami model) are strongly 

dependent on the change in temperature, the bilayer volume fraction, and viscosity, and slow 

(ca. 300-4000s) when compared to the opposite course (ca. 600s). Although initial (<200s) 

passage formation occurs very quickly in the fast Lα-to-L3 transition, it appears that this slows 

considerably once a critical passage density is attained. Evidence suggests that disruption of 

long range lamellar order might also be a rate limiting process in this case. In the L3-to-Lα 

transition, it is found that lamellar nuclei form at considerably higher bilayer volume fraction, 

than the equilibrium value. This can inhibit progressive nucleation at an advanced point in 

time. The work presented here represents the first systematic study on nucleation and growth 

phenomena in a microemulsion-type system. The results form the basis for improving the 

theoretical description of bilayer fusion and fission. 
 

 



Kurzzusammenfassung 
 

Das Verschmelzen, d.h. die Fusion, sowie die Teilung von fluiden Amphiphil-

Doppelschichten (Bilayern) ist ein Schlüsselprozess in der Biologie, sowohl auf zellulärer wie 

subzellulärer Ebene. In einem Modelsystem, bestehend aus Wasser im Überschuss (D2O), Öl 

(n-Dekan) und nichtionischem Tensid (C12E5), werden die Kinetik und die Mechanismen von 

Übergängen zwischen zwei Phasentypen mit ausgedehnten Bilayerstrukturen, d.h. der 

lamellaren Lα- und der L3-Schwammphase, untersucht. Eine sprunghafte Temperaturänderung 

dient dazu, die Phasenumwandlungen zu initiieren. In der isotropen L3-phase bildet eine 

kontinuierliche Amphiphil-Membran, von dreidimensionaler Ausdehnung, mehrfach 

verbundene Passagen aus, während die anisotrope, Lα-phase eine planare 

Doppelschichtstruktur smektischer Fernordnung aufweist. Dementsprechend umfasst der 

Phasenübergang von L3 nach Lα Passagenzerstörung/ Bilayerteilung, während die Lα nach L3 

Umwandlung durch Passagenbildung/ Bilayerfusion gekennzeichnet ist. Durch Anwendung 

zeitaufgelöster 2H-NMR Spektroskopie und Kleinwinkelneutronenstreuung (SANS) kann 

gezeigt werden, dass die zwei Umwandlungen durch grundlegend unterschiedliche 

Mechanismen bestimmt werden: Keimbildung und Wachstum im Falle von L3 nach Lα und 

aufeinanderfolgende, nicht korrelierte Passagenbildung im umgekehrten Fall. Die Kinetik der 

L3 nach Lα Umwandlung, erfolgreich beschrieben durch das Avrami Model, ist stark abhängig 

vom Grad der Temperaturänderung, dem Bilayervolumenanteil, sowie der Viskosität und sie 

ist langsam (ca. 300-4000s) gegenüber dem Umkehrprozess (ca. 600s). Obwohl dort zu 

Beginn (<200s) Passagenbildung sehr schnell erfolgt, scheint es, dass sich der Prozess 

merklich verlangsamt, sobald eine kritische Passagendichte erreicht ist. Auch gibt es 

Hinweise, dass die Auflösung der lamellaren Fernordnung ein geschwindigkeitsbestimmender 

Faktor sein könnte. Ferner findet man, dass in der L3 nach Lα Umwandlung die Lα-Keime 

einen wesentlich höheren Bilayervolumenanteil enthalten, als von der 

Gleichgewichtskonzentration vorhergesagt. Dies kann progressive Keimbildung zu einem 

fortgeschrittenen Zeitpunkt der Umwandlung eindämmen. Die vorliegende Arbeit stellt die 

erste systematische Untersuchung von Keimbildungs- und Wachstumsphänomenen in einem 

Mikroemulsionssystem dar. Die gezeigten Resultate bilden die Grundlage zur Verbesserung 

der theoretischen Beschreibung von Bilayerfusion und Bilayerteilung.  
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Symbols and Abbreviations 
 

(note that vectorial variables are denoted with an arrow x
v

) 

 

ac surface area of a surfactant molecule in an interface 

A water component of a system 

A specified area 

Ain internal lamellar area of a nucleus 

As surface area of a spherical nucleus 

b factor of a power law 

b bound coherent scattering length of an atom 

B oil component of a system 

B
v

 static magnetic field of an NMR spectrometer (magnetic flux density) 

localB
v

 local magnetic field at the site of a single atomic nucleus 

C surfactant component of a system 

c0 spontaneous curvature  

c1 and c2, principal curvatures 

d bilayer repeat distance in general  

d
v

 director of a phase 

d3 repeat distance of the L3-phase 

dsd sample detector distance 

dα repeat distance of the Lα-phase 

dα,1 repeat distance of the Lα-phase of a standard sphere at φB+C = 0.01 

D deuterium atom, i.e. 2H 

D diffusion coefficient 

e elementary charge, e = 1.602177⋅10-19 C 

E energy, specifically the bending energy 

ImE  energies of mI dependant orientations of nuclear magnetic moments in a magnetic field 

EA energy barrier of passage formation  

gI g-factor of a nucleus 

G Gibbs free enthalpy 

h Planck constant, h = 6.6260755⋅10-34 Js 

h  h = h/2π 



H mean curvature 

J(ω) spectral density function 

I spin quantum number of an atomic nucleus or simply ‘spin’ 

I0 intensity of an incident beam  

Imax maximum intensity of a peak of Lorentzian lineshape in an NMR spectrum 

I(q) absolute intensity in a SANS experiment as function of q 

I(ν)  intensity in an NMR spectrum as function of frequency 

J nucleation rate 

JAX coupling constant between a nucleus A and a nucleus X 

k rate constant 

kB Boltzmann constant, kB = 1.38066⋅10-23 JK-1 

KJ kinetic factor 

k
v

 wave vector 

K Gaussian curvature 

L
v

 spin angular momentum of an atomic nucleus 

zL
v

 component of the spin angular moment (along B
v

) 

m exponent of a power law 

M molar mass  

M
v

 macroscopic magnetisation of an NMR sample 

mI  magnetic quantum number 

mn rest mass of a neutron, mn =1.6749286⋅10-27 kg 

n number of MAPA D2O per surfactant molecule or the refractive index or dimension 

term of the KJMA exponent α 

n* particle number of a critical nucleus  

n
v

 local symmetry axis of the anisotropic molecular motion or a surface normal  

N total number of particles (atomic nuclei) of a system 

NA Avogadro’s number, NA = 6.0221367⋅1023 

Ntd number of data points in the time domain 

Nα number of atomic nuclei of spin α 

p momentum 

pi fraction of given particles at a given site 

px mole fraction of MAPA D2O 

P probability of exchange between to states or sites 



q
v

 scattering vector, and q = q
v

 

zzq
v

 principal component of an efg tensor (field)  

Q a quantity that is usually referred to as the quadrupole moment 

r specified distance 

rs radius of a spherical nucleus 

r* radius of critical nucleus 

R dipolar coupling constant 

S entropy 

Sxy order parameter specified by subscript (section 7.1.8), see also θ 

t time or variance of monolayer diffuseness 

tac acquisition time 

tdw dwell time 

tsac time to required for the acquisition of an NMR spectrum 

T absolute temperature or transmittance 

T  phase inversion temperature PIT 

T ’ time constant due to inhomogeneity of a magnetic field 

T1 time constant of the longitudinal relaxation 

T1Q  time constant of the longitudinal relaxation stemming from quadrupolar interactions 

T2 time constant of the transverse relaxation 

T2Q  time constant of the transverse relaxation stemming from quadrupolar interactions 

T2
* effective time constant of the transverse relaxation 

v velocity 

vc volume of a surfactant molecule  

V electric potential 

Wsp spectrum width in Hertz 

x molar fraction of a stated component 

 

α exponent of the Avrami equation 

γ gyromagnetic ratio 

δ chemical shift or the bilayer (membrane) thickness 

∆G* nucleation energy barrier 

∆µ supersaturation 

∆ν1/2 width at half height of a peak of Lorentzian lineshape in an NMR spectrum 



∆νdd splitting caused by direct magnetic dipole-dipole interactions 

∆νQ quadrupolar splitting 

∆νQ,L quadrupolar splitting of the steady state lamellar phase 

ε half bilayer thickness 

ζ wandering exponent 

η viscosity 

θ angle between a vector and B
v

 

θdb angle between the director of an anisotropic phase and the magnetic field 

θnb angle between surfactant layer normal and the magnetic field 

θnd angle between surfactant layer normal and the director of the liquid crystal 

θqn angle between the efg and the normal of a layer which impedes molecular tumbling  

κ rigidity modulus 

κ  saddle splay modulus 

λ de Broglie wavelength or elongation factor 

µ chemical potential 

µ
v

    magnetic moment of an atomic nucleus 

µ0 permeability of a vacuum µ0 = 4π⋅10-7 T2J-1m3 

µN nuclear magneton µN  = 5.0507866 ⋅10-27 JT-1 

ν frequency 

νL Larmor frequency 

νL,0 Larmor frequency of nucleus of reference 

νQ resonance frequency for the transition between energy states modified through nuclear 

quadrupolar interactions 

ν+ ,ν- resonance frequencies of a quadrupolar doublet (I = 1 condition) 

ρ macroscopic density 

ρ(t) autocorrelation function 

ρs scattering length density 

ρd scattering length density of a domain consisting of several components 

σ shielding constant or surface energy or invariance of a bilayer 

τ relaxation time constant or another specified amount of time 

τc correlation time 

τl life time 



τP
-1 rate of bilayer contact (indirectly a probability) 

ϕ volume fraction of the lamellar phase 

φB+C bilayer = membrane volume fraction 

φC surfactant volume fraction 

φC,i surfactant volume fraction of the interface 

χ nuclear quadrupole coupling constant 

χΕ Euler-Poincaré characteristic 

χP coalescence parameter 

ψ mass fraction of a stated component or 

 constant of the Avrami equation determining the type of nucleation 

ω angular velocity in rad/s 

ωb surfactant to oil plus surfactant volume ratio  

ωL Larmor angular velocity in rad/s  

 

cps  counts per second 

efg  electric field gradient 

EPM  ‘equal peak moment’, the point in time where the coexisting peaks in the NMR 

  spectrum of an L3 to Lα transition have the same intensities 

FID  free induction decay 

KJMA  Kolmogorov, Johnson, Mehl and Avrami 

MAPA  ‘mobile, through adsorption partially aligned’ 

ME  microemulsion 

nD-  n dimensional  

NMR  nuclear magnetic resonance 

NQR  nuclear quadrupole resonance 

r.f.  radiofrequency  

SANS  small angel neutron scattering 

T-jump  temperature jump 

TR-SANS time resolved SANS 

 



Table of Contents 
 

1. Introduction          1 

1.1 Complex Fluids         1 
1.2 Motivation and Objectives         3 

2. Phase Behaviour         7 

2.1 Binary System H2O-C12E5        8 
2.2 Ternary System H2O - n-decane - C12E5      9 
2.3. Phase Behaviour Measurements                13 

3. Theoretical Description of Bilayer Characteristics            16 

3.1 Curvature of Amphiphilic Films                16 
3.2 Bending Energy                  18 

4. Mechanisms of Passage Formation and Destruction           20 

4.1 Passage Formation                  20 
4.2 Passage Destruction                  21 

5. Relaxation Kinetics                25 

6. Nucleation                 28 

6.1 Classical Nucleation Theory                28 
6.2 The KJMA Model                  31 

7. NMR-Spectroscopy                33 

7.1 Basic Principles                  34 

7.1.1 Spin Angular Momentum and Magnetic Moment              34 
7.1.2 The Influence of a Magnetic Field                36 
7.1.3 The Influence of Radiofrequency Radiation              39 
7.1.4 Signal Detection, Free Induction Decay (FID) and Lineshape            41 
7.1.5 Relaxation and Correlation Time τc               45 
7.1.6 Magnetic Shielding, Chemical Shift and Equivalent Nuclei            49 
7.1.7 Spin-Spin Coupling                  51 
7.1.8 Quadrupolar Interactions                 52 
7.1.9 NMR Experiment Time Scale and Chemical Exchange             57 

7.2 The NMR Experiments                 60 

7.2.1 D2O, the Probe Molecule                 60 
7.2.2 The Two-Sites Model                 63 



7.2.3 Direct Dipole-Dipole Interactions                65 
7.2.4 NMR Signal of the Steady State Isotropic L3-Phase             66 
7.2.5 NMR Signal of the Steady State Anisotropic Lα-Phase             67 
7.2.6 L3/Lα Transition Experiments                69 

7.2.6.1 Experimental Procedure                69 
7.2.6.2 L3 to Lα Transitions                70 
7.2.6.3 Lα to L3 Transitions                 78 
7.2.6.4 Additional Experiments                82 

7.3 Analysis of the Experimental Findings               85 

7.3.1 L3 to Lα Transitions                  85

7.3.1.1 Kinetic Analysis and Re-Evaluation of the Preliminary Experiments 89 
7.3.1.2 Kinetic Analysis of the Established Experiments            93 
7.3.1.3 Trends in the Development of the Lα-Phase Volume Fraction ϕ       102 
7.3.1.4 General Kinetic Behaviour             107
7.3.1.5 Splitting Development              112 
7.3.1.6 Sponge and Lamellar Peak Width Development          116 

7.3.2 Lα to L3 Transitions                119 

7.3.2.1 The Two States Model and the McConnell Equation          119
7.3.2.2 Failure of the Two States Model             122 
7.3.2.3 Spectra Fitting               122 
7.3.2.4. Trends in the Development of the Fitting Parameters          127 

7.3.3 Kinetics of the ‘Additional Experiments’             132 
7.3.4 Experiments Separating Nucleation from Growth            134 

7.4 Interpretations of the Experimental Findings            137 

7.4.1 The Driving Force of the L3/Lα Phase Transition            137 
7.4.2 Influence of the Magnetic Field              138 
7.4.3 Shift of Resonance Frequency              139 
7.4.4. Experimental Data vs. Fits and Simulation            140 
7.4.5 L3 to Lα Transitions                141 

7.4.5.1 Characteristics of the Nucleation and Growth Mechanism         141 
7.4.5.2 Quadrupolar Splitting of the Steady State Lamellar Phase         144 
7.4.5.3 Significances of the Quadrupolar Splitting Development         146 
The Effects of Initial Nuclei Orientation on Lineshape           147 
Splitting Development Comparisons at Varying Amplitude of the T-Jump   148 
Diffusion and the Dilution Effect              150 
Splitting Development: Comparisons at Varying Concentration         153 

7.4.5.4 Development of Peak Width             155 
7.4.5.5 The L3 to Lα Phase Transition Kinetics            156 

The Kinetics in the Light of the CNT             157 
Kinetics in the Light of the Passage Destruction Mechanism          163 

7.4.6 Lα to L3Transitions                168 



7.4.6.1 Characteristics of the Phase Transition Mechanism          168 
7.4.6.2 The Lα to L3 Phase Transition Kinetics           169 
7.4.6.3 The Kinetics in Light of the Passage Formation Mechanism         172 

7.4.7 The ‘Additional Experiments’              176 

8. Small Angle Neutron Scattering (SANS)           177 

8.1 Fundamentals of Scattering              177 

8.2 Geometry of the SANS Experiments             179 

8.3 Contrast Variation                181 

8.4 Data Processing                183 

8.5 The Equilibrium L3 State               185 

8.6 Temperature Jump Experiments              188 

8.6.1 The L3 to Lα Phase Transition              189 
8.6.2 The Equilibrium Lα State              196 
8.6.3 The Lα to L3 Phase Transition              198 

8.7 Interpretations of the Experimental Findings            202 

8.7.1 The Sponge and Lamellar Steady States            202 
8.7.2 TR-SANS, the Kinetic Investigations             204 

9. Summary                213 

10. Appendices                218 

11. Tables                 240 

12. References                253 





   1 

1. Introduction 
 
1.1 Complex Fluids 
 

 An elemental principle of chemistry concerned with the solution of a component (the 

solute) in a solvent is generally known even by non-scientists through the simple rule of 

thumb ‘like dissolves like’. This rule refers of course to the polarity of a substance, 

differentiating simply between polar and nonpolar components, which are regularly termed as 

being hydrophilic and lipophilic respectively. The latter expressions stem from Greek and are 

associated with the two main classes of biological solvents, i.e. water on one hand and fats or 

oils on the other. 

Both living nature and modern industry are faced with the problem of intermingling 

components of the two opposite groups on microscopic length scales and thus resort to using 

amphiphiles, i.e. molecules that contain both a hydrophilic and lipophilic moiety. These 

molecules necessarily situate themselves between domains of hydrophilic and lipophilic 

character (i.e. they reside in the interface1,2,3,4) because of lowest energy considerations, as the 

components reduce the interfacial tension between the opposing substances. This in turn 

results in increasing the miscibility of fluids or, in case of a solid surface and a liquid phase, 

facilitates wetting and spreading. When amphiphiles function in this manner, they are 

normally denoted as surfactants. The term ‘surfactant’ is a linguistic blend of ‘surface active 

agent’. 

When a water (A) and an oil (B) component form a macroscopically homogenous 

mixture due to the presence of a surfactant (C) and the input of energy through mechanical 

perturbation, one speaks of an emulsion. The dispersed phase is present in surfactant coated 

spherical droplets of the micrometer scale and the internal interface is relatively small. Such 

mixtures are only kinetically stabilised and degrade over time4,5,6, i.e. phase separation occurs. 

If however surfactant concentration is increased the formation of so called microemulsions 

(ME) becomes feasible. In these mixtures, the required interfacial energy is so extraordinarily 

low that the present thermal energy suffices to ensure thermodynamic, i.e. indefinite, stability. 

Thus, microemulsions are nanostructured, thermodynamically stable and macroscopically 

isotropic homogeneous mixtures of water-oil-surfactant7,8,9. Compared with the emulsions, 

ME have a much larger internal interfacial area and accordingly the structures they exhibit 

exist on the nanometer scale. 

 

 



2   1 Introduction 

These structures can be surprisingly intricate and can be separated into two general 

categories, namely discrete aggregates and extended structures. The former include the 

well-known spherical micelles, but also rod-shaped or disc-like aggregates, while the latter 

contain extended surfactant films which form structures of various symmetry (e.g. cubic and 

hexagonal), but also far-reaching tubular networks or simply stacks of sheets. In all of the 

described cases the surfactant films separate the hydrophilic from the lipophilic domain(s) 

with a monolayer of amphiphilic molecules. It is not surprising that mixtures of this kind are 

allocated to a general class termed complex fluids, i.e. fluids containing some sort of 

structure.  

Interestingly, complex structures similar to the afore mentioned exist even in the case 

of simple two component systems, i.e. oil - surfactant and water - surfactant mixtures. That is 

to say, amphiphilic molecules are not randomly dispersed within their solvent, but rather tend 

to form a variety of structures through self-assembly, provided that they are present in a 

critical (but low) concentration. The exact type of present structure is dependant on the 

existing physical conditions, mainly system composition and temperature. However, in 

contrast to the three component systems, the surfactant films of two component mixtures are 

inevitably composed of a bilayer of amphiphilic molecules, so that the molecular region of 

opposite characteristic is isolated from the solvent. The importance of the phenomenon of 

self-assembly can not be overestimated as life is only possible through compartmentalisation, 

which is brought about by the existence of biological membranes and amphiphiles in the form 

of phospholipids are one of their main constituents. 

Due to the fluidity of the systems in which they are contained, surfactant bilayers as 

well as monolayers are highly dynamic in character and it is important to bear this in mind 

even when a phase and therefore its structures, are in thermodynamic equilibrium. Owing to 

over half a century of study, equilibrium phase behaviour and the existence of the exhibited 

structures of water-oil-surfactant systems are by in large understood and accordingly 

theoretically described10,11. Consequently, the focus has shifted to the investigations of phase 

transitions and specifically their associated kinetics12,13. 

While phase transitions per se are a phenomenon that transcends all the natural 

sciences from astrophysics to zoology14,15, phase transitions involving membranes/bilayers are 

mainly a focus of biochemistry and biophysics, as bilayer fusion and fission is an integral part 

of many cellular processes (e.g. cell division, exocytosis, endocytosis, chemical synapses in 

neurons, mitochondrial16 and peroxosimal17 division). In particular, the investigation of lipid 

bilayer fusion has received much attention and in that topic especially a proposed mechanism 



1 Introduction   3 

where an intermediate ‘stalk’ structure18,19,20,21 is followed by ‘pore formation’22,23. However, 

most of the associated studies are either of a purely theoretical nature or numerical 

simulations, that is little experimental work has actually been performed and the current state 

of affairs appears as yet unsatisfactory24. Also, biological systems are by their very nature 

excessively complex and in order to gain underlying understanding of the topic, experiments 

on simplified model systems are needed. Ternary microemulsions of water, oil and surfactant 

with their well described bilayer physics can represent such a system. 

 

1.2 Motivation and Objectives 
 

This thesis approaches the subject of amphiphilic bilayer fusion and fission on a most 

basic level. In essence, it deals with the transition between two bilayer structures of 

fundamentally different topologies, those of the lamellar or Lα-phase and those of the sponge 

or L3-phase (fig. 1.2(1)). These structures are examined in a very dilute system, i.e. the 

dominating component is water, in resemblance of biological systems. Accordingly, the 

hydrophilic region of the surfactant molecules faces ‘outward’, while the hydrophobic region 

is contained within the bilayer. The Lα-structure consists of stacks of planar, in theory infinite, 

bilayer sheets and can thus be considered a lyotropic liquid crystalline phase of long-range 

smectic order. The L3-phase consist of a single, multiply connected bilayer without seams or 

edges, which separates two continuous, interwoven water domains that are independent of 

each other. The bilayer itself can be seen as a network of interconnected ‘passages’ or 

‘handles’ of somewhat hourglass-like shape (similar to a catenoid). In fact, the morphology of 

the L3-phase has been described as a ‘melted’ cubic phase25,26,27,28. 

From fig. 1.2(1) it is rather obvious that a transition from the Lα to the L3 phase 

requires the formation of the mentioned ‘handles’ or ‘passages’ and that this inevitably 

includes bilayer fusion, while the opposite is true in the reverse case. (Formally this can be 

understood by the fact that the topologies, in the mathematical sense, of the two structures are 

different, i.e. the Euler-Poincaré characteristic χΕ of an infinite bilayer sheet is zero, while χΕ 

is negative for the sponge phase3.) In fact, in the above mentioned bilayer fusion mechanism 

with intermediate stalk and ultimate formation of a pore, an expanded pore corresponds to just 

such a passage (fig 1.2(1b)). Although bilayer fusion/fission processes occur by necessity in 

all cases where there is a change in membrane topology, the chosen transition is particularly 

advantageous, because the number of passages in an ideal lamellar phase is exactly defined, 

i.e. there are none. Furthermore, this transition is of additional interest as the isotropic sponge 
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phase can be considered to ‘crystallise’ when converting to the anisotropic lamellar state, 

while ‘melting’ occurs in the reverse case (and indeed the phase transitions in question are 

achieved through an alteration of system temperature). Attaining macroscopic length scale 

order through controlled crystallisation is an essential part of producing modern materials for 

functional devices. Hence, basic research concerned with melting and crystallisation 

processes is always useful. 

 

a) b)  

 
Fig. 1.2(1): a) schematic illustration of the lamellar and sponge phase structures which form after thermally 
induced phase transitions. The stack of sheets and the continuous passage network represent surfactant bilayers 
containing the minority oil component. The bilayers themselves are located within bulk water. b) passage 
formation between lamellae corresponding transition state towards the sponge phase. Concept and figure taken 
from ref. 29.  
 

All investigations presented in this dissertation were performed on highly dilute 

microemulsions of the water - n-decane - C12E5 system, where C12E5 corresponds to the 

nonionic surfactant n-dodecylpentaoxyethylene. Additionally, the surfactant to oil plus 

surfactant volume ratio ωb was kept constant at ωb = 0.45. Thus, since the water component is 

excessively dominating and there is respectively little hydrocarbon oil, the membrane 

structures of the sponge and lamellar phases are still essentially bilayers, even though they are 

somewhat ‘swollen’ with n-decane. The primary reason for the choice of this particular 

system with its specific ωb is the fact that it has been intensely studied, i.e. its equilibrium 

thermodynamic and bilayer elastic properties have been determined. Also, and notably, the 

dynamics of its L3-phase have been thoroughly investigated in close cooperation with Prof. 

Dr. Olsson from the Department of Physical Chemistry 1, Lund University, Sweden. This 

thesis is in effect the result of the continuation of this fruitful cooperation. However, the 

original selection of the system in question was of course anything but arbitrary. 
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Firstly, the use of a nonionic surfactant avoids complications with long-range 

electrostatic interactions30. Secondly, employing n-decane ensures that the C12E5 monolayers 

are simultaneously saturated both with respect to oil and water. This is advantageous for 

theoretical considerations31. Also, since n-decane is insoluble in water the ternary system at 

hand can be modelled as a pseudo-binary one. Finally, the L3 and lamellar phases are situated 

at temperatures which are better manageable experimentally, that is to say they are located at 

lower values, when compared to the simpler binary system of H2O - C12E5. 

Although the lamellar and sponge phases have both been the subject of intense study, 

transitions between them, especially the involved kinetics, have not. Indeed, quite a few 

studies have focused on sponge to lamellar transitions, but almost all of them resorted to 

shearing as the means of inducing this transition. In fact, only two studies were found that 

actually utilised the change of temperature instead32,33 and only the first of these focused on 

the transition kinetics. However, this investigation was carried out using purely visual 

methods, so termed dark-field macroscopy and polarisation microscopy. In addition, the 

lamellar phase developed in the form of multi lamellar vesicles, i.e. not the classical layer 

structure investigated here. Finally, the focus was on describing a kinetic pathway when 

observing transitions, where the initial state consisted of two phases (Lα and L3) or even three 

phases (L1, Lα and L3 ) in equilibrium. 

L3/Lα transitions have been previously investigated almost exclusively with scattering 

techniques. However, since the sponge phase is isotropic and the lamellar phase anisotropic 

the interesting possibility arises to use heavy water and employ deuterium nuclear magnetic 

resonance (2H-NMR), as the two phase types then lead to different signals. In general, the 

application of 2H-NMR to notice phase transitions or to aid in the identification of a particular 

phase due to symmetry considerations is well established34. However, it appears that this 

method was first used in investigating an L3 to Lα transition by Fischer et. al. only recently35, 

while the investigation of the reverse process in this way seems not to have been performed at 

all. In the study in question, a single time constant was determined by simply monitoring 

signal intensity and fitting a single exponential. However, the transition itself was induced 

through a chemical reaction associated with an increasing change of system composition and 

the opportunity to vary system parameters or conduct a more detailed evaluation was passed 

by. Nevertheless, the 2H-NMR experiments presented in this dissertation are essentially 

modelled after that exemplary work. 
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The aim of this thesis is to examine the kinetics of L3/Lα transitions by employing time 

resolved 2H-NMR and small angle neutron scattering (TR-SANS). The majority of the 

experiments are of the former kind and they were all performed at Lund University during 

two extended stays, while the latter were performed on two different occasions at the D11 

instrument of the Institut Laue-Langevin (ILL) in Grenoble, France. Insight into the 

importance of key parameters is to be gained by altering the size of the temperature jumps ∆T, 

the bilayer volume fraction φB+C, and sample viscosity η (through the addition of sucrose). 

Furthermore, the study is intended to acquire knowledge of the actual mechanisms involved in 

the process of the two phase transitions. 
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2. Phase Behaviour 
 

As stated in the introduction, the investigations in this thesis involve transitions between 

lamellar (Lα) phase and sponge (L3) phase. A typical Lα phase1,4 consists of flat bilayers, 

which are layered arrangements of amphiphilic molecules, possessing one-dimensional order 

and being separated from each other by water layers (see fig. 2(1,left)). 

 
Fig.2(1): structures of extended bilayers: lamellar phase (left) and sponge phase (right). 
 

Sponge or L3 phase (see fig. 2(1, right)) is an isotropic solution and has up to now 

only been found in the vicinity of a lamellar phase (Lα)36,37,38. Because of its macroscopic 

appearance, this phase was termed ‘anomalous’. It may show strong opalescence and flow 

birefringence, properties that become increasingly pronounced with dilution. Data resulting 

from conductivity measurements upon L3 phase, are quantitatively comparable with what is 

expected from a bilayer continuous cubic phase, hence the L3-phase is sometime referred to as 

a melted or distorted cubic phase25,26,28. SANS results are consistent with a local bilayer 

structure. In addition, Freeze Fracture Electron Microscopy (FFEM) investigations upon the 

topological transformation from dilute lamellar phase to L3 phase support the idea that there 

are two main structural differences between Lα phase and L3 phase: the positional order and 

the topology29. Thus, Lα phase shows long-range smectic order and its bilayers are flat planes, 

whilst L3 phase is a liquid-like disordered phase, consisting of 3D multiply connected bilayers 

and possessing negative monolayer curvature29,39,40. 
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2.1 Binary System H2O - C12E5 

 

Lamellar phase Lα and sponge phase L3 can be found in the dilute region of the 

aqueous solutions of surfactants that belong to the well-known class of n-alkyl 

polyoxyethylene (H - (CH2)i – (OCH2CH2)j – OH), commonly denoted as CiEj . Here i 

informs about the length of the hydrophobic alkyl chain, whilst j represents the number of the 

ethylene oxide groups within the molecule. For the present work the surfactant of choice is 

C12E5, which when in mixture with water forms a rich variety of phases (see fig. 2.1(2)), with 

lamellar phase Lα and sponge phase L3 exhibited at high dilutions. 

At very low concentrations the surfactant monomerically dissolves in the water phase. 

Above a surfactant concentration denoted as cmc (critical micelle concentration) the 

surfactant concentration is sufficient to form microstructures. At low temperatures and low 

surfactant concentrations these are droplet structures namely micelles which elongate with 

increasing temperature. At high temperatures the miscibility gap is found. 

 

  
Fig. 2.1(1): a schematic depiction (left) and an experimentally determined (right) phase diagram of the binary 
system H2O-C12E5. Figures taken from ref.26 
 

At higher surfactant concentrations, liquid crystalline phases such as hexagonal phase 

H1, cubic phase V1 and lamellar phase Lα are formed. The latter is stable over a wide range of 

temperature and composition into very dilute regions. In direct vicinity of the Lα phase, 

towards higher temperatures, separated only by a narrow two-phase coexistence region, the 

L3-phase is located. It is evident, that the L3-phase is stable only over a narrow temperature 

interval, while extending over a large concentration range. Therefore, one often refers to an 



2 Phase Behaviour  9 

‘L3-channel’. At higher temperatures, the sponge phase is in coexistence with the L1’ phase, a 

phase similar to the micellar L1 phase but of higher dilution, i.e. water content. 

However, no matter how attractive the simplicity of the above mentioned binary 

system is, for the study of the Lα / L3 phase transition there are a few serious limitations from 

practical, as well as from theoretical perspective (see section 1.2). This limitations can be 

overcome by introducing a third component, namely an oil (here n-decane). This does not 

only bring the Lα and L3 phases closer to room temperature, but at the same time ensures the 

saturation of the C12E5 monolayer in both water and oil. 

 

2.2 Ternary system H2O - n-decane - C12E5 

 

In general, when describing the phase behaviour of three component systems as 

function of their composition, it is sensible to resort to using a Gibbs triangle spanned by the 

three components, in order to avoid the complications associated with a three dimensional 

depiction. Choosing the classical notations from the microemulsions: the water is referred to 

as the (A) component, the oil as the (B) component and the surfactant as the (C) component. 

Since the phase behaviour of microemulsion consisting of water (A), hydrocarbon oil (B) and 

nonionic surfactant(C) is also strongly dependant on temperature, this parameter is added as 

an ordinate to the triangular base and the result is a phase prism (fig. 2.2(1)). Fortunately, 

microemulsions of the mentioned type are very insensitive to changes in pressure (an increase 

of 10 MPa causes a shift of the phase behaviour to higher temperatures by approximately 2-3 

K)41,42, so that for all measurements at the respective ambient condition this parameter is 

neglected. 

The investigations presented in this thesis deal with temperature induced L3/Lα 

transitions in the dilute region of the microemulsion-type system H2O - n-decane - C12E5. A 

schematic phase diagram, inserted into a phase prism, is given in fig. 2.2(1), the area of 

interest being denoted by a circle. 
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Fig. 2.2(1): phase prism including a schematic phase diagram of a water – hydrocarbon oil – CiEj surfactant 
system superimposed on a cut corresponding to a constant value of the surfactant to oil plus surfactant volume 
ratio ωb. The phase diagram on the cut is a function of temperature T and the bilayer volume fraction φB+C. The 
experiments of this thesis are conducted in the dilute, i.e. high water content, region. The area of interest is 
denoted by the circle. 
 

Depending on the temperature and the bilayer volume fraction φB+C (see eq. 2.2(1)) 

one finds the same phase sequence as in the binary system. Again the L3-phase can be found 

in direct vicinity to the Lα-phase, separated from it by a narrow two-phase region. The extent 

of both the L3- and the Lα-phase increases with increasing bilayer volume fraction. 

When focusing on the geometries of surfactant structures in solution, neither the mole 

nor the mass concentration of the components is of direct importance, but rather the volume 

that they occupy. For this reason, the system compositions of this thesis are described by two 

parameters, the bilayer volume fraction φB+C and the surfactant to oil plus surfactant volume 

ratio ωb. They are defined as follows 

 

CBA

CB
CB VVV

VV

++

+
=φ +        eq. 2.2(1) 

CB

C
b VV

V

+
=ω        eq. 2.2(2) 

 

VX corresponds to the volume of the water (A), oil (B) or surfactant (C) component, 

respectively and can be calculated simply via the known component mass and by accounting 

for a substance’s bulk density. Thus, any deviations due to the true partial molar volumes are 

disregarded. The meaning of the two parameters φB+C and ωb within isothermal Gibbs 

triangles is further elucidated via lines corresponding to constant values (fig. 2.2(2)). Note 
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that φB+C and ωb together are sufficient to describe the exact composition of a sample. Since 

φB+C includes the oil component, it will also be referred to as the membrane volume fraction. 

 

 
Fig. 2.2(2): isothermal Gibbs triangles with lines corresponding to constant values of the surfactant to oil plus 
surfactant volume ration ωb (left) and bilayer volume faction φB+C (right). The arrows indicate the direction of 
increasing values for the two parameters.  
 

Another useful relation is 

 

 CbCB φ=ω⋅φ
+

       eq. 2.2(3) 

 

Hence the surfactant volume fraction φC can be calculated easily for any given composition. 

In addition to employing a single system throughout all the experiments, the surfactant 

to oil plus surfactant volume ratio ωb is kept constant. In doing so, one effectively looks at a 

single ‘cut’ through the phase prism, i.e. a two-dimensional phase diagram as function of φB+C 

and temperature T. (fig. 2.2(1)). 

For the system employed in this thesis (water - n-decane - C12E5), the parameter ωb is 

fixed at ωb = 0.45 and for this particular case, a comprehensive phase diagram, representing 

the mentioned ‘cut’ through the phase prism, has been previously determined. 
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Fig. 2.2(3): phase diagram of the H2O - n-decane - C12E5 system at ωb = 0.45. The area of interest is denoted by 
a circle. (S+O represents the surfactant + oil weight fraction). Figure taken from ref 43 
 

Due to the dominance of the water component and the relatively small volume fraction 

of n-decane used, the surfactant structures in the sponge and lamellar phases can still be 

considered to consist of bilayers, albeit of ones ‘swollen’ with oil. These swollen bilayers are 

also referred to as membranes and accordingly φB+C as the membrane volume fraction. As the 

ωb parameter is kept constant, the degree to which the bilayers are swollen is also constant, 

regardless of the bilayer volume fraction present. Thus, when one assumes conservation of 

volume and constant membrane thickness δ, ideal one-dimensional swelling of a lamellar 

phase upon dilution with water is described via 

 

CB+
φ

δ
=d         eq. 2.2(4) 

where d is the repeat distance of the bilayers. Investigations on the binary system H2O - C12E5 

showed that this type of swelling indeed occurs over the entire concentration range in which 

the lamellar phase is stable26. At high dilution there is a deviation towards higher values of d 

stemming from possible defects in the lamellar structure and bilayer undulations. It is 

however small enough to be neglected in the discussions of this thesis. Additionally, several 

studies44,45,46,27 showed that dilution of an L3-phase also occurs according to ideal 

one-dimensional swelling, so that d ∝ φB+C
-1. 
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2.3 Phase Behaviour Measurements 
 

As stated in section 2.2 the phase behaviour of H2O - n-decane - C12E5 system at 

ωb = 0.45 has been determined in detail over basically the entire concentration and relevant 

temperature range by Leaver et. al.43. However, in order to enable the 2H-NMR and SANS 

investigations of this study, the hydrophilic water component needed to be exchanged with its 

deuterated equivalent. When in a water-surfactant or water-oil-surfactant system, the water 

component is replaced by D2O, this causes a small but characteristic shift of the phase 

behaviour in temperature (see below). 
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Fig. 2.3(1): phase diagram of the D2O - n-decane - C12E5 system at ωb = 0.45 as a function of φB+C and 
temperature T. Empty circles represent the boundaries of the L3-phase and empty triangles the Lα/Lα+L3 
boundary. Grey diamonds were extrapolated by shifting L3-boundary data from a system with H2O/NaCl (0.1 
molar) as the water component46 by 0.6°C to lower temperatures. 
 

For the D2O - n-decane - C12E5 system, the phase boundaries of the L3-phase and the 

L3/Lα coexistence region were determined for all samples prior to performing the actual phase 

transition experiments, although they could be easily estimated from the phase diagram from 

the data of fig. 2.2(3). Phase behaviour measurements are generally necessary, in order to 

exclude the possibility of error during sample preparation (section 10.2) and potential 

surfactant impurity. 

In fig. 2.3(1) the results of these measurements are shown. The L3 phase is stable only 

within a narrow temperature interval of approximately 0.5°C for the entirety of this range and 

so one can most certainly denote an L3-channel. This channel is located around 37°C for low 

bilayer volume fractions (φB+C≈0.04) and extends to 39°C for higher ones (φB+C ≈0.20). At 

temperatures above this channel, the L3 phase is in equilibrium with excess, almost pure, 

water, while at lower temperatures, it is separated from the Lα-phase by a coexistence region. 
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This region is narrow (approx. 0.7°C wide) at φB+C ≈0.04, but widens steadily to approx. 

1.4°C at φB+C ≈0.20. The phase boundary temperatures of the system are in good agreement 

with those found in a previous study47 and the afore mentioned complete phase diagram of 

Leaver et. al.  

When using C10D22 instead of the protonated component in order to achieve film 

contrast in the SANS experiments (see section 8.3), the phase behaviour is shifted minimally 

(0.3°C) to higher temperatures (data not shown). In general, replacing system components 

with their isotope doped counterparts or incorporating additives which solubilise completely 

in either the water or oil domains, simply causes a shift in phase behaviour to either higher or 

lower temperatures, i.e. it does not significantly alter the relative location of the phases nor 

their extension. This is demonstrated in fig. 3a, where the location of the studied L3-channel 

can be reproduced by shifting L3-boundary data46, from a system with H2O/NaCl (0.1 molar) 

as its aqueous component, by a constant value of -0.6°C (grey diamonds). 

An important parameter influencing phase transition kinetics is the viscosity of the 

medium. Through the addition of sucrose the viscosity η of the system can be tuned. Sucrose 

and other additives such as salt, glycerol influence the phase behaviour in a well-known and 

well-defined way48,9,49. Analogue to the addition of lyotropic salts and glycerol, sucrose 

competes for the hydration water with the ethylene oxide groups of the surfactant molecules50. 

As a result, the solubility of the surfactant in water is reduced and accordingly the phase 

behaviour shifts to lower temperatures. 
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Fig. 2.3(2): phase behaviour upon the addition of sucrose. Depicted are the boundaries of the L3-phase (circles) 
and the Lα/Lα+L3 boundary (triangles) of six slightly different systems. All are of the water - n-decane - C12E5 

type, however three contain H2O as the aqueous component (dark symbols) and three D2O (empty symbols). All 
contain different molar fractions x of sucrose with respect to the water component (specified in the figure). 
Notice that the data points of the D2O system without sucrose (x=0) are the ones from fig. 2.3(1). 
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In the system at hand, sucrose can be regarded as a pseudocomponent since it 

completely solubilises in water. Thus, the sucrose in water solution is regarded as the system 

hydrophilic component. The mass fraction of sucrose in the mixture of sucrose and water is 

given according to the following equation 

 

sucrosewater

sucrose

mm

m

+
=ψ        eq. 2.3(1) 

 

Fig.2.3(2), depicts the effect of sucrose addition upon the phase behaviour of D2O - n-decane 

- C12E5 and H2O - n-decane - C12E5 systems. With respect to the sucrose free system of fig. 

2.3(1), the phase-boundaries shift to lower temperatures, as is expected. D2O/sucrose samples 

with a sucrose molar fraction of x=0.0172 (regarding D2O only) are shifted by -8.4°C, while 

those with x=0.0293 are shifted by -14.3°C. This corresponds to a mass fraction of ψ=0.230 

and 0.340 respectively. The viscosities of the two D2O/sucrose mixtures at 20°C were 

determined to be ηD2O/S=2.828 and 5.404 cP which corresponds to ηD2O/S =η0·2.261 and η 

D2O/S =η0·4.320 of the D2O viscosity η0=1.251 cP. Note that the viscosities of the complex 

fluids themselves were not determined and that viscosity is a function of temperature. 

In addition, by comparing the H2O with the respective D2O systems of fig. 2.3(2), the 

isotopic effect on phase boundaries can be discerned. The replacement of H2O by D2O causes 

a shift of -1.8°C for x=0, -1.3°C for x≈0.017 and approx. -0.35°C for x≈0.03. Notice that 

when comparing H2O/sucrose with D2O/sucrose systems, this shift is less distinct with 

increasing sucrose concentration. Also, the extent of the already narrow L3-channel appears to 

be somewhat reduced when sucrose is added. 
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3. Theoretical Description of Bilayer Characteristics 
 

 In order to understand the stability of the sponge and lamellar phases, the properties of 

the surfactant bilayers (which, in the experiments presented here, are additionally swollen 

with an oil component) must be described for the respective topologies. Helfrich 51 developed 

the so called flexible surface model which gives a theoretical description for both mono- and 

bilayers in terms of their curvatures and bending energies. This model and some elaborations 

on it will be briefly presented in this chapter. 

 

3.1 Curvature of Amphiphilic Films 

 

 The curvature at any point of a two dimensional surface can be described via the 

principal curvatures c1 and c2, which are reciprocals of the principal curvature radii 
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By convention, a curvature towards a hydrophilic domain is defined as negative and curvature 

towards a hydrophobic domain accordingly positive. Thus on average, for micelles of 

surfactant in water c1 = c2 < 0, while for the lamellar phase c1 = c2 = 0 and for the saddle-like 

structures of the sponge and bicontinuous phases c1 = -c2 (fig. 3.1(1)). 

 
Fig. 3.1(1): depiction of a saddle-like surface and its principal radii of opposite sign4 
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The mean curvature H of an arbitrary point on the surface is defined by 
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while the Gaussian curvature K is given by 
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It is stated in section 2, that the phase behaviour of systems consisting of water, hydrocarbon 

oil and nonionic surfactant, is strongly temperature dependent. This stems mainly from the 

interaction of water molecules with the ethylene oxide groups of the nonionic surfactant52, i.e. 

the hydration of the EO-groups decreases with increasing temperature53,54. This in turn effects 

the preferred curvature of a surfactant film, which leads accordingly to different topologies. It 

could be shown by Strey55, that the mean curvature H of systems of the type water – n-alkane 

– nonionic surfactant (CiEj) can be described linearly over a large temperature interval 

according to 

 

 ( )TTcH −=          eq. 3.1(4) 

 

where c is the temperature coefficient of curvature and T the phase inversion temperature, i.e. 

the mean temperature of the three phase body56. Similarly, the development of the principal 

curvatures is given by 

 

 )( und  )( 21 TTccTTcc
lu
−=−=       eq. 3.1(5) 

 

with Tu and Tl being the upper and lower temperatures of the three-phase body respectively. 

Fig. 3.1(2) depicts the stated developments. 
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Fig. 3.1(2): temperature dependence of the principal curvatures c1 and c2 and the mean curvature H for a 
nonionic surfactant system. 
 
Which curvature of a surfactant film is energetically favourable at a given temperature is 

determined by the Helfrich bending energy of the flexible surface model. 

 

3.2 Bending Energy 

 

The general expression of the bending energy E of an area element A is given by Helfrich via 

 

( )∫ κ+−κ= KcHAE 2
0 )2(2d       eq. 3.2(1) 

 

where c0 is the spontaneous curvature of the film (a theoretical quantity that signifies a film’s 

minimum energy configuration in the absence of restrictions), and κ and κ  are the elastic 

bending moduli. κ is the rigidity modulus, which quantifies a film’s resistance to deformation, 

and κ is the saddle splay modulus, which defines its preferred topology. Eq. 3.2(1) is given 

for properties of monolayers, the corresponding adaptation for bilayers is given as part of a 

discussion chapter (see section 7.4.1). c0 cannot be determined experimentally, however it is 

generally assumed that it should be similarly temperature dependent as the mean curvature 

and is therefore given by 

 

 ( )TTcc −=mono,0         eq. 3.2(2) 
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It is clear from eq. 3.2(1) that the contribution to the two summation terms to the bending 

energy E is dependent on the film curvature, i.e. type of microstructure present. However, for 

the dilution of bilayer structures, Porte et al. 57,58 could demonstrate a scaling invariance of E. 

 

 

 

 

 c1 → c1/λ 
 c2 → c2/λ 
 dA → λ2dA 
 

Fig. 3.2(1): scaling invariance of an L3-strucuture, when experiencing a factor of elongation λ57.  
 

When a given structure is elongated by a given factor λ, the principal curvatures are reduced 

accordingly. Yet, when integrating over an increased area λ2dA, the value of the bending 

energy is constant, i.e. E(1) = E(λ).  

The lamellar and sponge phase structures are related much more closely than is 

apparent from their different topologies (see fig. 1.2(1)). In fact, the sponge phase is always 

found to border a lamellar phase in phase diagrams. The mean curvature H of the bilayers is 

zero in both cases (the monolayer mean curvature of the L3-phase is slightly negative, i.e. 

curved towards the water domain). However, while the bilayer Gaussian curvature K is also 

zero for the Lα-phase, it is negative for the L3-phase. Hence, it could be shown by Morse59, 

that the key parameter of L3/Lα phase stability is the saddle splay modulus κ . Indeed, he was 

able to express the boundary of stability between the two phases via 
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The stability between the L3 and Lα phase is elucidated in more detail in section 7.4.1. 
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4. Mechanisms of Passage Formation and Destruction 
 

 In the introduction chapter, the structures of the lamellar and sponge phases have been 

presented in fig. 1.2(1). Since the L3-phase consists of a network of interconnected 

catenoid-like passages and the Lα-phase simply of stacks of planar sheets, it is clear that said 

passages must be formed when a transition from the Lα to L3 phase occurs. Respectively 

passage destruction takes place in the reverse case. 

 

4.1 Passage Formation 
 

The creation of a passage in the lamellar phase must involve membrane fusion 

between two adjacent bilayers and thus can only come to pass in case of bilayer contact. In 

biological systems, the fusion of cell membranes is mediated and controlled by fusion 

proteins60,61. However, the thermal energy of membranes suffices to cause contact between 

bilayers through undulations and subsequently an intermediate structure termed a stalk can be 

formed62,63. This structure is of central importance in the model of membrane fusion widely 

accepted today and applies equally for protein-involved ‘biological’ fusion, as for model 

amphiphilic bilayer fusion. Since the stability of the stalk is calculated on the basis of the 

flexible surface model (section 3), which is applicable to surfactant films in general, the 

structure must be expected to similarly occur in the fusion of n-decane swollen C12E5 bilayers. 

Although the stalk concept was first developed in the 1980s64,65, experimental 

confirmation occurred only recently in a system of pure phospholipid bilayers via electron 

density reconstruction of lipid mesophases66,67. Also, details regarding its appearance and 

stability are still a controversial topic of current research. For the purposes of this thesis 

however, the actual form of the fusion intermediate is not so much of an issue as the fact that 

an intermediate exists at all and hence that passage formation is a two-step process68, 

consisting of bilayer contact and subsequent passage formation (see section 7.4.5.5). 
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Fig. 4.1(1): schematic representation of passage formation, the individual steps are described in the text below. 
Each line represents a surfactant bilayer, swollen with the oil component. The depicted structures should be 
envisaged as cylindrically symmetric. Note that the figure merely serves as a guide in visualising the passage 
formation as a two-step process and that no great significance should be given to the depicted distances and 
bilayer curvatures. 

 

Fig. 4.1(1) illustrates the process of bilayer fusion. [1] represents two adjacent bilayers 

in a lamellar phase experiencing undulations. In [2] an extraordinarily strong undulation 

causes bilayer contact and the formation of a metastable, intermediate structure, presumably 

the stalk. It is located in the boxed area and is detailed further on in fig. 4.2(3) [2], which will 

be explained in detail when the subject of passage destruction is addressed (see below). The 

bilayer configuration at this time is high in bending energy and accordingly will relax toward 

a structure, where the tension is more evenly distributed [3]. The bilayer is then ruptured at or 

near the centre via pore formation in the vertical (signified by the dashed line) and this pore 

expands as indicated by the arrows. Thus the structure is transformed into a catanoid-like 

passage [4]. 

 

4.2 Passage Destruction 
 

 In order for the lamellar phase to form within the sponge phase, the passages that form 

the latter must be destroyed. However, a passage cannot simply rupture, as this would result 

in leaving an exposed bilayer edge (with a highly curved surfactant film) of considerable 

length, but must separate via an energetically more favourable intermediate. The boundary 

region between the bulk L3-phase and the nucleating Lα-phase (see section 7.4.5.5 and fig. 

7.4.5(9)) demands continuity of the bilayers across the L3/Lα interface69,70. A likely bilayer 

conformation that can occur at this interface is depicted in fig. 4.2(1). 
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Fig. 4.2(1): schematic representation of the boundary region between the lamellar and sponge phase. The 
interface between the two phases corresponds to the upper lamellar layer with ‘attached’ passages. Each line 
represents a surfactant bilayer, swollen with the oil component. Note that the interbilayer distance of the lamellar 
phase dα in equilibrium is smaller than the respective distance in the sponge phase d3. 
 

The actual process of passage destruction (i.e. bilayer fission) necessarily involves both the 

fusion and fission of monolayers. On the basis of reversing passage formation, fig. 4.2(2) 

illustrates the proposed mechanism. [1] represents a passage of the L3-phase at the L3/Lα 

interface akin to fig. 4.2(1). [2] An unusually strong undulation of the continuous membrane 

brings it into contact with itself, spanning a distance of circa d3. (The box marks the area 

where membrane fusion/fission transpires. The event is detailed in fig. 4.2(3).) [3] Membrane 

fission has occurred and the unfavourable conformation with high bending energy can convert 

into the desired one of the lamellar phase, i.e. planer bilayers [4]. 

 

 

 

  [1]   [2]   [3]        [4] 

Fig. 4.2(2): the process of passage destruction in stages 1 to 4. Description is given in the text above. 
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                                  [1]                      [2]                     [3]                      [2b] 

Fig. 4.2(3): detail of stalk [2] and fusion pore [3] formation as intermediates of passage destruction. The 
involved membranes are composed of surfactant bilayers. The circles represent the hydrophilic head groups and 
the squiggly lines the hydrophobic alkyl chains of the amphiphilic molecules. The structures are similar when 
incorporating an oil component into the bilayers.  
 

In fig. 4.2(3) two ‘2-dimensional’ bilayer sheets (seen from the side) approach each 

other to a close distance [1]. They go on to connect in a point, causing the fusion and 

simultaneous fission of the two touching monolayers. The result is most likely a structure 

termed a stalk [2]. Literature often continues to then classify an event termed trans monolayer 

contact71 (TMC), before through subsequent fusion/fission of said opposed monolayers a 

fusion pore is formed [3]. This latter process however only leads to separation of two 

membrane sheets (as is shown in fig. 4.2(2) step [2] to [3]) if the stalk [2] has no noteworthy 

extension in any direction. Otherwise the pore will have to extend (horizontally in the 

example of fig. 4.2(3)) until its entrance and exit holes meet and there the membrane will 

have to rupture. (Imagine two holes on opposite sides of an upright cylinder. The holes 

expand, mainly horizontally, until they meet at two points. Both these points need to ‘rupture’ 

in order to separate the cylinder in two.) 

In fig. 4.2(3), illustration [2b] serves to demonstrate the necessity of the just described 

rupturing. If the stalk of [2, 2b] is thought of as a 3D object of cylindrical symmetry along the 

vertical axis, the fusion pore might as well form in the dimension perpendicular to the sheet of 

paper in front of you (indicated by the dashed circle). This still leaves a small amount of 

surface on the right and left of the pore to rupture. However, the distance of rupturing is 

literally on the molecular scale and does accordingly not pose an insurmountable energy 

barrier as the severing of a complete passage (fig. 4.2(2)[1]), which would leave an edge of 

high curvature on the order of π⋅d3 length. 

In the case of stalk formation as part of bilayer fusion, i.e. passage formation (see 

above), the fusion pore formed in [3] needs to expand in two dimensions. Here, these 
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dimensions correspond to the vertical and the dimension perpendicular to the paper. As the 

pore expands, the extreme curvature in its vicinity will diminish until the curvature of the 

resulting catenoid-like passage is attained (fig. 4.2(2)[1]). 
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5. Relaxation Kinetics 
 

 If the conditions in which a system exists in equilibrium are altered, then this system is 

perturbed and as a result will relax towards a new equilibrium state, corresponding to the new 

conditions. The speed at which this adjustment of equilibrium occurs signifies the relaxation 

kinetics. In order to investigate this kinetics, one requires an appropriate means of 

perturbation and a property of the system, which changes characteristically during the 

equilibration process and can be thereby monitored accurately. It is essential, that the 

disturbance of the system occurs significantly faster than the relaxation, as otherwise only the 

speed at which the disturbance transpires can be observed. Also, it is advantageous for the 

examined property to change considerably in magnitude, since then the sensitivity with which 

it is detected becomes less significant. Finally, as the property is investigated as a function of 

time, it is crucial for the time resolution of the detection method to be sufficiently high. 
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Fig. 5(1): the development of the magnitude of a parameter observed as a function of time t, yielding the 
characteristic time τ.  

 

Often, and when the relaxation behaviour is governed by a single process, the manner 

in which the parameters of a system will reach their new equilibrium value can be described 

by a function of the form 

 

( )τ⋅−−= /1exp1 ty        eq. 5(1) 

 

where y is the normalised, absolute value of the investigated parameter, t the time and τ the 

relaxation time constant. The meaning of τ is illustrated in fig. 5(1). It corresponds to the 
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amount of time, starting with the initiation of the relaxation process, after which the 

magnitude of a parameter reaches the value 1-1/e ≈ 0.632 and this time is characteristic of a 

process.  

In this thesis complex fluids of water, hydrocarbon oil and nonionic surfactant are 

perturbed by changing the ambient temperature and thereby initiating a change in the 

surfactant bilayer conformation from the sponge L3 to the lamellar Lα structure or vice versa. 

Primarily, this phase transition is monitored by 2H-NMR spectroscopy. The changes of 

temperature required to achieve the transitions are relatively small (~1 to 2°C). However, 

temperature within NMR spectrometers is simply controlled via an air flow, so that a few 

minutes are required to reach thermal equilibrium when dealing with samples on the order of 

cubic centimetres in volume. One of the incentives, to attempt this type of investigation in the 

first place was the fact, that the relaxation kinetics within the L3-phase of the system of 

interest, at high dilution, are very slow (on the order of tens of minutes)(fig. 5(2)). 
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Fig. 5(2): plot of relaxation rates τ-1 obtained from small temperature jumps performed within the sponge phase 
of the water/NaCl – n-decane – C12E5 system at ωb=0.45. Data are taken from refs. 72 and 46. 

 

Fig 5(2) plots the relaxation rates τ-1 as a function of the bilayer volume fraction. For 

0.1 < φB+C <0.4 fast temperature jumps were performed using the Joule- heating technique72. 

At lower bilayer concentrations (φB+C < 0.1) the relaxation times become greater than the 

temperature reequilibration time of the T-jump apparatus (~20s). The data in this region was 

therefore determined by transferring samples from a water bath to a spectrometer set at 

slightly higher temperature or via isothermal shearing46. For the temperature jump 

experiments, the method of detection was light scattering and it was found that the relaxation 

times were independent of the probing length scale, i.e. the magnitude of the scattering vector. 
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It was concluded that the relaxation time has to be associated with structural change. Based on 

the theoretical model of the sponge phase73, a temperature increase should result in a bilayer 

structure with more passages, i.e. a more negative Euler- Poincaré characteristic χΕ. As it 

seemed reasonable to assume, that global phase transformation from L3 to Lα, or vice versa, 

(which is associated with a similar structural change), should not occur at faster rates, the use 

of alternative, slower detection methods therefore became conceivable. 

While NMR has a time resolution that is far inferior to light scattering, it turned out 

that this is not an issue, since spectra of great signal to noise ratio could have been taken circa 

every 2s (see section 10.4.4). Thus, for these experiments only the rate of temperature change 

is of importance (see section 7.2.6.1). Additionally a second method of investigation, namely 

small angle neutron scattering (SANS), is employed in this work. Its time resolution depends 

of course on just how well a sample scatters and the intensity of the neutron beam (see section 

10.5). Unfortunately, high dilution is not conducive to strong scattering and neutron flux 

cannot compare to photon flux. Hence, acquisition of a single spectrum of good signal to 

noise ratio requires tens of seconds. However, with long relaxation times being determined in 

the NMR experiments, SANS experiments of moderate time resolution (120s/spectrum) 

became possible. 
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6. Nucleation 

6.1 Classical Nucleation Theory 

 

The experiments dealing with the sponge to lamellar phase transition presented in this 

thesis will demonstrate that said transition occurs through a nucleation and growth process. 

This means that the lamellar phase first appears within the sponge phase in a small volume, a 

nucleus, which then goes on to expand in size, all the time converting volume of the sponge 

structure into the lamellar structure. This expansion is defined as ‘growth’. In general, many 

nuclei of an emerging phase form during a (first order) phase transition at random or given 

sites (see below) within the phase of origin and each of these nuclei will experience growth 

until the entire volume in question is converted. The process of nucleation, i.e. the formation 

of centres which have the ability to grow, is most basically described by what nowadays is 

known as the Classical Nucleation Theory or simply, CNT 74,75. 

 

 

Fig. 6.1(1): development of ∆G a nucleus as function of its particle number n. A maximum ∆G* is attained in 
case of the critical nucleus of n* particles. 
 

The concepts of nucleation are most easily understood when considering the 

nucleation of (liquid) droplets from a single component gaseous phase. Such a phase 

transition occurs spontaneously, when it leads to the reduction of the Gibbs free enthalpy G of 

the system (∆G < 0). In other words, it takes place if (on average) the chemical potential µ of 

a particle (e.g. an atom, when considering a monoatomic gas) is lower in the liquid state than 

in the gas state. The difference in chemical potential ∆µ is known as supersaturation and it is 
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the driving force of first order phase transitions (∆µ = ∆µnew - ∆µold <0). However, when a 

given number of particles n first adhere, i.e. a nucleus of n particles is formed, this is 

generally not energetically favourable. Fig. 6.1(1) plots schematically the development of the 

difference in Gibbs free enthalpy of a nucleus as a function of its particle number n. 

As long as a nucleus contains fewer than n* particles, further accretion is associated 

with an increase of the Gibbs free enthalpy of a system, i.e. it does not occur spontaneously 

and such a nucleus therefore termed a subnucleus. Only when the number n* has been 

surpassed is accretion equivalent to a decrease of Gibbs free enthalpy and such a 

(spontaneously growing) nucleus is known as a supernucleus. A nucleus of n* particles is a 

critical nucleus and its maximum ∆G* represents an energy barrier for the formation of a 

supernucleus (nucleation barrier). Thus nucleation is a kinetically hindered process and is 

governed by the statistics of particle accretion. 

Accordingly, the nucleation rate J, which gives the number of supernuclei forming per 

unit of time and volume, is expressed via a Boltzmann approach to 
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KJ is the kinetic prefactor and it is associated with the diffusion of material (particles) to a 

developing subnucleus. Hence an increase in the nucleation rate J occurs exponentially for a 

reduction of the nucleation energy barrier ∆G* as depicted in fig. 6.1(2). 
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Fig. 6.1(2): evolution of the nucleation rate J as a function of the nucleation barrier ∆G* 
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The form of the ∆G development in fig. 6.1(1) stems from the fact that the interface of 

a nucleus with the surrounding phase is energetically unfavourable, i.e. there is a surface 

energy σ (an energy per unit area arising from surface tension, σ > 0). Thus ∆G is the result of 

two opposing terms, one an expression for G reduction through transforming n particles from 

the old to the new phase (∆µ < 0), the other an expression for G increase due to the formation 

of the nucleus interface. With the assumption of a spherical nucleus of radius rn one obtains  

 

 σπ+µ∆⋅=∆ 24 nrnG        eq. 6.1(2) 

 

Since, the radius of a nucleus related to the particle number n via the particle volume eq. 

6.1(2) can be expressed either as a function n or rn.  

 In the phase transition studied, there is of course no accretion of particles when the 

lamellar phase nucleates. Instead a given area of bilayer surface changes topology and thus n 

of eq. 6.1(2) must be interpreted as a unit area of bilayer surface which results in the reduction 

of the system’s Gibbs free enthalpy by ∆µ when it is transformed. Furthermore, although the 

lamellar phase is anisotropic in nature, lamellar nuclei will be considered spherical for 

simplicity. 

 Since the basic idea of nucleation has been clarified, a closer look can now be taken at 

the characteristics of nucleation. If a system is perfectly pure, then nucleation will occur at 

random sites within the bulk of the old phase. This type of nucleation is known as 

homogeneous nucleation. In practice however, a given phase will contain many impurities, 

such as ions, impurity molecules, and foreign nanoparticles. Often, the nucleation barrier at 

the site of such an impurity is significantly lower than in the bulk phase, and accordingly 

heterogeneous nucleation occurs on these nucleation active centres. If the nucleation barrier 

of homogenous nucleation is simultaneously so high that none will take place in a realistic 

time frame, then heterogeneous nucleation will occur exclusively and the total number of 

supernuclei cannot exceed the number of active centres. In reality, it is often the case that both 

types of nucleation occur when observing macroscopic systems. It should be noted that 

nucleation at a sample’s container wall is of course heterogeneous nucleation. 

One can also distinguish between a mononuclear and a polynuclear mechanism. The 

first is generally rare, as it involves the suppression of homogeneous nucleation, while 

providing a single nucleation active centre. Thus the statistically relevant polynuclear 

mechanism is of interest in this work. If the nucleation barriers are high a considerable 

amount of time may pass until the first formation of a supernucleus. This time is referred to as 
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the onset or onset time. However, in this thesis supernuclei of minimal size are not detected 

and the term onset time will refer to the interval until a first amount of the emerging phase is 

registered. 

 

6.2 The KJMA Model  

 

This dissertation focuses in part on the sponge to lamellar phase transition and 

specifically on the kinetics involved. In order to investigate these kinetics, the volume fraction 

of the emerging phase ϕ (the lamellar phase) must be determined as a function of time. A 

theoretical model, that yields this type of description for a nucleation and growth mechanism 

was developed by Kolmogorov76, Johnson, Mehl77 and Avrami78,79,80 (KJMA).

The KJMA model considers the growth of domains starting from infinitesimal size at 

time t = 0 and takes into account the termination of growth in regions where two domains 

touch and would overlap if growth would have continued. The model predicts a sigmoidal 

time dependence of the volume fraction of the new phase ϕ with an initial acceleration, due to 

the increase in interfacial area where the transformation occurs, and a deceleration at an 

advanced point in time, due to more and more domains having grown into contact. The model 

also considers the two cases with a fixed number of nuclei at t = 0 (short nucleation period) or 

a continuous formation of nuclei during the transformation with a constant rate (constant 

nucleation or long nucleation period). When there is a constant rate of nucleation, nucleation 

is termed ‘stationary’ (as opposed to its ‘non-stationary’ counterpart). 

Furthermore, the model considers domain growth (with constant speed) in three, two 

or only one dimensions. Since it was initially conceived for the crystallisation of a single 

component system, it does not account for component information, and it is used unaltered to 

describe in approximation the multi-component transitions observed. The general expression 

of the KJMA model is  

 

( ){ }α
−−=ϕ ktexp1        eq. 6.2(1a) 

ψ+=α n          eq. 6.2(1b) 

 

where the exponent α depends upon the dimensionality n of the nuclei growth (n = 1,2 or 3) 

and ψ designates if there is only a short nucleation period (ψ = 0) or if nucleation occurs 

continuous throughout the transition process (ψ = 1). The constant k is the rate constant of the 
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transition and it is the reciprocal of the relaxation time constant τ (k = 1/τ). k contains terms 

describing the (constant) nucleation rate and the constant speed at which the nuclei grow, but 

the actual expression81 is not necessary for this work. Domain growth is assumed to be 

spherical in three dimensions, as the growth speed is set identical for all directions. Also, the 

nuclei (both the initial ones and those of later times in case of constant nucleation) must be 

distributed randomly in space.  
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Fig. 6.2(1): results for the KJMA equation. The grey lines correspond to α=3, the black ones to α=4. τ = 600s 
and 1200s (visible as the points of intersection of the α=3 and α=4 curves). 

 

Fig. 6.2(1) illustrates the development of ϕ calculated for two values of τ, both with an 

exponent α of 3 and 4, corresponding to 3D nucleation with a short and continuous nucleation 

period. Note that at the time t = τ, the KJMA equation leads to a value independent of the 

exponent α, that is ϕ = -1/e ≈ 0.632 as kτ = 1, and the sigmoidal lines can be seen to cross at 

this point. Also note the similarity of the KJMA equation with eq. 5(1).Thus τ designates how 

extended or stretched the sigmoidal curve is, while α determines its steepness. 
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7. NMR-Spectroscopy 
 

Nuclear magnetic resonance (NMR) is the absorption of electromagnetic radiation by 

an atomic nucleus with the quantum mechanical property of spin L
v

, when situated in a strong 

magnetic field B
v

. The absorption occurs at its resonance frequencies which are of the 

radiofrequency (r.f.) range and results in altering the magnetic moment µ
v

 of the nucleus. In 

general, resonance is the physical phenomenon that energy is most effectively transferred to a 

system when the natural frequency of that system (vibrational or other) and the frequency of 

an oscillating energy carrier are equivalent. As interactions on the scale of atomic particles are 

observed, rigorous treatment of NMR requires a complex, quantum mechanical approach. 

However, in order to understand the simple experiments presented in this thesis a semi-

classical approach using a vector formalism is generally sufficient. This is possible as an 

NMR sample is composed of a large number of particles, i.e. it contains a large ensemble of 

spins and consequently magnetic moments µ
v

 and the vector sum of these magnetic moments 

is, of course, another vector M
v

. M
v

 represents the macroscopic or bulk magnetisation of the 

sample and it behaves in a classical manner. 

As a rule, spectroscopic methods observe a physical quantity as function of frequency. 

In the early stages of NMR spectroscopy, this quantity was the absorption of r.f. 

electromagnetic radiation. Modern NMR spectroscopy, however is effectively emission 

spectroscopy, as the relaxation (after prior perturbation through r.f. radiation) of the sample’s 

overall magnetisation M
v

 is monitored through registering the induction of an electromotive 

force in a receiver coil. 

Since the 1950’s, when the first commercially available spectrometers appeared, the 

number of NMR applications has grown far beyond the original use of structure analysis of 

organic compounds in solution, to expand into the most diverse fields of modern research. At 

present, NMR is an invaluable tool for the study of mineral and protein complexes and is even 

employed in the investigation of superconductors and the development of quantum 

computing. Even non-scientists are directly affected by the advancements in NMR. In the 

form of its medical application MRI (magnetic resonance imaging), it is routinely used to 

produce tomographic images of soft tissues in order to identify tumours, infarcts etc. 

In this thesis, NMR-spectroscopy is the predominant method of investigation. It is 

employed to quantify the amounts of isotropic and anisotropic (sub-) domains in the 

temperature induced phase transition from an isotropic complex liquid (the L3- or sponge 
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phase) to an anisotropic, lyotropic liquid crystal (the Lα- or lamellar phase) and vice versa, in 

a three component system consisting of water, hydrocarbon oil and nonionic surfactant. In 

doing so, one not only gains insight into the transition kinetics but also into the mechanisms 

of surfactant bilayer fusion and fission involved.  

 

7.1 Basic Principles 

 

This section gives a brief introduction to the physics of NMR-spectroscopy in order to 

understand the origins of the signals detected in the experiments of this thesis. The presented 

theory has been well established for many years and is based on publications of Abragam82, 

Atkins83, Callaghan84, Carrington and McLaugchlan85, Harris86, and Homans87. Where a 

more in-depth understanding of a topic is required, specific references are given. Note that all 

vectorial variables are denoted with an arrow symbol ( x
v

). 

 

7.1.1 Spin Angular Momentum and Magnetic Moment 

 

Spin or internal angular momentum L
v

 is a quantum mechanical property of many 

fundamental particles and it requires the theory of special relativity for full description. The 

magnitude of L
v

 is given by 

 

( )[ ] 2/11+= IIL h
v

        eq. 7.1.1(1) 

 

where I is the so called nuclear spin quantum number, but the term ‘spin’ is often used for 

simplicity. It is limited to integer or half integer values. Particles with spin of the former kind 

are known as bosons, while those of the latter are referred to as fermions. Interestingly, all 

known building blocks of matter are fermions, while it is bosons that mediate the forces of 

interaction between them. In the quantum world, not only the magnitude of angular 

momentum is quantised, but additionally its orientation. This is reflected by the fact that the 

magnitude of the spin angular momentum with respect to an arbitrary axis in space is given by 

 

h
v

Iz mL =          eq. 7.1.1(2) 
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mI is the magnetic quantum number and for nuclear spins possesses values of mI = I, 

I - 1, …, - I. Thus, the vector of spin angular momentum can occupy 2I + 1 discrete 

orientations in space. An atomic nucleus is composed of protons and neutrons (both particles 

of I = 1/2), which couple their spin angular momenta (also referred to simply as spins) either 

parallel or anti-parallel (two possible orientations each) so that only their total is observed and 

the nucleus can be treated as single particle. Theoretically, this coupling can lead to a variety 

of spin states in heavy nuclei. However, the energy difference between the ground spin state 

and higher states is so large (transitions between nuclear spin states involve gamma rays), that 

the latter may be ignored for NMR purposes. For example deuterium, the 2H isotope of 

hydrogen, has a nucleus composed of a proton and a neutron and could therefore exhibit 

either a nuclear spin state of I = 0 or I = 1. But with the energy difference between the spin 

states amounting to ~1011 kJmol-1, the 2H nuclei are effectively only I = 1 particles. 

A simple estimate of the nuclear spin quantum number of an element can be made, 

when the number of its protons and neutrons is known, as the following rules apply:  

 

- nuclei with an even number of both protons and neutrons exhibit no spin (I = 0) 

- nuclei with an uneven sum of protons and neutrons possess half integer spin 

(I  = 1/2, 3/2, 5/2 …) 

- nuclei with an uneven number of both protons and neutrons possess integer spin 

(I = 1, 2, 3…) 

 

Note that nuclei free of spin (I = 0) are inactive in NMR experiments. 

 Charges in motion have an associated magnetic field. As such, the spin angular 

momentum L
v

 of an atomic nucleus is associated with a magnetic moment µ
v

, which is 

correspondingly quantised in magnitude as well as orientation. The two vectors are 

proportional and, depending on the species of the nucleus, either parallel or anti-parallel. This 

later point is irrelevant for all following discussions and therefore the dominating case of 

parallelism will be assumed. 

 

 L
vv

⋅= γµ          eq. 7.1.1(3a) 

 zz L
vv

⋅= γµ          eq. 7.1.1(3b) 
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The (scalar) proportionality constant γ is referred to as the gyromagnetic ratio and depends on 

the type of nucleus involved.  

 

7.1.2 The Influence of a Magnetic Field 

 

As long as an isolated nucleus is outside of a magnetic field B
v

 (in terms of a magnetic 

flux density), its energy is independent of the orientation of its spin angular momentum L
v

. 

However, upon introducing B
v

, and therefore a preferred direction in space for the magnetic 

moment µ
v

, the 2I + 1 spin states defined by mI (eq. 7.1.1(2)) are no longer degenerate. When 

defining B
v

 as being of the z-direction, the energy of a magnetic moment µ
v

 is calculated 

classically by 

 

BmBE IzIm

v
h

vv
⋅⋅γ−=⋅µ−=       eq. 7.1.2(1) 

 

whereas the second part of the equation is derived using eq. 7.1.1(3b) and eq. 7.1.1(2). The 

energy difference between two neighbouring states (∆mI = ±1, the selection rule) then 

calculates to 
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v
h ⋅⋅γ=⋅⋅γ+⋅+⋅γ−=∆ 1    eq. 7.1.2(2) 

 

Fig. 7.1.2(1) illustrates the energy levels, which are referred to as Zeeman energy levels, of 

the various spin states inside and outside a magnetic field in the case of an I = 1/2 and I = 1 

nucleus. 
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Fig. 7.1.2(1): the effect of a magnetic field (m.f.) on the Zeeman energy levels of I = 1/2 and I = 1 nuclei. 

 

In the case of no magnetic field, i.e. degeneracy, the occupancy of each spin state is of equal 

probability. When this degeneracy is lost due to the introduction of a magnetic field, the 

occupancy of each state in thermal equilibrium is given by the Boltzmann distribution. In the 

case of I = 1/2 particles the two possible spin states are often referred to as α (the lower 

energy state) and β, so that the respective occupancy ratio is given by 
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It is this discrepancy in occupancy, which results in a net magnetisation M
v

of the overall 

sample, which corresponds to an amount of magnetic moment per unit volume. If one 

considers only a single type of atomic nucleus, its magnitude corresponds to 
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Note, that the magnitude of magnetisation is directly proportional to the number of (specific) 

atomic nuclei N of the sample and therefore the signal intensity (see below) can be linked 

directly to concentration. The reciprocal dependency on the absolute temperature T is known 

as Curie’s law.  

The use of a vector formalism in NMR is particularly advantageous as it makes the 

simple visualisation of (even complex) NMR experiments possible. Assuming the most basic 

case of I = 1/2 nuclei, fig. 7.1.2(2) demonstrates the influence of a magnetic field. 

 

 

 a)        b) 
Fig. 7.1.2(2): visualisation of spin angular momenta of an ensemble of I = 1/2 atomic nuclei, outside (a) and 
inside (b) of a magnetic field in terms of the vector formalism 
 

As stated above, in the absence of a magnetic field the α and β spin states of I = 1/2 

nuclei are equally populated (fig. 7.1.2(2a)). Although the spin angular momentum with 

respect to one arbitrary axis in space is known exactly according to eq. 7.1.1(3b), the 

components of L
v

 with respect to the two perpendicular axes in space are completely 

unspecified. This is a direct result of Heisenberg’s uncertainty principle, which prohibits the 

(simultaneous) exact definition of several components of the angular momentum. As such, the 

positions of the vectors, which at this point are thought of as stationary, on the surface of a 

cone are unknown. However, as there is no preferred direction in space, they are randomly, 

i.e. evenly, distributed. The introduction of a magnetic field, and subsequent loss of 

degeneracy of the energy levels, not only causes a change in the occupancy of the spin states 

according to eq. 7.1.2(3), but also causes a torsional moment or torque to act on the magnetic 

moment and the (parallel) spin angular momentum. However, as this torque can only change 

the component of spin angular momentum perpendicular to B
v

, the result is a precession of L
v

 

0=B
v

0>B
v
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around B
v

. This situation is analogous to the ensuing precession of a gyroscope, where the 

axis of rotation is perpendicular to the gravitational field, when said gyroscope is tipped 

sideways. The angular velocity (and frequency) of the precession is then given by 

 

BLL

v
⋅γ=ν⋅π=ω 2         eq. 7.1.2(5) 

 

νL is known as the Larmor frequency. It is important to note, that the described precession is 

not real and only serves to demonstrate the energy differences of the spin states within the 

confines of the vector model. The magnetisation M
v

in fig. 7.1.2(2) does not have components 

in the x- or y-direction, as the magnetic momenta are still evenly distributed over the surface 

of the two cones. Literature often does not list the gyromagnetic ratio of a nucleus type, but 

instead the so called g-factor gI, which is directly proportional to γ but without dimension. 

They are related according to 

 

 hγ=µ⋅ NIg          eq. 7.1.2(6) 

 

where µN is the nuclear magneton, which derives directly from a proton’s mass and charge. 

 

7.1.3 The Influence of Radiofrequency Radiation 

 

 When one combines eq. 7.1.2(2) and eq. 7.1.2(5) the result is 

 

LIm hBE ν⋅=⋅⋅γ=∆
v

h        eq. 7.1.3(1) 

 

Therefore, transition between two neighbouring spin energy states of a nucleus can be 

induced by electromagnetic radiation of the Larmor frequency, since this satisfies the Bohr 

frequency condition. The condition states that energy is transferred to a particle when the 

energy difference between two of its states is equal to hν, where ν is the frequency of the 

radiation. Eq. 7.1.3(1) is generally true for NMR transitions, since ‘allowed’ transitions 

follow selection rules from quantum mechanics, which state that ∆mI = ±1 and only one spin 

can be transformed per transition (single quantum transition). 
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a)     b) 
Fig. 7.1.3(1): illustration of the effect of r.f. radiation, which is polarised in the xy-plane and of the Larmor 
frequency, on an ensemble of spin angular, and thus magnetic, momenta. a) r.f. radiation rotates in the xy-plane 
resulting in 1B

v
b) torque causes precession of M

v
 

 

Electromagnetic radiation consists of an electric and magnetic field which are perpendicular 

to each other. In the case of NMR only the magnetic component must be considered. 

Assuming one applies a (phase-coherent) r.f. pulse, which is polarised in the xy-plane and of 

the Larmor frequency, along the x-axis, then this results in a magnetic field 1B
v

 rotating in 

said plane (fig. 7.1.3(1a)). The spin angular (and thus magnetic) momenta precessing around 

the z-axis with the same frequency experience thus a constant torque and this results in a new 

precession of the overall magnetisation M
v

 around 1B
v

 (fig. 7.1.3(1b)) (this situation is 

analogous to the one described above resulting in the precession around B
v

). Note, that the 

individual spin momenta are still situated on the two cones. The direction of overall 

magnetisation is changed, since a number of spin angular momenta is transformed into the 

higher energy state β and the distribution of the vectors over the surface of the cones is no 

longer even. In fact, after a pulse, they all tend towards the same position with regard to the x- 

and y-axes (but still precess with νL) and are said to be in a state of phase coherence, so that 

the xM
v

 and yM
v

 components of the magnetisation are then non-zero. 

If the duration of the r.f. pulse, which depends upon the field strength of 1B
v

, is chosen 

appropriately, then a particular number of spin angular momenta are transformed from the α 

to the β state, so that equal populations of these two states result. The magnetisation M
v

is 

shifted into the xy-plane in this manner, as the component of the magnetisation along the 

z-axis equals zero, and there the magnetisation then rotates with the Larmor frequency. Such a 



7.1 NMR – Basic Principles  41 

pulse is referred to as a 90°-pulse, since the magnetisation changes direction by that angle. By 

using a sequence of pulses of appropriate duration, i.e. different ‘angles’, and different 

temporal spacing, complicated NMR experiments can be performed leading to a variety of 

information. However in this thesis, only the most basic type of pulse sequence, consisting of 

a single 90°-pulse, was employed (see section 10.4.2). Note that in modern NMR-

spectroscopy the Larmor frequency of the target nuclei must not be known or scanned, as a 

broadband pulse is applied, which excites all nuclei over a broad range of frequencies. 

 

7.1.4 Signal Detection, Free Induction Decay (FID) and Lineshape 

 

Once the magnetisation has been shifted into the xy-plane, it induces an electromotive 

force proportional to its magnitude in a receiver coil (situated along the y-axis), as it rotates in 

said plane with νL. However, after the excitation of the nuclei with the 90°-pulse, the 

magnetisation relaxes back to its thermal equilibrium value over time. This is expressed by 

the phenomenologically formulated Bloch equations (that hold for ideal systems only, see 

section 7.1.5), which are given below for the rotating frame, i.e. the coordinate system x’, y’, z 

that rotates with the Larmor frequency νL around the z-axis of the previously utilized 

laboratory frame x, y, z: 
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T1 and T2 are time constants which describe the relaxation in the longitudinal (z) and 

transverse (x, y) directions respectively. Modern NMR experiments monitor both the x- and 

the y-component of the magnetisation as a function of time with a single phase sensitive, 

quadrature detector along the y-axis. Nuclei of identical local magnetic environment lead to 

the induction of a signal that has the form of a damped oscillator (if one considers only one of 

the transverse components of the magnetisation, i.e. xM
v

or yM
v

), since xM
v

and yM
v

precess 



42   7.1 NMR – Basic Principles 

with the Larmor frequency, but grow (in the ideal case exponentially) weaker in magnitude 

over time due to relaxation. For the two transverse components of the magnetisation after a 

90°-pulse  

 

 ( ) ( )2/expsin TttMM Lx −⋅⋅ω=
vv

     eq. 7.1.4(2a) 

( ) ( )2/expcos TttMM Ly −⋅⋅ω=
vv

     eq. 7.1.4(2b) 

apply. In reality, the detected signal, which is known as the Free Induction Decay (FID) is a 

superposition of damped oscillators (an interferogram), as nuclei of different local magnetic 

environments (see section 7.1.6), and therefore different νL, contribute in intensity 

proportionally to their occurrence. Furthermore, it is complex in the mathematical sense, as 

both components of the magnetisation in the xy-plane must be considered and these are 90° 

out of phase. 

 

 ( ) ( ) ( ) ( ) ( )22 /expiexp/expsinicos TttTttttf −⋅ω=−⋅ω+ω=   eq. 7.1.4(3) 

In order to obtain the actual NMR-spectrum, i.e. the signal in the frequency domain, the FID 

must be transformed from its time domain. The mathematical procedure achieving this is 

known as Fourier transformation. 

 

 ( ) ( ) ( )∫
+∞

∞−

ω=ω tttff diexp         eq. 7.1.4(4) 

The real part of an FID and its spectrum after transformation are depicted in fig. 7.1.4(1). 

 

 

Fig. 7.1.4(1): an intricate FID (left) and its resulting signals in the frequency domain after Fourier transformation 
(right). 
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Fourier transforming a decaying exponential from the time domain, leads to a peak, a 

Lorentzian function, at zero frequency. One refers to this as a Lorentzian lineshape. If this 

decaying exponential is additionally oscillating sinusoidal or cosinusoidal, then the result is 

still a Lorentzian, but offset from zero by the frequency of the oscillation (in NMR 

experiments νL). A general expression for the Lorentzian function in term of the spectra’s 

intensity I(ν) is 

 

 ( )
( )( )2

2/1

max

/21 ν∆ν−ν+
=ν

L

I
I       eq. 7.1.4(5) 

 

where Imax corresponds to the maximum intensity of the peak and ∆ν1/2 to the peak width at 

half height. The steady state solutions (i.e. the time derivatives equal zero) of the Bloch 

equations are 

 

( )

( ) ( )2

121

22
2

2

21

'

1 BTTT

TBM
M

L

L

x v

vv
v

⋅γ⋅⋅+ω−ω+

ω−ω⋅⋅γ⋅
=      eq. 7.1.4(6a) 

 

 
( ) ( )2

121

22
2

21

'

1 BTTT

TBM
M

L

y v

vv
v

⋅γ⋅⋅+ω−ω+

⋅⋅γ⋅
=     eq. 7.1.4(6b) 

 

respectively. Assuming that the population of the energy levels is not altered significantly by 

the r.f. pulse, i.e. the pulse is so weak that ( )2

1B
v

⋅γ << T1T2 applies, eq. 7.1.4(6b) simplifies 

to 
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vv
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      eq. 7.1.4(7) 

 

Upon comparing eq. 7.1.4(7) with eq. 7.1.4(5), one sees that in the frequency domain 'yM
v

 

describes a Lorentzian lineshape centred around νL, whereas 
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 21
max TBMI ⋅⋅γ⋅=

vv
       eq. 7.1.4(8) 

 
2

2/1

1
T⋅π

=ν∆         eq. 7.1.4(9) 

 

'yM
v

 is referred to as the absorptive component of the NMR-spectrum, while 'xM
v

 is 

known as the dispersive component. The NMR-spectrum of the frequency domain is complex, 

therefore 

 

 ( ) '' xy MiMf
vv

⋅+=ω        eq. 7.1.4(10) 

 

applies. However, for analysis, only the real part of the NMR-spectrum must be considered 

and it is this absorptive component with its Lorentzian peak(s) that is plotted. In case of 

multiple peaks, each has its origin in the relaxation of the 'yM
v

 component of the 

magnetisation stemming from a group of nuclei of identical local magnetic environment (see 

section7.1.6). There is no additional information in the dispersive component, as both 

components are inextricably liked, i.e. they are related by the Hilbert transform. For practical 

reasons it is important to be aware that a weighted combination of the absorptive and the 

dispersive component is detected, if the phase sensitive detector is, in terms of phase, not 

properly aligned along the x’ or y’ coordinate. 

 Although, 1B
v

 is in general adequately weak, so that the population of the energy 

levels is not significantly altered, a quick succession of excitation pulses can lead to major 

deviations from the thermal equilibrium distribution and even to a state known as saturation. 

This is the case, if the time between pulses is too short for the spin states to relax back to their 

Boltzmann distribution. Saturation is an equalisation of spin state populations, i.e. in the 

I = 1/2 case equal amounts of α and β spins are present. It is important not to confuse this 

situation with the one after the application of a 90°-pulse (section r.f. radia), as in case of 

saturation there is a complete lack of phase coherence. Consequently, the magnetisation 

equals zero in each of its components.  

Eq. 7.1.4(8) states that the height of the Lorentzian peaks is proportional to the 

magnitude of the overall magnetisation of the sample and therefore, taking eq. 7.1.2(4) into 

account, proportional to the number of nuclei from which the signal originates. Thus, for 

cases in which T2 is constant for different peaks, the height of different peaks can be directly 
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linked to the concentration of the nuclei from which each signal originates and the 

concentration ratio of those nuclei to each other. If however T2 is variable, then the area under 

each peak, i.e. its integral must be considered. This is given by 

 

( ) 12/1
max 5.05.0d BMII

vv
⋅γ⋅⋅=ν∆⋅⋅π⋅=νν∫

+∞

∞−

   eq. 7.1.4(11)

   

and is independent of T2. 

 

7.1.5 Relaxation and Correlation Time ττττc 

 

The relaxation of the components of the magnetisation M
v

 back to their values at 

thermal equilibrium, stems from thermal, i.e. random, motions of charged particles, as these 

motions give rise to (time dependent) magnetic fields at particular locations, where these 

fields interact with the quantum states of the observed nuclei. For nuclei of I > 1/2 electric 

fields may also contribute to relaxation (see section 7.1.8). The probability of spontaneous 

decay of an exited state in NMR is so small, that it can be neglected. The relaxation theory, 

for which a rough overview is given in this section, was first described by Bloembergen, 

Purcell and Pound88 (BPP theory). It is only valid in the case of ‘weak-collision’, i.e. when for 

the correlation time τc, τc < T2 holds. This is the case in not too rigid materials.  

The longitudinal relaxation constant T1 describes the relaxation of the z-component of 

the magnetisation (eq. 7.1.4(1c)). As this magnetisation is caused by altering the occupancy of 

the Zeeman energy levels (fig. 7.1.3(1)), the corresponding relaxation involves energy transfer 

from the excited (β) spin state to the systems ‘lattice’, i.e. the degrees of freedom of the 

molecules, and the term spin-lattice relaxation is used. Contrariwise, the transverse relaxation 

is described by T2, and as the magnetisation components of the xy-plane arise from the phase 

coherence of the spin angular momenta (section 7.1.3), it is consequently the loss of this 

coherence over time which causes relaxation. However, as opposed to the spin-lattice 

relaxation, energy is only transferred between spin angular momenta, i.e. via mutual spin 

flips, and the total Zeeman energy is unaffected. Accordingly, the term spin-spin relaxation is 

used. Note that the longitudinal relaxation (T1) does not affect the Lorentzian lineshape (eq. 

7.1.4(7)), and therefore does not affect the appearance of the NMR-spectra. 

While the mechanisms of longitudinal and transverse relaxation are different, the 

actual processes (fluctuating electromagnetic fields) causing the relaxations are basically 
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identical. For instance, all processes causing longitudinal relaxation also cause transverse 

relaxation. The most important among these are: magnetic dipole-dipole interactions among 

the nuclei (modulated by molecular tumbling and translational diffusion), a variation of the 

magnetic shielding (section 7.1.6) in time (due to molecular reorientation due to tumbling in 

B
v

), interactions with magnetic fields stemming from coherent molecular rotation, time 

dependent spin-spin coupling (section 7.1.7), and interactions with unpaired electrons. 

Transverse relaxation is additionally caused by zero frequency fluctuations, i.e. differences in 

the local static fields (see below). 

In general, relaxation is most effective when the interactions in question involve 

fluctuations near the Larmor frequency νL. Therefore rotational and diffusional motions are of 

prime importance (in liquids), while electronic motions and molecular vibration can normally 

be discounted. In order to calculate (and understand the origin of) T1 and T2, one needs to 

describe theoretically the frequency distributions of all motions relevant for the relaxation 

process. This is achieved using spectral density functions J(ω), which give a measure of the 

power at frequency ω. However to begin with, the oscillatory motions are a function of time 

f(t). The autocorrelation function of f(t) is given as 

 

( ) ( ) ( )∫
+∞

∞−

τ+⋅=τρ ttftf d*        eq. 7.1.5(1) 

 

where f*(t) represents the complex conjugate of the function f(t). Eq. 7.1.5(1) describes the 

correlation between the value of f(t) at time t and at a time differing by τ, i.e. it gives a 

measure of the persistence of fluctuations. Thus, ρ(τ) usually expresses high values for small 

τ and rapidly decays to zero as τ increases. This decay is especially swift in the case of noise 

(i.e. no correlation), while the autocorrelation functions of periodic functions, e.g. the sine 

function, do not decay and express a finite value. In many cases however, the decay is 

exponential with a time constant τc and eq. 7.1.5(1) is given as  

 

 ( ) ( ) ( ) ( )ctftf ττ−⋅⋅=τρ /exp*       eq. 7.1.5(2) 

 

where ( ) ( )tftf ⋅*  represents the mean square average of the two functions involved and τc 

is known as the correlation time. This condition of exponential decay of ρ(τ) holds for the 

description of the relaxation phenomena, as long as the involved motions are isotropic. A 



7.1 NMR – Basic Principles  47 

perhaps better understanding of τc can be achieved by noting that, if a molecule exists in a 

given state for τc s, this is associated with frequency components in the region of τc
-1 Hz. For 

small molecules (molecular mass < 100 amu) in aqueous solution of normal viscosity 

τc~10-12 - 10-13s, while macromolecules may possess τc around 10-8 s. Thus, as a rule more 

mobile solutions have smaller τc. 

The Fourier transformation of an autocorrelation function is the power spectrum of the 

original function, and therefore the spectral density functions J(ω) can be determined using 

this approach. It can be shown that 

 

 ( ) ( ) ( )tftfJ
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      eq. 7.1.5(3) 

 

and in particular 
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        eq. 7.1.5(4) 
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      eq. 7.1.5(5) 

 

where J(0) is a measure of the aforementioned zero frequency fluctuations. For fast motions, 

i.e. ωτc << 1, J(0) is small, so that T2 ≈ T1. This condition is known as the extreme narrowing 

limit. In general, rapid motions give rise to Lorentzians of smaller width at half height, i.e. a 

narrower lineshape. On the other hand, when ωτc >> 1, T2 << T1 and this condition, which is 

known as the spin-diffusion limit, applies to macromolecules. Fig. 7.1.5(1) summarises the 

behaviour of the relaxation time constants with respect to the correlation time. 
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Fig. 7.1.5(1): the relaxation time T1 and T2 constants as function of the correlation time τc for (magnetic) dipole-
dipole interactions of 1H-nuclei at νL = 200MHz. Note the minimum of T1 in the vicinity of the ωLτc = 1 region 
and the double logarithmic scale. This figure is reproduced from ref. 87.  
 

In liquids T1 is on the order of 1s and T2 slightly less or equal to this value. In fact at the T1 

minimum T2 = 2/3 T1. 

Up to this point, the presence of an ideal, i.e. perfectly constant and homogenous, 

magnetic field B
v

 has always been assumed. However, in reality the effective relaxation time 

constant T2
* is either substantially decreased with respect to its ‘true’ value T2 or even entirely 

dominated by a term T2’, which arises from the inhomogeneity of the magnetic field. 

 

 
'

222

111

TTT
+=

∗
        eq. 7.1.5(6) 

 

The contribution of T2’ is sometimes referred to as inhomogeneity broadening, thus 

eq.7.1.4(9) must be modified accordingly. In order to minimise its effect, samples are 

generally spun (with the rotational axis parallel to the magnetic field) with a frequency of 

15 Hz. Magnetic field inhomogeneity causes relaxation, since certain nuclei experience 

different field strengths and accordingly precess with different Larmor frequencies, which in 

turn quickens the loss of phase coherence.  

The longitudinal and unmodified transverse relaxation time T1 and T2 can be 

determined experimentally. The former by what is known as the inversion recovery sequence, 

the latter by using the Carr-Pucell-Meiboom-Gill pulse sequence. It is important to stress, that 
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especially in cases where anisotropic motions are significant, i.e. in complex fluids, the 

autocorrelation function (eq. 7.1.5(2)) of the system studied does not necessarily decay as a 

single exponential or at all exponentially. As a result, T2 is not a single value and this leads to 

NMR-spectra, where the peaks are of non-Lorentzian lineshape or even unsymmetrical.  

 

7.1.6 Magnetic Shielding, Chemical Shift and Equivalent Nuclei 

 

In an NMR-spectrum one usually plots only peaks originating from the nuclei of a 

single element, as the resonance frequencies νL of different elements lie very far apart. This is 

due to the differences between their gyromagnetic ratios γ (eq. 7.1.2(5)). If one considers the 

case of a complex organic molecule in solution (ignoring the type of solvent at this point) and 

focuses on the 1H-nuclei, then each of the individual nuclei of a single molecule might 

experience a local magnetic environment localB
v

, which differs slightly from the overall 

magnetic field B
v

. Consequently, all these nuclei resonate at somewhat different Larmor 

frequencies. 

 

( )
π
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π
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vv

       eq. 7.1.6(1) 

 

Usually the local magnetic field is of lesser magnitude than the overall one, so that the 

shielding constant σ is positive. Of course, in order to detect an NMR signal, a single 

molecule is far from sufficient (eq. 7.1.2(4)) and accordingly the solution must contain a 

multitude of molecules. However, in each of theses molecules, 1H-nuclei of equivalent 

position will (usually) be shielded to the same degree. The reason for this is, that the shielding 

constant σ at given nucleus position depends upon the chemical surroundings and these are 

identical, on a time scale inherent to the NMR experiment (see section 7.1.9) for 

indistinguishable molecules. Thus, NMR spectra actually yield information on the local 

magnetic field localB
v

of ensembles of nuclei corresponding to a particular position in a 

molecule of a given type, as each of these ensembles leads to single peak in the spectrum. The 

integral under that peak is then proportional to the number of nuclei in the ensemble (eq. 

7.1.4(11), eq. 7.1.2(4)). However in practice, a peak is often divided (split) into two or even 

more peaks, due to spin-spin interactions (section 7.1.7) 
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 The reduction of the field strength of the magnetic field B
v

at the site of a nucleus, i.e. 

the shielding, occurs due to B
v

 inducing ring currents in the electron clouds of the molecule, 

which in turn cause a small, additional magnetic field that opposes B
v

. In an empirical 

approach, one can divide the origin of the shielding constant σ into three general contributions  

 

( ) ( ) ( )solventmoleculelocal σ+σ+σ=σ     eq. 7.1.6(2) 

 

σ(local) refers to a contribution which arises mainly due to the electrons of the atom (nuclei) 

in question, while σ(molecule) is caused by the electronic motions of the remaining atoms in 

the molecule and σ(solvent) combines interactions with the surrounding molecules. As 

σ(local) depends upon the electron density, it is very small for hydrogen and its isotopes. 

σ(molecule) varies greatly depending on the magnetic susceptibility of the surrounding 

(groups of) atoms, and aromatic ring systems as well as other delocalised π-electrons are 

exceptionally relevant. The contribution of σ(solvent) is of particular importance in polar 

solvents and when the interaction between solvent and solved molecule is strong, e.g. in the 

case of ionic and hydrogen bonding. 

 NMR spectra are often presented as a function of the chemical shift δ, which is the 

difference between the Larmor frequency νL of the detected nuclei and the Larmor frequency 

of nuclei of reference (νL,0 ). 

 

 6

0,

0, 10⋅
ν

ν−ν
=δ

L

LL         eq. 7.1.6(3) 

  

Due to its definition, the chemical shift δ is of the unit ppm. It is important to note that the 

differences of the Larmor frequencies of specific nuclei (and thus δ) increase proportionally 

with the strength of the applied magnetic field B
v

(eq. 7.1.6(1)). Therefore, stronger magnets 

lead to spectra of increased resolution.  

Often nuclei at different positions in a molecule can have identical chemical 

surroundings due to symmetry. Such nuclei, which are said to be equivalent or isochronous, 

contribute of course to the same signal as they have the same chemical shift. However, if their 

spin-spin coupling (section 7.1.7) with another specific nucleus is different, their signal peak 

will be split in different manners and their peaks will ultimately appear in different locations 
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of the spectrum. Nuclei of this sort are considered only chemically equivalent, while nuclei 

which have the same degree of spin-spin coupling with all other atoms of their molecule are 

magnetically equivalent.  

 

7.1.7 Spin-Spin Coupling  

 

 The local magnetic field at the site of a nucleus is also effected by the magnetic 

momenta of other nuclei in the molecule. However, the so called spin-spin coupling is not the 

direct dipolar coupling interaction (which generally averages to zero, section 7.1.8), but an 

indirect coupling, which is transmitted via the electrons of the system and therefore purely an 

intramolecular quantity. The result of this coupling is a splitting of the signal of a given 

nucleus, as the nucleus (or nuclei) it couples with, occupies spin states of different Zeeman 

energies (when considering the ensemble of molecules). The appearance of the splitting is 

subject to the number and the spin quantum number I of the nuclei that the nucleus in 

question interacts with (although not its own spin I), and the resulting peaks are centred upon 

the Larmor frequency the signal would appear in, in the absence of coupling.  

Depending on the number of peaks present due to coupling, the split signal is referred 

to as a doublet, triplet etc. or simply a multiplet. The distance between the individual peaks of 

such a multiplet is constant (in terms of frequency) and quantified by a coupling constant JAX 

(of the unit Hz), where the subscript labels the nuclei involved. JAX is determined solely by 

the strength of the interaction, i.e. it is independent of the magnetic field strength B
v

. In 

general, it is however strongly dependent upon the distance between the nuclei in question. 

The multiplets of an NMR spectrum are referred to as its fine structure and it is the 

information given by their form and coupling constants which enables the determination of 

even complex structures of organic compounds and makes the identification of compounds in 

a mixture possible. 

As a multiplet originates from a certain number of nuclei, the integral over all its peaks 

is identical to the value which would be determined in the case of lack of coupling. 

Nevertheless, the intensity distribution among the individual peaks is uneven, except in case 

of a doublet, but symmetric with respect to its central frequency. However, this symmetry is 

only existent, as long as the difference of the chemical shift of the coupling nuclei is large 

when compared with their coupling constant, i.e. 

 

JL >>δ∆ν 0,          eq. 7.1.7(1) 
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In cases where eq. 7.1.7(1) applies, the spectra are referred to as being of first order and, in 

the simple case where the interaction is only between two nuclei, the spin system is termed an 

AX-system. When the terms of eq. 7.1.7(1) are more similar, the intensity distribution 

becomes complex and the associated spectra of the AB-systems are known as being of second 

order. However, if the coupling occurs between two equivalent nuclei (A2-system), i.e. 

νL,0∆δ << J , then it is ineffective, i.e. no splitting results and a singlet is detected. Generally, 

in terms of spin-spin coupling, a group of equivalent nuclei can be treated as a single nucleus.  

In section 7.1.6 it was demonstrated that a high magnetic field strength is essential to 

achieving good resolution in an NMR spectrum. This is all the more the case, when 

considering systems, where (perhaps multiple) spin-spin coupling is present. Increasing B
v

 

effectively increases the distance between multiplets (eq. 7.1.6(3)), possibly reducing spectra 

of second order to those of first order (eq. 7.1.7(1)).  

 

7.1.8 Quadrupolar Interactions 

 

Nuclei with spin quantum numbers greater than 1/2 possess an electric quadrupole 

moment, arising from the ‘spatial’ distribution of their positive charges. The fact that 

deuterium nuclei (I = 1) also exhibit this phenomenon, although they each contain only a 

single proton, is evidence for the underlying quark structure of the subatomic particles 

(protons and neutrons). While electric monopoles (charges) are affected by an electric 

potential V, electric dipoles are only influenced by a potential gradient, i.e. an electric field 

dV / dz. A quadrupole, however, does not interact with a homogenous electric field, since it 

can be considered as two dipoles back-to-back, but only with an inhomogeneous field, i.e. an 

electric field gradient (efg) d2V / dz2. It is important to note that nuclei do not posses electric 

dipoles. 

Quadrupole moments are intrinsic properties of a given nucleus type and they are 

usually expressed as eQ, where e is the elementary charge and Q a quantity which is normally 

referred to as the electric quadrupole moment of a nucleus. Q has the dimension of a length 

squared and is usually given in units of barn (1barn = 10-28 m2). It also possesses a sign, 

depending on the type of distribution of the positive charge(s) with respect to its symmetry 

axis, which is determined by the nuclear spin. One speaks of prolate and oblate quadrupoles, 

the former having a positive moment and the latter having a negative one.  
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A nucleus with a quadrupolar moment thus interacts with the efg of its molecule at the 

location of that nucleus. However, since electric influences are relatively short in range, it 

suffices in approximation to consider only the electrons of the nucleus in question as cause of 

said efg. Moreover, only cases of non-spherical distribution must be respected, i.e. all filled 

electron shells and s electrons can be discounted, as long as they are non-binding. As such, 

quadrupolar interactions are purely intramolecular. 

The efg is represented mathematically by a tensor field of 2nd rank (often simply 

termed a Cartesian tensor), i.e. a 3x3 matrix. The form of this matrix can be understood when 

considering that the three faces of a cube-shaped infinitesimal volume are each subject to a 

given force. The vector components of said force are also three, due to the number of spatial 

dimensions. Thus, 3x3, or 9 components are required to describe the forces at this cube-

shaped infinitesimal segment, which is then treated as a point. 

When a nucleus in question is at a position of axial electrical symmetry, only a single 

field gradient must be considered for interaction, i.e. a single component qzz of the efg tensor 
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         eq. 7.1.8(1) 

 

This symmetry occurs in good approximation quite often, especially in the case of 

monovalent atoms (e.g. 2H or 35Cl), which exhibit a single bond. There, the direction of zzq
v

 

coincides with the direction of said bond.  

In the absence of a magnetic field, the spin energy levels of a nucleus are only 

determined through quadrupolar interaction and are given by  
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This leads to a new type of spectroscopy known as nuclear quadrupole resonance (NQR), 

which however is not subject of this thesis. As the magnitude of the quadrupolar moment of a 

nucleus type can not be determined through NQR experiments (nor NMR for that matter), 

constants of eq. 7.1.8(2) are often unified to the nuclear quadrupole coupling constant χ, 

which is of units of frequency.  
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        eq. 7.1.8(3) 

 

χ is of course specific for each nucleus (even if they are of the same type) of a molecule, as 

the efg is location dependent. 

When a nucleus of I > 1/2 is situated in a magnetic field, both the energy due to the 

nuclear Zeeman interaction (eq. 7.1.2(2)) and the energy from the quadrupolar interaction 

need to be considered (eq. 7.1.8(2)). In NMR experiments the magnetic field strength is so 

high, that the Zeeman term predominates and the energy levels are only perturbed through the 

quadrupolar effects 
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Thus, the direction of quantisation is still given through the magnetic field, rather than the 

electric field. Therefore an angular dependence of the quadrupolar perturbance arises, with θ 

being the angle between zzq
v

 and B
v

. As the selection rule ∆mI = ±1 is still valid, the 

difference between the energy levels is now given by  
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where mI ranges from I to -I + 1 and νQ corresponds to the resonance frequency (Bohr 

frequency condition) of the transition. It is clear that νQ is a function of the magnetic quantum 

number of the attained energy state. In fact, the spectrum will consist of 2I lines, which are 

symmetrically distributed around νL, and the quadrupolar splitting ∆νQ between adjacent lines 

is given by 
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It is important to note that ∆νQ is independent of the magnetic field strength.  
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The existence of 2I distinct lines infers that the angle θ is constant for the entirety of 

quadrupolar nuclei probed in the experiment. This condition is most frequently met in a single 

crystal, i.e. when performing solid state NMR. However, if a powder is present, θ will vary 

for each of the many crystallites and the result will be a superposition of accordingly many 

multiplets, each given by eq. 7.1.8(5). Fig. 7.1.8(1a) illustrates the part of the function of eq. 

7.1.8(5), which describes the angular dependence, and fig. 7.1.8(1b) illustrates the variation of 

a normalised quadrupolar splitting ∆νQ as function of θ. 

 

θθθθ [rad*π]π]π]π]

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

3 
co

s2  θθ θθ
 -

1

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

θθθθ [rad*π]π]π]π]

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

∆
ν

∆
ν

∆
ν

∆
ν

Q
 *

 3
I 

2 - 
I(

I+
1)

 / 
χχ χχ

0.0

0.5

1.0

1.5

2.0

2.5

 

a)       b) 

Fig. 7.1.8(1) a) the developing of the values of the function 3cos2θ - 1 b) the evolution of a normalised 
quadrupolar splitting as function of θ. 
 

Fig. 7.1.8(1b) demonstrates that the quadrupolar splitting ∆νQ has a prime maximum at θ = 0° 

and 180° and a secondary maximum of exactly half the magnitude at θ = 90° and 270°. The 

quadrupolar interactions are entirely negated when θ = 54°44’ (and accordingly 234°44’). 

This is the so called ‘magic angle’ and it is of principal importance in solid state NMR.  

In the NMR of liquids or solutions, molecules tumble rapidly and in general 

isotropically, as long as they are in a truly isotropic environment. As a result, directionally 

dependant interactions containing the (3cos2θ−1) term are negated, as the average value of 

said term equals zero for a random distribution of θ. Therefore neither quadrupolar 

interactions, nor direct spin-spin interactions appear in this case in the NMR spectrum. In fact 

only indirect scalar spin-spin coupling and scalar chemical shifts remain, i.e. the interactions 

which cause the structures of high-resolution NMR spectra. 
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In anisotropic environments of liquid crystals and complex fluids however, molecular 

tumbling is impeded and, as a result, rapid anisotropic reorientation incompletely averages the 

quadrupolar interaction, i.e. quadrupolar splitting occurs. Unfortunately, the angle θ is no 

longer suitable for such systems, as three frames of reference must be accounted for. These 

are the molecular, the liquid crystal director, and the laboratory frame. Accordingly, the 

definition of three angles becomes useful: θqn corresponds to the angle between the efg and 

the normal n
v

of the layer which impedes molecular tumbling (e.g. water/surfactant interface), 

θnd is the angle between this normal and the director d
v

of the liquid crystal and θdb the angle 

between this director and the magnetic field B
v

. Hence eq. 7.1.8(5) is modified to 
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 ( )1cos3
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1 2 −θ= qnqnS        eq. 7.1.8(7b) 

 

( )1cos3
2
1 2 −θ= ndndS        eq. 7.1.8(7c) 

 

Eq. 7.1.8(7a) is derived through combining expressions of Rendell et. al.89 and Perrson et. 

al.90 The terms Sqn and Snd are so called order parameters, which quantify the degree of 

alignment between the efg and the layer normal n
v

 and n
v

 and the phase director d
v

 

respectively. Sqn is small for liquid crystals and Snd is constant for a given liquid crystal 

structure, e.g. Snd = 1 in the case of a lamellar structure (θnd = 0°), Snd = 1/2 in case of a 

hexagonal one (θnd = 90°), whilst Snd ≡ 0 in case of a bicontinuous or cubic structure (actually, 

as there is no director the averaging of an angle θnb must be considered, see section 7.2.4). 

And indeed, the quadrupolar splitting of a hexagonal phase is only half as large as that of a 

respective lamellar one, while cubic and bicontinuous phases do not exhibit a splitting at all34. 

However, eq. 7.1.8(7b,c) only apply in the case of a fast exchange between the involved 

angles, with respect to an NMR timescale (see section 7.1.9). Thus, the term including θdb is 

not converted into another order parameter, as a distribution of this angle (as in a powder 

sample) does not lead to an averaged signal, but rather a superposition of signals (multiplets), 

where each splitting is defined for a single crystallite and given by eq. 7.1.8(7a). 
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As mentioned in section 7.1.5, quadrupolar interactions lead to relaxation and this is 

true even in the case of isotropic molecular tumbling. Relaxation can be thought of as arising 

from insufficiently effective averaging leading to broader signals, but the cause of it is 

essentially a local change of the efg, brought about by rotational and vibrational motions (the 

efg is part of the molecular frame and when a molecule tumbles the quadrupolar energy is 

altered constantly). Quadrupole relaxation is the only relaxation which depends on electrical 

interactions and is purely intramolecular. In mobile isotropic fluids the longitudinal T1Q and 

transverse T2Q time constants of this process are equal: 

 

( ) c

QQ II

I

TT
τχ

−

+
π== 2

2

2

12 12
32

10
311
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Eq. 7.1.8(8) is only true for the extreme narrowing condition (section 7.1.5) and a term 

containing the so-called asymmetry parameter (which is needed when the efg cannot be 

described by a single parameter zzq
v

) has been omitted. The correlation time τc corresponds to 

the process of molecular tumbling and therefore increases with increasing viscosity and 

decreasing temperature. For most I > 1/2 nuclei, quadrupolar relaxation dominates the 

relaxation process, and thus even inhomogeneity broadening (section 7.1.5), so that eq. 

7.1.8(8) corresponds directly to the width ∆ν1/2 of the detected signal.  

 

7.1.9 NMR Experiment Time Scale and Chemical Exchange 

 

The fact that rapid molecular tumbling leads to an averaging of the geometrical factor 

of eq. 7.1.8(6), implies that there is an intrinsic time scale to NMR experiments. This time 

scale generally encompasses lifetimes of a given state of 1s to 10-6s and accordingly 

correlation times τc from 1Hz to 1MHz. The 1s limit originates from the time necessary to 

record a FID (~1s). 

A distinction can be readily made between to extremes. The slow-exchange regime 

refers to the case when lifetimes are considerably greater than the NMR timescale and the 

fast-exchange regime to the case where the opposite is true. In the former situation, the NMR 

spectra consists of the superposition of the sub-spectra of all existing states, while in the latter 

an average spectrum is recorded, to which each state contributes proportionally according to 

its population and lifetime. 
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The exchange of states can occur both inter- and intramolecularly. An example of 

intramolecular exchange is internal rotation, i.e. the transition between different rotamers, 

while intermolecular exchange involves the breaking of chemical bonds, as for instance in the 

exchange of OH and NH protons in aqueous solution. In the theory of NMR, the dynamic 

exchange between states is termed chemical exchange. If the exchange between two states is 

truly rapid, then the detected signal is correspondingly sharp. This fact can be understood by 

considering that an exchange process changes the frequency of a recorded FID, if it occurs in 

the time T2
*. Then, if this exchange occurs in an amount of time which is small when 

compared to the difference between the two frequencies, the FID will be identical to the one 

of a system which leads to a signal at the average frequency. Therefore, the time scale of an 

NMR experiment must always be seen relative to the shift in resonance frequency between 

existing states. 

Hence, sample spinning along an axis parallel to the magnetic field with 15Hz 

effectively reduces line broadening due to magnetic field inhomogeneities, if these 

inhomogeneities cause deviations from the ideal frequency, which are considerably smaller 

than 15Hz. Likewise for solid state NMR, as samples can only be spun with a maximum rate 

of ~5KHz at the ‘magic angle’ θ = 54°44’ (section 7.1.8) with respect to the magnetic field, 

only direct spin-spin interactions and quadrupolar interactions can be averaged effectively, 

which would lead to a splitting of a considerably smaller value. From the above description, it 

is now obvious that vibrational (τc ~ 1012 - 1014 Hz) and rotational motions (τc ~ 10-12 - 10-13s 

for molecules <100 amu , τc ~ 10-10s for >500 amu and macromolecules may possess τc 

around 10-8 s) cause transitions between states that are averaged according to the 

fast-exchange principle.  

 If the exchange between states is neither slow nor rapid, but rather of an intermediate 

nature, spectra appearance becomes more complex. The simplest case to consider is a 

situation with two states, which are uncoupled and equally populated. The first condition 

ensures that in the limit of slow exchange only two singlets are observed, one at each Larmor 

frequency associated with the respective state. The second condition states that the intensities 

and integrals of the two peaks are identical, i.e. that the spectra are symmetrical. In the limit 

of fast exchange, of course, only a single singlet is registered and its integral is identical to the 

sum of the integrals of the slow exchange singlets. An approach by McConnell91 describes the 

lineshape for the whole range from slow to fast exchange theoretically 
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The intensity of the spectrum I(ω) is given as a function of the angular velocity ω. It can be 

converted with eq. 7.1.2(5) to I(ν). ω0 corresponds to the position of singlet in the limit of fast 

exchange, ∆ωQ to the maximum splitting in limit of slow exchange and P is the parameter 

representing the probability of exchange, i.e. the rate of conversion between the two states. 

Note that eq. 7.1.9(1). does not account for a natural linewidth, i.e. 1/T2
* = 0 and this leads to 

peaks of infinite intensity, i.e. their width approach zero, in the limit of fast and slow 

exchange. Fig. 7.1.9(1) illustrates the lineshapes calculated with eq. 7.1.9(1) for variations of 

P (for a constant value of ∆ωQ).  
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Fig. 7.1.9(1): lineshapes according to the McConnell equation (eq. 7.1.9(1)). Spectra are calculated with 
multiples of the ratio P/ ∆ωQ=1/(2*2^0.5), the value at which coalescence occurs. From top left to right and top 
to bottom, these multiples correspond to 0.1, 0.25, 0.5, 1, 2 and 5. 
 
Fig. 7.1.9(1) shows that as P increases, the doublet peaks lose in intensity but gain in width. 

Also, the splitting between them decreases until coalescence is reached. Beyond that point, 

the obtained singlet becomes more and more defined as P continues to rise. It is however 

nonsensical to give concrete values of P, as it is the ratio P/ ∆ωQ which ultimately determines 

the lineshape, e.g. coalescence occurs for P/ ∆ωQ=1/(2*2^0.5). 
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7.2 The NMR Experiments 

 

Nuclear magnetic resonance is employed to monitor temperature induced phase 

transitions from the L3- or sponge phase to the Lα- or lamellar phase (and vice versa) in a 

three component system consisting of heavy water (D2O), n-decane and the nonionic 

surfactant n-dodecylpentaoxyethylene (C12E5). The quadrupolar 2H-nuclei act as a 

non-invasive probe of the system, yielding information on the isotropy of the surroundings 

through the quadrupolar splitting phenomenon (section 7.1.8). Two distinctly different signals 

are detected in the two phases in question, and through their quantisation one not only gains 

information regarding the transition kinetics, but also about the mechanisms involved. 

This section begins with a description of the D2O molecule from a 2H-NMR 

perspective and a derivation of how its quadrupolar splitting can be calculated in the event of 

anisotropic surroundings. It continues with an explanation of the so called two-sites model and 

why this model must be taken into account in the complex fluids studied. Then the effects of 

non-averaged direct dipole-dipole interactions (section 7.1.8) are considered. Finally, the 

steady state 2H-NMR spectra of the L3- and Lα-phase can be understood and the chapter can 

proceed with the presentation of the various phase transition experiments. 

 

7.2.1 D2O, the Probe Molecule 

 

The NMR experiments presented in this thesis focus on the resonance frequencies of 

the hydrogen isotope deuterium 2H (D) and were conducted using fully deuterated water (99.8 

wt. % D2O). Samples containing exclusively D2O of this concentration, lead only to a singlet, 

i.e. a single Lorentzian peak is observed in the NMR spectrum. The reason for this simplicity 

and the lack of fine structure (section 7.1.7) is elucidated in the following paragraph. 

Molecules of HDO type, which lead to a different 2H signal (a doublet), are not 

present in relevant concentration. Due to the symmetry and simplicity of the D2O molecule, 

its two 2H-nuclei are not only isochronous, but also magnetically equivalent (section 7.1.6). 

Thus, they can be considered a single nucleus with respect to indirect spin-spin interactions 

(section 7.1.7) and the coupling between them has no effect on the spectrum. In addition, the 

D2O molecule contains one oxygen atom. The 16O nucleus is inactive in NMR experiments as 

I = 0 (section 7.1.1), while the 17O isotope is active, as I = 5/2. However, the latter occurs 

naturally only with 0.037% probability and therefore the result of indirect spin-spin coupling 

between the deuterium nuclei and the few present 17O nuclei does not appear in the spectrum 
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(as the respective magnetisation is negligibly small, eq. 7.1.2(4)). Finally, the intermolecular 

exchange of the deuterons is very rapid, so that an average resonance frequency results for the 

detected signal (see fast exchange, section 7.1.9). 

The three Zeeman energy levels (mI = -1, 0 and +1) of 2H-nuclei (I = 1) can be 

calculated using eq. 7.1.2(1). However, since 2H-nuclei posses a quadrupole moment, 

perturbations of these spin energy levels must be accounted for in anisotropic environments 

and in those cases eq. 7.1.8(4) applies. This equation reduces to 
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for I = 1. Fig. 7.2.1(1) illustrates the energy levels with and without perturbation through 

quadrupolar interactions. 

 

 

 
Fig. 7.2.1(1): the Zeeman energy levels of an I = 1 nucleus with and without perturbation due to quadrupolar 
interactions (q.i.) and a schematic representation of the respective NMR spectra to which they lead. The position 
of the perturbed energy levels assumes a positive nuclear quadrupole coupling constant χ (eq. 7.1.8(3)) and the 
perturbation effects are greatly exaggerated with respect to the energy scale. The non-perturbed case (dashed 
lines) leads to a signal at νL, while in the perturbed case a doublet with a quadrupolar splitting ∆νQ results. The 
magnitude of the splitting, is strongly dependent on θ. θ = 0° (solid lines) and 90°(dotted lines). 
 

As long as isotropic conditions prevail, i.e. unimpeded molecular tumbling can occur 

as in pure D2O, the quadrupolar interactions are averaged to zero and the non-perturbed 

Zeeman energy levels are present (see section 7.1.8). As these levels are equidistant and 
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selection rules apply, which state that ∆mI = ±1 and only one spin can be transformed per 

transition (single quantum transition), the mI = +1�0 and mI = 0�-1 transition both 

contribute (equally) to a signal detected at the Larmor frequency νL. 

In anisotropic conditions, where the angle θ between the principal component of the 

efg tensor (field) zzq
v

and the magnetic field B
v

is constant (e.g. in a single crystal), the singlet 

is split into a doublet due to the quadrupolar interactions and the two signals of half the 

previous intensity now appear at ν+ and ν- centred around νL. The value of the quadrupolar 

moment of deuterium is Q = 2.8⋅10-3 barn and it is of positive sign, as the positive charge 

distribution is prolate relative to the nuclear spin. Respectively, the nuclear quadrupole 

coupling constant χ is also positive (eq. 7.1.8(3)) and quadrupolar interactions cause an 

increase in energy EmI for non-zero mI in the θ = 0° case. 

The magnitude of the quadrupolar splitting ∆νQ is decisively influenced by the value 

of θ (see fig. 7.1.8(1)). Fig. 7.2.1(1) plots the spin energy levels for the two cases, where ∆νQ 

attains a maximum, i.e. for θ = 0° and 90°. Notably, the splitting in case of perpendicular 

orientation is only half as large as for the parallel condition. As the perturbation of the energy 

levels is small when compared to their spacing, the mI = +1�0 and mI = 0�-1 transitions are 

still equally likely and accordingly the peaks of the doublet are of the same intensity. 

When accounting for I = 1 and the respective mI, it becomes clear from eq. 7.2.1(1) 

that the resonance frequencies ν± of the quadrupolar doublet are given by 

 

( )1cos3
8
3 2 −θχ±ν=ν±

L       eq. 7.2.1(2) 

 

Eq. 7.2.1(2) shows that the doublet is centred on the Larmor frequency νL and its splitting is 

easily calculated via 

 

( )1cos3
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3 2 −θχ=ν∆ Q        eq. 7.2.1(3) 

 

Eq. 7.2.1(3) also results when accounting for I = 1 in eq. 7.1.8(6). However, as stated in 

section 7.1.8, θ is not convenient to describe the angular dependency of the quadrupolar 

splitting in liquid crystals and accordingly eq. 7.1.8(7) will be used which for I = 1 reduces to 
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It is important to note that the quadrupolar coupling constant χ is identical for both deuterium 

nuclei of the D2O molecule, as they have identical electrical surroundings and hence 

experience the same efg. Furthermore, since the order parameter qnS  is the result of 

averaging (eq. 7.1.8(7b)), and therefore independent of an ‘initial’ θqn-value, it is also the 

same for both nuclei and as a result both nuclei contribute to the same signal. 

From eq. 7.2.1(4) it is immediately obvious that no quadrupolar splitting is expected 

for the macroscopically isotropic L3-phase (since Snd ≡ 0, section 7.1.8), even though 

molecular tumbling is not expected to be isotropic for small time increments (see spectrum of 

the L3-phase below). On the other hand, the splitting of the lamellar phase seems to depend 

solely on the orientation of the lamellar with respect to the magnetic field, i.e. θdb, as Snd = 1 

(section 7.1.8) and Sqn is constant for all D2O molecules (see two site model below). 

  

7.2.2 The Two-Sites Model 

 

Up to this point it was assumed that for a given phase, all D2O molecules have the 

same properties and that their 2H-nuclei correspondingly lead to the same NMR signal. 

However, when one considers the dilute lamellar phases studied, there is an evident disparity 

regarding the amount of perturbation to isotropic molecular tumbling, with respect to D2O 

molecules which are distant to the surfactant film and those which are in its immediate 

proximity. This degree of hindrance is essentially expressed by the order parameter Sqn 

(eq. 7.2.1(4) and 7.1.8(7b)) and sites of differing Sqn accordingly lead to different quadrupolar 

splittings. Assuming fast exchange of the molecules containing nuclei of I > 1/2 to occur 

between different sites of more or less perturbed or even unperturbed tumbling (varying Sqn), 

the resulting, i.e. averaged, quadrupolar splitting can be calculated as a weighted sum of the 

splittings ∆νQ,i at each of the sites 

 

∑ ν∆⋅=ν∆
i

iQiQ p ,         eq. 7.2.2(1) 

 

where pi is the fraction of quadrupolar nuclei at site i and each ∆νQ,i is calculated via 

eq. 7.2.1(4). To comprehend the validity of this equation, one must understand the following 
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concept contained within the idea of fast exchange. During the time scale of the NMR 

experiment, each and every molecule containing the quadrupolar nucleus will be at each and 

every site many times over. Each site leads to a specific value of ∆νQ,i and thus the time-

averaged value of ∆νQ depends upon the fraction of time spent at each site. This time fraction 

is however assumed to be directly proportional to the number of molecules that can occupy a 

given site and that is exactly what eq. 7.2.2(1) states. 

As a simple approximation for the system at hand, three sites should initially be 

considered. Firstly, there is the hydration water of the five ethylene oxide groups of the 

surfactant films, which is most effectively perturbed and accordingly the primary cause of the 

splitting. This water is often referred to as ‘bound’ to the surfactant film, but this term is 

misleading as fast exchange occurs between the different sites and therefore mobile, through 

adsorption partially aligned92 (MAPA) D2O will be spoken of instead. Secondly, there is the 

large amount of ‘bulk’ D2O (as very dilute systems were studied), which one would expect to 

experience very little or no hindrance in its isotropic tumbling. Finally, one should not forget 

to consider the terminal hydroxyl group of the C12E5 molecules themselves. 

Rapid intermolecular exchange of the deuterons among the D2O molecules, is a 

property of heavy water. A somewhat slower, but with respect to the presented studies still 

very rapid exchange exist for hydroxyl group protons next to primary carbons. Of course, the 

hydroxyl hydrogen of C12E5, will not (significantly) exchange among the surfactant molecules 

themselves, but mainly with the overwhelmingly large amount of present deuterium. Actually, 

the hydrogen-atoms become evenly distributed among all the sites that exchange 1H or 2H 

soon after the preparation of the samples. Fortunately, the molar ratio of surfactant to D2O is 

very low (< 2�), so that there is no significant contamination with hydrogen and HDO 

molecules are still sufficiently rare as not to add their undesired doublet signal to the 

spectrum. 

How strongly the deuterium of the hydroxyl-group contributes to the detected 

quadrupolar splitting depends on the relative amount present (i.e. pi) and its order parameter 

Sqn. Rendall and Tiddy93 show that both of theses numbers are low. In fact, it is thought that 

significant contribution to a quadrupolar splitting comes only from hydration water of the first 

and perhaps second ethylene oxide group next to the polar/apolar interface, because the 

freedom of movement of further groups is so great that the Sqn of their respective hydration 

water approaches zero. Accordingly, the same is expected for the deuterium of the hydroxyl 

group. Furthermore, there is experimental evidence that the OD-group contribution is 

irrelevant, as NMR experiments of lamellar phases comprised of D2O – C12E4 and D2O – 
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C12E4OCH3 show that both yield the same splitting. Analogue to this reasoning, Sqn of bulk 

D2O must be so close to zero, that no contribution to the splitting is thought to come from it, 

and indeed it has been shown experimentally that this is true90. Thus, the simple two-sites 

model describes the situation at hand well. Indeed, the two-sites model was already used to 

describe water binding in lyotropic mesophases in 197594. Accordingly, the quadrupolar 

splitting in the lamellar phase can now be calculated via  

 

( )1cos3
4
3 2 −θ⋅⋅χ⋅=ν∆ dbqnxQ Sp      eq. 7.2.2(2) 

 

where px represents the mole fraction of MAPA D2O. 

 

7.2.3 Direct Dipole-Dipole Interactions 

 

 Similar to the quadrupolar interactions of section 7.1.8, the direct magnetic dipole-

dipole interactions of NMR active nuclei do not average to zero in case of anisotropic 

molecular tumbling. Thus, the question arises as to how these interactions influence the 

spectra of the experiments at hand. The dipolar coupling constant R between two nuclei can 

easily be calculated using  

 

21

30

24
γγ⋅⋅

π
⋅

π

µ
= −rR

h
       eq. 7.2.3(1) 

 

where µ0 is the permeability of a vacuum, r the distance between the coupling nuclei and γ 

their respective gyromagnetic ratios. Similar to χ, R is of frequency units. However, due to the 

relatively low γ-value of the deuterium nucleus, the dipolar coupling constant of the 

deuterium nuclei of the D2O molecule calculates to only RDD (D2O) = 0.717 kHz. As a means 

of comparison, RHH (H2O) = 46 kHz. For a homonuclear pair of nuclei, the splitting caused by 

direct dipole-dipole interactions are given by  

 

 1cos3
2
3 2 −θ=ν∆ Rdd         eq. 7.2.3(2) 
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where θ is the angle between the vector connecting the interacting nuclei and the magnetic 

field B
v

. When considering that the coupling constant of the quadrupolar splitting for liquid 

heavy water χ(D2O) = 255 kHz95 and assuming that the order parameter Sqn is identical in 

both cases, then the magnitude of ∆νdd is expected to be only ~0.6% of the quadrupolar 

splitting. Since, the experiments typical yield splitting values of ~10-16Hz, contributions due 

to direct dipole-dipole interactions can be neglected. In fact, even their effect on peak width is 

insignificant, as the best peak resolutions achieved correspond to ∆ν1/2 ~ 1.5 Hz.  

 

7.2.4 NMR Signal of the Steady State Isotropic L3-Phase 

 

 Fig. 7.2.4(1) displays the 2H-NMR singlet recorded in the steady L3-state. Eq. 7.2.1(4) 

expresses that no bicontinous phase or phase of cubic symmetry will lead to the detection of a 

quadrupolar splitting, as Snd ≡ 0 in these cases. However, since an isotropic phase has no 

definite director, what is actually meant is that the angle between the surface normal and the 

magnetic field θnb must be considered. Its geometric term (3cos2 θnb –1) only averages to zero 

as long as all θnb are equally likely to occur and there is fast exchange between them. Changes 

of θnb are probed by the molecule containing the quadrupolar nuclei, i.e. in this case through 

the diffusion of D2O. 

The fast exchange condition of the two-sites model states that there can be no 

distinction between MAPA and bulk D2O on the time scale of the NMR experiment, i.e. each 

and every D2O molecule will switch frequently between the two sites. However, in the 

isotropic L3-phase the term two sites is misleading, as MAPA D2O at different positions on 

bilayer would theoretically lead to different ∆νQ,i, since θnb varies at each position. Thus the 

MAPA site must essentially be subdivided into many sites of its own. Over the NMR time 

scale, a D2O molecule will still spend time proportional to the fraction of bulk D2O at the bulk 

site, but the remaining time proportional to the fraction of MAPA D2O is spent at a multitude 

of different MAPA subsites. Due to the random nature of diffusion and the isotropic 

distribution of the bilayers, the many different θnb experienced at those subsites will 

effectively cancel each other out, i.e. average to zero. Accordingly, there is no splitting arising 

from time spent at MAPA sites and a singlet is detected. 
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Fig. 7.2.4(1): the NMR signal for a typical L3-phase studied. 

 

7.2.5 NMR Signal of the Steady State Anisotropic Lαααα-Phase 

 

Interestingly, only a simple doublet arising from quadrupolar interactions is detected 

for all lamellar phases studied, i.e. there is no single peak from isotropic D2O nor is there an 

obvious superposition of doublets corresponding to a powder pattern (fig. 7.2.5(1a,b)). The 

first observation entails that the exchange between the two sites of MAPA D2O and bulk D2O 

is indeed rapid. In fact, the detected peaks are generally well separated and of Lorentzian 

form, thus eliminating the possibility of the systems being in a region of intermediate 

exchange rates (see section 7.1.9). 

According to the second observation, θdb is constant (eq. 7.2.1(4)) and therefore all 

lamellae are oriented in identical manner with respect to the magnetic field B
v

. This is true if 

either all lamellae are essentially parallel to each other, i.e. a single ‘crystal’ is present, or if 

there exists a macroscopic alignment between a multitude of ‘crystallites’. That is to say, 

instead of a three dimensional (3D-) ‘powder’ a two dimensional (2D-) ‘powder’ is present, 

where the lamellae are all parallel to the magnetic field (z-axis), but each individual 

‘crystallite’ is orientated randomly in the xy-plane (fig. 7.2.5(1c)). The single crystal 

explanation can be easily discounted, since in the course of this thesis it will be shown that the 

Lα-phase is formed through a nucleation and growth process when it originates from the 

L3-phase (see section 7.4.5.1). Thus, for all studied samples θdb = 90° and the equation 

describing the quadrupolar splitting (eq. 7.2.2(2)) can be reduced one last time to 
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qnxQ Sp ⋅χ⋅=ν∆
4
3

       eq. 7.2.5(1) 

 

The cause of the lamellar orientation and further implication on the spectrum will be 

discussed in section 7.4.2. Although χ does vary somewhat for D2O in the gaseous or solid 

state, it can be considered constant if in its liquid form, as neither strong changes of 

temperature nor the addition of electrolytes effects its value96. Thus for all discussions of ∆νQ 

only px and Sqn must be considered. 
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      a)           b)       c) 
Fig. 7.2.5(1): a) the typical NMR signal of a studied lamellar phase. The slight asymmetry results from imperfect 
shimming and phasing of the spectrum. b) a typical 3D-powder pattern resulting from the superposition of many 
doublets with varying ∆νQ. c) schematic representation of a 2D-lamellar powder, when viewed in line with the 
magnetic field 
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7.2.6 L3/Lαααα Transition Experiments 

 

The 2H-NMR investigations were performed on two different occasions at the 

University of Lund, Sweden. Preliminary experiments were carried out on a Bruker 

DMX-200 spectrometer (νL(2H) = 30.7 MHz) at the Department of Physical Chemistry 1. 

These proofed the feasibility of the experiments and gave evidence that the L3-to-Lα phase 

transition and the reverse process have different underlying mechanisms. Further, more 

established, experiments were executed at a later date on a Varian 360 spectrometer 

(νL(2H) = 55.2 MHz) of the Department of Biophysical Chemistry. The results of the initial 

study are detailed in a publication97, but will be presented again below and then later 

reanalysed in the light of the insights gained from the second, more detailed and 

comprehensive set of experiments (section 7.3.1.2 et sqq.). The results of these investigations 

are at present given exclusively in this thesis, but are also being considered for publication.  

 

7.2.6.1 Experimental Procedure 

 

Samples were flame sealed in 8mm and 10mm tubes and introduced into a spectrometer 

of appropriate temperature for the desired initial state, i.e. either L3 or Lα. The sponge phase 

steady state serves as the point of reference for the magnitude of the performed temperature 

jumps ∆T and corresponds to a point just above (~0.1°C) the L3/Lα phase boundary. After 

thermal equilibration, the initial steady state spectrum was recorded using a pulse sequence 

containing a single 90°-pulse. The temperature of the spectrometer was then reduced (for 

sponge to lamellar transitions) or raised (for lamellar to sponge transitions, see phase 

diagrams section 2.), thus causing a phase transition. Throughout this thesis, the former action 

is referred to as a negative temperature jump, the latter as a positive temperature jump 

(T-jump). Spectra were recorded consecutively after initiation of a T-jump until the transition 

was completed. The same pulse sequence as for the steady state spectra was employed in each 

case. Generally, the success of a transition was verified visually, after removing the samples 

from the spectrometer. In order to identify the Lα-phase, crossed polarisers were used. 

Experiments were carried out with varying bilayer volume fraction φB+C, viscosity η, and 

magnitudes of the T-jump ∆T. Unless noted otherwise, the water component of the samples 

consists only of D2O (η0=1.251 cP) and thus is of ‘standard’ viscosity, i.e. there is no addition 

of sucrose (see section 10.2). 
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The experiments were performed on stationary, i.e. non-spinning, samples. The time 

necessary for the acquisition of a spectrum is very short compared to the transition speeds, i.e. 

the spectra represent ‘snap-shots’ of the transition states. The samples were thermally 

equilibrated inside the magnet through an air flow. It was ensured, that the rate of temperature 

equilibration was fast compared to the transition kinetics observed. This rate was determined 

in separate experiments, for both cooling and heating, using a thermocouple (fig 7.2.6(1)). 

Temperature equilibration times are on the order of 200s and this represents the time 

resolution for the phase transition kinetics, using the described simple temperature variation 

procedure. 
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Fig. 7.2.6(1): cooling (left) and heating (right) kinetics for T-jumps of varying ∆T, normalised by dividing each 
value by of the final (maximum) absolute value of the appropriate curve. The figures include the heating/cooling 
time constant τ (details in section 10.4.4). 

 

For elaborations on the information given above, the reader is referred to section 10.4. 

Experimental particulars concerning technical information, experimental setup, the utilised 

pulsed sequence and data processing are addressed there in detail. 

 

7.2.6.2 L3 to Lαααα Transitions 

 

The general peak evolution occurring in sponge to lamellar phase transitions is similar 

for all the performed experiments, i.e. irrespective of changes of the three studied parameters 

(∆T, φB+C and η). It will be described via the exemplary transition of a φB+C= 0.06 sample, 

which underwent a T-jump of ∆T = -1.5°C and was monitored on the Varian 360 spectrometer 

(fig.7.2.6(2) top, 3D-depiction and bottom, 2D-depiction). 
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Fig. 7.2.6(2): experiment FT_24, φB+C=0.06, ∆T=-1.5°C, Varian 360 top: temporally subsequent 2H-NMR 
spectra stacked in a 3D-plot to visualise peak evolution. bottom: superposition of the 2H-NMR spectra displayed 
above, eliminating the time axis. Two isosbestic points are clearly visible. The initial L3-peak has been omitted 
for clarity. 
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Initially, the spectrum consists only of the singlet originating from the isotropic 

L3-phase. As time progresses, the Lα-doublet appears and subsequently grows in intensity, 

while simultaneously the central L3-peak diminishes, until it vanishes completely and only the 

doublet of the steady Lα-state remains. Thus, during the transition three peaks are present 

concurrently, indicating the coexistence of a lamellar and sponge phase. All through the phase 

transition the peak positions remain roughly constant (see below). 

In fig. 7.2.6(2) bottom the spectra are superimposed, thereby eliminating the time axis. 

Two frequencies are clearly visible, one on each side of the singlet maximum, where the 

intensity remains essentially constant throughout the transformation process. The existence of 

these isosbestic points indicates that the spectra recorded at intermediate times can be seen as 

the weighted sums of two constant subspectra, in this case the L3-singlet and the Lα-doublet. 

Furthermore, the difference in frequency of the two Lα-peaks, i.e. the quadrupolar splitting 

∆νQ, is somewhat larger when these first appear and decreases continuously until the minimal 

value of the steady lamellar state is attained. In addition, the lamellar peaks sharpen over time, 

that is their width at half height ∆ν1/2 decreases. Finally, the opposite is true for the central 

L3-peak, i.e. its ∆ν1/2 value appears to increase as the transition progresses. Note, that the first 

spectrum, the L3 steady state singlet, is omitted in fig. 7.2.6(2) bottom for clarity, since there 

is a slight but characteristic shift of the L3-peak position to lower frequencies at the start of 

each transition. This first singlet is only given in fig. 7.2.6(9). 

Fig. 7.2.6(3) to (11) demonstrate the peak evolution for various typical phase 

transition experiments in both two and three dimensions. In all cases the frequency range 

observed is 40Hz to facilitate comparisons between the different figures. Fig. (3) to (6) show 

the result of increasing the bilayer volume fraction φB+C from 0.05 to 0.08 and fig. (7) to fig. 

(10) illustrate the effect of increasing the magnitude of ∆T. Finally, fig. (11) is a transition of 

a sample with increased viscosity. The figure captions state on which spectrometer the 

respective experiment was performed. Note that only established experiments on the Varian 

360 spectrometer are identified with a name (in the form FT_xx).  
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Fig. 7.2.6(3): φB+C=0.05, ∆T=-1.5°C, Bruker DMX-200 
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Fig. 7.2.6(4): φB+C=0.06, ∆T=-1.5°C, Bruker DMX-200 
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Fig. 7.2.6(5): φB+C=0.07, ∆T=-1.0°C, Bruker DMX-200 
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Fig. 7.2.6(6): experiment FT_75, φB+C=0.08, ∆T=-1.3°C, Varian 360 
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Fig. 7.2.6(7): experiment FT_32, φB+C=0.06, ∆T=-1.0°C, Varian 360 
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Fig. 7.2.6(8): experiment FT_20, φB+C=0.06, ∆T=-1.3°C, Varian 360 
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Fig. 7.2.6(9): experiment FT_24, φB+C=0.06, ∆T=-1.5°C, Varian 360. The two images are those of fig. 7.2.6(2) 
top and bottom with the frequency range extended to 40Hz for comparison. The plot of superimposed spectra 
includes the initial L3 steady state singlet (grey) and demonstrates the characteristic shift to lower frequencies at 
the start of the transitions.  
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Fig. 7.2.6(10): experiment FT_03, φB+C=0.06, ∆T=-1.7°C, Varian 360 
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Fig. 7.2.6(11): experiment FT_78, φB+C=0.06, ∆T=-1.9°C, ηD2O/S =η0·2.261,Varian 360 
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Comparison of fig. (3) to (6) shows plainly that the quadrupolar splitting ∆νQ of the 

final spectrum, i.e. that of the equilibrium lamellar phase, increases steadily with an increase 

of bilayer volume fraction φB+C. Also, when comparing the initial splitting, i.e. when the 

lamellar peaks first appear, with this final splitting in each experiment, one sees that the 

difference is quite large for the φB+C=0.08 sample (fig. (6)), while for the φB+C=0.05 sample 

(fig. (3)) the Lα-peaks shift only very slightly in frequency over the course of the transition. 

For the φB+C=0.06 sample (fig. (4)) an intermediate of these extremes is true, while in case of 

the φB+C=0.07 sample (fig. (5)), this phenomenon cannot be judged as all the peaks are rather 

wide, due to poor shimming in this preliminary experiment. Finally, when comparing the peak 

width ∆ν1/2 of the initial L3-peak with ∆ν1/2 of the final Lα-peaks in each experiment, the 

Lα-peaks at higher bilayer volume fractions do not seem to sharpen as much as those of lower 

φB+C. This is most readily visible by noting the ratio of the intensities of the peaks in question. 

In case of varying ∆T at constant φB+C (fig. (7) to (10)), differences in the graphs of 

superimposed spectra are not discernable. On the other hand, the 3D depictions demonstrate 

that the sponge to lamellar transition process occurs faster with increasing magnitude of ∆T. 

However, the kinetics of the transition will be analysed in detail for all of the varied 

parameters (∆T, φB+C and η) in section 7.3.1. 

Fig. (4) and fig. (9) represent in principle the same experiment, since in each case a 

φB+C=0.06 sample was subjected to a T-jump of ∆T=-1.5°C. Yet, the experiments were 

performed at different times on different spectrometers. The general peak morphology and 

their evolution, visible in the 2D-graphs, are very similar. However, the peaks of fig. (9) are 

notably sharper, due to superior shimming that is distinctive for the more established 

experiments conducted on the Varian 360 spectrometer. With regard to the time scale of the 

transition process, the two experiments are alike as well. While the transition of fig. (4) is 

completed at ~1500s, the one of fig. (9) is finished at ~1100s. In essence, the two graphs 

demonstrate the good reproducibility of the experiments. 

In fig. (11) the transition process of a sample with increased viscosity is depicted. 

Evidently the peaks are very wide. This could be the result of poor shimming as was the case 

in fig. (5), but a more probable cause will be discussed in section 7.4.5.4. Also, the splitting of 

the steady state lamellar phase is notably larger, than in the case of the other samples where 

φB+C=0.06. Finally, although a large T-jump of ∆T=-1.9°C was carried out, the transition 

process is quite slow, i.e. it is completed at ~2000s.  
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Fig. 7.2.6(12) illustrates a further phenomenon that appears only when very fast 

transitions are observed, i.e. T-jumps with a high magnitude of ∆T are conducted. In those 

cases, as the L3-peak declines in intensity, it appears that this central ‘peak’ is actually 

comprised of a doublet of small separation (<5Hz), one that is close to the limit of resolution. 

This additional splitting does not seem to be an artefact as it could be detected in all very fast 

transitions, regardless of sample composition and the actual ∆T values. The apparent 

asymmetry of the ‘L3’ doublet is not a transition phenomenon in itself. NMR spectra often 

show deviations from ideal, Lorentzian lineshapes. These artefacts can result for example 

from the spectra acquisitioning process or from processing of the FID 
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Fig. 7.2.6(12): left: experiment FT_06, φB+C=0.06, ∆T=-2.0°C, Varian 360. right: experiment FT_69, φB+C=0.07, 
∆T=-3.9°C, Varian 360. In both graphs, several of the first and final spectra have been omitted for clarity. 
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7.2.6.3 Lαααα to L3 Transitions 
 

The general peak evolution occurring in lamellar to sponge phase transitions is similar 

for all the performed experiments, i.e. irrespective of changes of the three studied parameters 

(∆T, φB+C and η). It will be described via the exemplary transition of a φB+C= 0.06 sample, 

which underwent a T-jump of ∆T = +1.5°C and was monitored on the Varian 360 

spectrometer (fig. 7.2.6(13) top, 3D-depiction and bottom, 2D-depiction). 

Initially, the spectrum consists only of a doublet originating from the anisotropic 

Lα-phase. As time progresses, the quadrupolar splitting ∆νQ of this doublet decreases steadily, 

i.e. the two peaks converge, up to the point where they coalesce and thus form a central 

singlet. At the same time, the intensity of the peaks decreases and their width at half height 

increases. Contrariwise, the formed singlet subsequently grows in intensity and 

simultaneously decreases in width, until the typical singlet of a steady state sponge phase is 

attained. Therefore, and in contrast to the sponge to lamellar transitions, there is no 

simultaneous existence of an Lα-doublet and an L3-singlet and accordingly there is no 

coexistence of a conventional lamellar and sponge phase during the transition process. Note, 

that the first spectrum, the Lα steady state doublet, is omitted in fig. 7.2.6(13) bottom for 

clarity, since there is a slight but characteristic shift of the doublet position to higher 

frequencies at the start of each transition. This first doublet is given for reference only in fig. 

7.2.6(15). 

Fig. 7.2.6(14) to (19) demonstrate the peak evolution for various typical phase 

transition experiments in both two and three dimensions. In all cases the frequency range 

observed is 40Hz to facilitate comparisons between the different figures. As opposed to the 

sponge to lamellar transition, there is no essential difference between transitions of samples 

with different bilayer volume fraction φB+C, nor does a variation of ∆T or η have any 

discernible effect. In fact, even the time scales of the transition processes are comparable, as 

all seem to be completed within ~600s. Actually, only differences that are not directly related 

to the transition processes can be determined. For instance, the initial, steady Lα-state 

quadrupolar splitting of course varies with φB+C as described previously (section 7.2.6.2). 

Also, the peaks of the transitions with samples of increased viscosity (fig. 7.2.6(19)) are once 

again rather wide. This issue will be addressed in section 7.4.5.4. 
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Fig. 7.2.6(13): experiment FT_25, φB+C=0.06, ∆T=+1.5°C, Varian 360 top: temporally subsequent 2H-NMR 
spectra stacked in a 3D-plot to visualise peak evolution. bottom: superposition of the 2H-NMR spectra displayed 
above, eliminating the time axis. In contrast to the sponge to lamellar transitions, the simultaneous existence of 
three peaks is not visible. Instead the lamellar doublets converge and finally coalesce to form the singlet of the 
sponge phase. The initial Lα-doublet has been omitted for clarity. 
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Fig. 7.2.6(14): experiment FT_55, φB+C=0.05, ∆T=+1.5°C, Varian 360 
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Fig. 7.2.6(15): experiment FT_25, φB+C=0.06, ∆T=+1.5°C, Varian 360 The plot of superimposed spectra 
includes the initial Lα steady state doublet (grey) and demonstrates the characteristic shift to higher frequencies 
at the start of the transitions. 
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Fig. 7.2.6(16): φB+C=0.06, ∆T=+1.5°C, Bruker DMX-200 
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Fig. 7.2.6(17): φB+C=0.06, ∆T=+2.0°C, Bruker DMX-200 
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Fig. 7.2.6(18): experiment FT_14, φB+C=0.06, ∆T=+0.9°C, Varian 360 The two images are those of fig. 7.2.6(13) 
top and bottom with the frequency range extended to 40Hz for comparison.  
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Fig. 7.2.6(19): experiment FT_83, φB+C=0.06, ∆T=+1.5°C, ηD2O/S =η0·2.261, Varian 360 
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On a different note, fig. 7.2.6(15) and (16). serve to demonstrate reproducibility, as 

these graphs represent in principle the same experiment. In each case a sample of ‘standard’ 

viscosity and φB+C=0.06 was subjected to a T-jump of ∆T=+1.5°C, but the transitions were 

monitored on separate spectrometers. Nevertheless, the two cases yield very similar results, 

apart for the fact that improved shimming on the Varian 360 spectrometer leads to more 

defined peaks. The deviations form the general peak shape in fig. 7.2.6(14) are not transition 

phenomena, but serve to demonstrate possible artefacts, which can result from problems in 

spectra acquisitioning and/or processing of the FID. 

 

7.2.6.4 Additional Experiments 

 

 In separate experiments on the Varian 360 spectrometer, the reversibility of the phase 

transitions was investigated. To this purpose, a φB+C = 0.05 sample in the lamellar state was 

subjected to a positive temperature jump, causing a lamellar to sponge phase transition to 

occur. This transition was however stopped and reversed by performing a ∆T = -1.0°C jump, 

as the lamellar peaks were still moving towards coalescence. Fig. 7.2.6(20) displays the result 

of this experiment from two perspectives. The negative temperature jump was initiated at 

t = 60s, just as the 6th spectrum (counting from t = 0, fig (20) left) was being recorded. Peak 

convergence continues for a while and coalescence actually occurs, as the temperature change 

is not instantaneous, but already at t = 100s the first lamellar peaks are visible. The 

transformation to the steady state lamellar phase then proceeds normally, i.e. the intensity of 

the lamellar doublet increases steadily as its splitting decreases and simultaneously the sponge 

peak diminishes and grows broader.  

In fig 7.2.6(21), the reversal of a sponge to lamellar transition is portrayed. At 

t = 2517s of a φB+C = 0.05, ∆T = -1.0°C phase transition experiment, temperature was changed 

back to the value of the steady state L3-phase via ∆T = +1.0°C. This point in time equals 

t = 17s in the plot. The lamellar peaks, which exist at the time can be seen to converge 

normally, while the present L3-peak remains unchanged. (It can be seen increasing in intensity 

at ~150s, this however is a result of the superposition with the lamellar peaks, which are 

beginning to notably reduce their splitting and increase their width ∆ν1/2 at this point in time.) 

On the whole, a standard lamellar to sponge transition is witnessed, with the exception that a 

constant L3-peak is present at all times.  
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Fig. 7.2.6(20): experiment FT_67, φB+C = 0.05, Varian 360. A lamellar to sponge phase transition is reversed by 
performing a T-jump of ∆T = -1.0°C before peak coalescence is attained. The left and right serve to show 
different perspectives of the same plot.  
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Fig. 7.2.6(21): experiment FT_66, φB+C = 0.05, Varian 360. Reversal of a sponge to lamellar phase transition 
experiment, by increasing temperature by ∆T=+1.0°C back to the value of the steady state L3-phase. 
 
 

Finally, a completely new type of phase transition was monitored, the transition from 

the micellar to the Lα-phase. A φB+C = 0.06 sample which was in equilibrium at room 

temperature (RT ≈ 19°C) was introduced into the spectrometer, in which the airflow 

temperature corresponded to the temperature of the steady state sponge phase. Therefore a 

T-jump of ∆T ≈ +18°C was performed. The result of the experiment is illustrated in fig. 

7.2.6(22). 
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Fig. 7.2.6(22): experiment FT_19, φB+C = 0.06. Varian 360. Phase transition from the micellar L1-phase to the 
lamellar phase (left) and onwards to the L3-phase (right). ∆T ≈ +18°C. 
 

The isotropic micellar or L1 phase causes the detection of a broad singlet (t = 0, left 

plot). The peak sharpens quickly until a maximum intensity is attained. Afterwards, the 

intensity decreases again as the peak gets broader. However, it is clear that the cause of this 

broadening is actually the development of a doublet, which continues to increase its splitting. 

The beginning of the transition is also marked by a strong shift of the peak position (or central 

position, when the doublet is formed) to higher frequency. The spectra attain a constant 

position after ~450s. After 600s, the maximum ∆νQ value of this transition is reached, and the 

transformation continues in the standard fashion to the L3-phase (right plot). Notably, the first 

part of the transition, i.e. the L1 to Lα transition, is similar to the Lα to L3 transition when 

viewed backwards in time.  

Note that all of the experiments described in this section were performed at least 

twice, and that in each case similar results were obtained. 
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7.3 Analysis of the Experimental Findings 

 

 One of the primary goals of this thesis, is to investigate the kinetics of L3/Lα phase 

transitions. In this context, the acquired NMR spectra yield several parameters, which can be 

examined as a function of time. In case of the sponge to lamellar transition, the analysis 

procedure is more straight forward, since the three detected peaks do not shift greatly in 

frequency, are reasonably separated, and are essentially of Lorentzian lineshape. Accordingly, 

the peak intensities and their width at half height ∆ν1/2, as well as the quadrupolar splitting 

∆νQ between the Lα-peaks are obvious parameters to follow. These same parameters are also 

of importance for the lamellar to sponge transition, but they can only be monitored for 

maximum two peaks, since the detected doublets converge and become one peak after the 

occurrence of coalescence. In addition, the observed behaviour is reminiscent of the 

lineshapes which appear when there is an exchange of intermediate rates between two distinct 

states (see section 7.1.9, fig. 7.1.9(1)). Thus a supplementary evaluation procedure with 

parameters akin to those of the McConnell equation (eq. 7.1.9(1)) appeared appropriate. 

 

7.3.1 L3 to Lαααα Transitions 

 

Before undertaking any analysis of the sponge L3 to lamellar Lα transitions, it is 

important to recognise, that at any stage of the conversion the detected doublet arises from 

D2O in an Lα-phase, while the singlet stems from D2O in a sponge phase. This is a sensible 

hypothesis because the peak evolution is continuous in terms of the signal intensities and 

integrals, and furthermore because the frequencies at which these single peaks appear are 

(approximately) constant. Therefore a nucleation and growth type process is observed, i.e. the 

Lα-phase nucleates in the L3-phase and the formed domains subsequently grow at the expense 

of their sponge phase surroundings until all of the initial phase is converted. Furthermore, 

since two separate signal types are detected, the exchange of probe molecules, i.e. the D2O, 

between the lamellar and the sponge phases is slow on the NMR timescale (section 7.1.9). 

Section 7.2.5 explains the origin of the doublet for the steady state lamellar phase and, 

with the aid of eq. 7.2.5(1), states that the magnitude of its quadrupolar splitting ∆νQ is only a 

function of the mole fraction of MAPA D2O px and the order parameter Sqn. For ideal one-

dimensional swelling (see section 2), water addition to a lamellar phase only increase the 

amount of bulk water. Therefore px corresponds to the number of MAPA D2O molecules n per 
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surfactant molecule times the mole ratio of surfactant xC to heavy water xA
90 and eq. 7.2.5(1) 

transforms to 
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The mole ratio can be expressed as a volume ratio when accounting for the appropriate 

densities ρ and molar masses M. Thus, 
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and the volume ratio can in turn be expressed as the ratio of volume fractions, where the 

volume fraction of water φA equals (1-φB+C) and φC = φB+C⋅ωb. Therefore, 
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Already the preliminary NMR experiments showed that the quadrupolar splitting of the steady 

state lamellar phase (from now on termed ∆νQ,L to differentiate between equilibrium and non-

equilibrium splittings) is directly proportional to the ratio φB+C/(1-φB+C) (fig. 7.3.1(1)), so that 

eq. 7.3.1(3) is verified. 

From this it follows that qnSn  is constant over the observed concentration and 

temperature range (no trends for ∆νQ,L are discernible for the varying magnitudes of the 

temperature jump for a given sample). Thus the increased values of ∆νQ at the beginning of 

the L3 to Lα transitions must stem from lamellar domains with an appropriately higher bilayer 

volume fraction.  
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Fig. 7.3.1(1): the quadrupolar splitting within the steady state lamellar phases for samples of varying bilayer 
volume fraction (φB+C ~ 0.05, 0.06 and 0.07) as determined by the preliminary experiments. The linear regression 
passes through the origin (insert).  
 

In section 7.1.4 it is shown, that when one compares the integral values of different 

Lorentzian lineshapes, one directly compares the number of nuclei from which these signals 

originate. During the L3 to Lα transitions, the singlet of the sponge phase and the doublet of 

the lamellar phase coexist. Thus, by determining the integrals of these two signal types for 

each spectrum, one obtains the evolution of their ratio, i.e. the mole ratio of D2O in the 

sponge to D2O in the lamellar phase (fig. 7.3.1(2)). 
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Fig. 7.3.1(2): φB+C=0.06, ∆T=-1.5°C, Bruker DMX-200 (compare fig. 7.2.6(4)). Integral development as a 
function of time. The empty symbols depict the sum of the integrals of the two lamellar peaks, the grey symbols 
the integral over the L3-peak and the dark symbols the sum over all integrals. 
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These mole ratios directly correspond to the volume ratios of the two phases as long as 

their bilayer volume fractions are identical. However, this condition is not met as was shown 

above. Then again, even in cases of the most extreme deviations from the equilibrium bilayer 

volume fraction, which occur at the beginning of the transitions, the higher φB+C values 

generally cause the volume fraction of the Lα-phase to be underestimated by less than 2%. An 

underestimate of ~7% occurs only for the very large splittings initially detected for the 

φB+C = 0.08 sample. Thus, when neglecting these small deviations, the doublet integral can 

indeed be identified as the lamellar phase volume fraction ϕ. 

Unfortunately, the determination of the signal integrals is not trivial. An inherent 

problem of the integral analysis is that the individual peaks are not well separated, i.e. there is 

significant overlap between the resonances. Therefore, the integrals of the each peak cannot 

be determined directly. Instead, the NMR spectra are fitted with the sum of a number of 

Lorentzian curves corresponding to the number of visible peaks. The lineshape of a single 

Lorentzian is given by eq. 7.1.4(5) and its integral is calculated via eq. 7.1.4(11). Thus there 

are nine parameters which need to be determined for each fit, i.e. height, width and location of 

each peak. Peak location can generally be estimated well, since the types of overlaps 

encountered lead to only slight shifts in frequency. Peak intensity is also straight forward. The 

fitting procedure is more problematic for the width at half height ∆ν1/2, especially when the 

respective peak is obscured beyond that point (fig. 7.3.1(3)). Note that altering even a single 

parameter affects all others. 
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Fig. 7.3.1(3): spectrum (fig. 7.2.6(4), t = 873s) during a sponge to lamellar transition (grey) automatically fitted 
with the sum of three Lorentzians (solid line). The width ∆ν1/2 of the lamellar peaks is not directly observable. 
To visualise the integrals associated with the Lα and L3-phase, the lineshape of the lamellar doublet of the fit 
(which itself is the sum of two Lorentzians) and the L3 singlet are given (dashed lines). 
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The L3 to Lα transition spectra (detailed e.g. in fig. 7.2.6(4)) were fitted automatically 

by software which had first to be written in the SigmaPlot program (see section 10.4.5). The 

fit is performed according to the least squares method. It is in this manner that the data points 

of fig. 7.3.1(2) were derived. The integrals of the lamellar peaks, that is the values of ϕ, 

evolve as a rule in a sigmoidal form, i.e. initially slow then accelerating and finally 

decelerating again before completion. A theoretical model, that yields this type of description 

for a nucleation and growth mechanism was developed by Kolmogorov76, Johnson, Mehl77 

and Avrami78,79,80 (KJMA). It is described in section 6.2. 

 

7.3.1.1 Kinetic Analysis and Re-Evaluation of the Preliminary Experiments 
 

The first set of experiments which were conducted on the Bruker DMX-200 

spectrometer, were initially analysed by using the automated fitting procedure described 

above. Once the integrals were determined, the Lα-doublet integral values were normalised to 

the integral value of the steady state lamellar phase, i.e. the final spectrum. The results of 

these investigations have been published97. However, after the second set of experiments 

using the Varian 360 spectrometer, this approach was reconsidered for several reasons. 

Firstly, the total integral is not constant over time (fig. 7.3.1(2)) as would be expected in case 

of perfect spectra of Lorentzian lineshape. Hence, normalisation on the steady state lamellar 

phase can lead to distortions in the ϕ-value. Instead, it is advantageous to normalise on the 

total integral (the sum of the lamellar and sponge signal) at each point in time, i.e. at a 

constant value of t. Then, if there are abnormalities during the transition, such as strong 

asymmetry or simply deviations from the Lorentzian lineshape, the new type of normalisation 

still compares integrals acquired at the same conditions. Finally, if a steady state Lα-spectrum 

is unavailable due to file corruption or premature termination of the transition process, the 

experiment can be yet evaluated normally. 

 Apart from improving the normalisation procedure, further development of the method 

of determining the integral became also necessary in the light of the established experiments. 

It turned out, that the automated fitting procedure leads to imprecise results, especially if the 

spectra are not particularly symmetric. This is partly due to the fact that the fitting program 

does not discriminate between fit deviations from the data that occur far away from a peak 

and those at the site of a peak, i.e. it does not realise in what part of the spectrum a close fit is 

more important. Also, negative and positive deviations cancel each other out, since the 

integral of the fit attempts to match the one of the data. Although this may at first seem 
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desirable, it is not, because it is the integral ratio of the L3-peak and the Lα-peaks underlying 

the fit, which is the objective, and a positive deviation in one part of the spectrum and a 

negative one in another can severely compromise the result. Thus, in order to increase 

precision, the parameters acquired after an automated fit were subsequently optimised 

manually. 

Fig. 7.3.1(4) a-d present spectra (grey lines) at various stages of a preliminary 

experiment and as stated above, the results obtained using the original evaluation procedure 

have been published97. The dashed lines correspond to the original fits acquired using only the 

automated procedure, while the solid ones indicate the result after manual optimisation. Thus 

the solid lines represent simulations of the spectra, as their data points no longer correspond to 

a mathematical fit according to the least squares method.  
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Fig. 7.3.1(4): φB+C=0.06, ∆T=-1.5°C, Bruker DMX-200 (fig. 7.2.6(4)) The presented spectra (grey lines) A-D 
were taken at time from t = 701, 873, 1045 and 1131s The dashed lines correspond to the automated least 
squares fit, the solid lines represent an optimised simulation. 
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At first glance, it appears that the automated fits (dashed lines) lead to superior results 

when compared to the simulations (solid lines). Note however, that the simulations match the 

experimental data especially at the peak maxima and thus give an accurate value for the 

quadrupolar splitting ∆νQ. Also, the simulations were chosen to equal the data particularly on 

the outside of the lamellar peaks. These two measures lead to pronounced deviations from the 

spectra in the regions between the central L3-peak and the lamellar peaks. However, the 

evaluation another experiment further below will show, that this type of deviation is 

unavoidable, since the high intensities between the lamellar peaks and the sponge phase peak 

stem from the fact that the registered signals are not of true Lorentzian form (see section 

7.4.4). 

The integrals derived from the spectra A-D, as well as others, enable to plot the 

lamellar phase volume fraction ϕ as a function of time (fig. 7.3.1(5)). 
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Fig. 7.3.1(5): φB+C=0.06, ∆T=-1.5°C, Bruker DMX-200 The development of the lamellar phase volume fraction 
ϕ. The grey data points result from the automated fitting procedure and from normalising on the steady state 
lamellar phase integral, while the white ones result from the optimised simulation and normalisation at each 
point in time. The stars indicate estimates where the integral values are difficult to determine, i.e. the error is 
high. Three fits using the KJMA equation are indicated by different line types.  
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Regardless of the type of fitting and normalisation method used, ϕ clearly develops in a 

sigmoidal manner and accordingly simulations of the KJMA eq. are included in the plot. 

Interestingly, the data acquired using the automated fits, where normalisation occurred using 

the steady state lamellar integral value (grey circles), does not differ significantly from the 

one resulting from the simulation, where normalisation was done at each point in time (white 

circles). Therefore the parameters of their respective simulations using the KJMA equation 

(eq. 6.2(1)) are almost identical. The grey data is simulated with the dotted line, the white data 

with the solid line. Furthermore, the dashed line indicates that, although the relaxation time 

constant τ of the transition can be estimated well, the value of the exponent α is inexplicit to 

the extend that the type of nucleation described by the constant ψ can not be determined in 

this experiment. The dimensionality of the growth can however be ascertained to n = 3. 

The difficulty in determining α, i.e. the steepness of the sigmoidal curve, stems from 

the fact that for low values of τ, the course of the curve is quite insensitive to changes in α. 

This is visible in fig. 6.2(1), which also demonstrates that with increasing τ values this 

insensitivity is increasingly lost. Thus experiments which yield exceptionally high values of τ 

are required to identify the exponent with accuracy. The differences of an α = 3 or 4 curve are 

however most pronounced towards the beginning and the end of a transition process. 

Unfortunately, it is just in these regions that the error of integral determining is high. 
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Fig. 7.3.1(6): φB+C=0.06, ∆T=-1.5°C, Bruker DMX-200. The spectra (grey lines) corresponding to point X and Z 
in fig. 7.3.1(5). Dashed lines correspond to the automated fit, solid ones to the optimised simulation. The dotted 
line indicates the spectrum of the steady state L3-phase (left) or the steady state Lα-phase (right). 
 

Fig. 7.3.1(6) shows the spectra (grey lines) corresponding to the points X and Z in fig. 

7.3.1(5). The automated fits (dashed lines) in these regions need to governed by so many 

‘constraints’, i.e. the fit parameters are restricted to certain ranges of values (see section 
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10.4.5), that a transition to simulation is essentially attained. In the figure X it is clear that the 

transition has commenced (the dotted line indicates the spectrum of the L3 steady state), 

however the integral chosen for the lamellar phase using the dashed fit is most likely to high 

(grey circles fig. 7.3.1(5)). Then again, the solid line of a single Lorentzian emphasises the 

fact that the lamellar integral should be non-zero at this point. Thus a value of ϕ=0.05 is 

chosen to indicate that the transition process has started, but is not advanced enough to form 

distinct lamellar peaks (fig. 7.3.1(5), star symbol). 

In the figure marked Z, the central L3-peak is just barely visible between the lamellar 

doublet. The dotted line indicates the steady state lamellar doublet that will be the result of the 

experiment. Clearly though, a significant fraction of the total integral is still contributed 

through the L3-phase and the fit and simulation (dashed and solid line) lead to a similar result. 

Beyond this point in time however the L3-peak is totally obscured through the Lα-peaks and 

any fitting must be done manually, which is very time consuming and prone to considerable 

error. Thus only a point in time (t=1733s), where the transition is deemed to be just 

incomplete is marked by ϕ=0.975 (fig. 7.3.1(5) star symbol). 

The experiment above was presented to demonstrate that the published results are still 

valid, although the procedure of integral determining and normalisation has been changed. 

Furthermore, it was shown that it can be difficult to distinguish between an α-value of 3 or 4. 

In the publication97 the ϕ development of all experiments was described using α = 3. The 

following section will demonstrate that α = 4 is much more likely and that the lower value in 

the preliminary experiments probably resulted from inaccuracies due to suboptimal 

shimming, i.e. overly wide peaks. 

 

7.3.1.2 Kinetic Analysis of the Established Experiments 
 

In fig. 7.3.1(7) [1a to 120a] the well resolved and symmetric spectra (grey lines) of an 

L3 to Lα phase transition experiment (experiment FT_32, φB+C=0.06, ∆T = -1.0°C, Varian 360, 

see fig. 7.2.6(7)) are presented. The plots will clarify why the automated fitting procedure is 

insufficiently accurate in case of well-defined peaks and that an α-value of 4 appears highly 

likely. Furthermore, it is shown that the width at half height ∆ν1/2 of all the peaks is not 

constant during the transition and that ϕ can thus be determined only via the complex integral 

analysis employed and not simply by comparing the peak intensities.  
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Fig. 7.3.1(7): experiment FT_32, φB+C=0.06, ∆T=-1.0°C, Varian 360 Spectra (grey) at various stages of the 
phase transition (1a to 120a). Dashed lines correspond to automated fits using one (1a, 30a) two (120a) or three 
Lorentzians (50a to 100a). Solid lines correspond to simulations. Plot 120b is the steady state lamellar phase of a 
different experiment (FT_16) and serves for comparison. 
 

 Until the appearance of the lamellar peaks (spectrum 40a, peaks indicated by arrows), 

all spectra are fitted with a single Lorentzian line and the value of ϕ thus considered zero. As 

soon as the Lα-doublet is more define (50a) fitting can commence. The dashed line 

corresponds to the automated fit, while the solid one represents the simulation. The dotted line 

is calculated using the identical parameters of the simulation with the exception of the peak 

width at half height ∆ν1/2. For these, the steady state value of the L3-peak and the Lα-peaks are 

used and set constant for the respective peaks for the entire transition. Spectra 70a through 

85a clearly show that that the dotted fit (constant width) is unsatisfactory and thus that ∆ν1/2 

must be variable during the transition. Spectra 80a to 90a show that the automated fit fails in 

matching the data in the two regions between the lamellar peaks and the L3-peak, just like the 

solid line of the simulation (where the deviation is even greater). 

This is a most important finding, because it demonstrates that the experimental data 

cannot be fitted with Lorentzians in this region. In other words, there is ‘added’ intensity 

(when compared to the Lorentzian lineshape) on the ‘inside’ slope of the lamellar peaks 

and/or on both slopes of the L3-peak (in both cases close to the base of the peaks, i.e. 

somewhat removed from the peak centres). In fact, these types of deviations are already 

visible for the sponge peak in spectrum 1a. Also, the inability of the Lorentzian functions to 

equal the data between the peaks causes the lamellar peaks of the automated fit (dashed line) 

to move in position towards the L3-peak in order to compensate for the shortcomings (spectra 

70a and 75a). It is because of these results that the choice to simulate the data (solid lines) 



7.3 NMR – Analysis of the Experimental Findings 97 

was made in the first place. The peak positions as well as the peak widths are well visible 

since the shimming procedure was very successful (the latter only in the cases where a peak is 

uncovered for at least half its intensity), but only the simulation method accounts for this, i.e. 

matches these parameters accurately. 
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Fig. 7.3.1(8): experiment FT_32, φB+C=0.06, ∆T=-1.0°C, Varian 360. The development of the lamellar phase 
volume fraction ϕ as determined by different fitting procedures (fig. 7.3.1(7) 1a to 120a). Grey dots represent the 
results from the automated fitting procedure, white dots the results of the simulations and black dots the results 
when the minimum L3 and Lα-peak widths of the steady state sponge and lamellar phases were used as constants 
for the simulations of all the spectra. The respective KJMA fits are given by a solid, dashed and dotted line. 
 

In fig. 7.3.1(8) the lamellar phase volume fractions ϕ of the different fitting procedures 

presented in fig. 7.3.1(7) [1a-120a] are plotted as a function of time. Grey symbols are the 

results of the automated fitting procedure, white symbols the result of the simulation and 

black symbols the result of the simulations when ∆ν1/2 is kept constant at the minimum 

values. Again it is clear that the latter method fails, since the corresponding KJMA fit to the 

black symbols (dotted line) results in an α-value of 5, for which there is no physical 

explanation. The KJMA fit to ϕ derived from the automated fits (grey symbols, solid line), 

leads to α = 2.5 and this non-integer result is also not satisfactory. In addition, automated fits 

without a great number of constraints to the variables only succeed when used for spectra 
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acquired in the middle of the transition process. The fit to the results of the simulation 

however (dashed line), leads to an α = 4, even when ignoring data from spectra where the 

integral determination is difficult and its error is accordingly high (spectra 50a to70a and 100a 

to 120a). 

For the plot 110a the volume fraction ϕ = 0.87 was determined by including an 

L3-peak of ∆ν1/2 = 8.6 Hz as part of the three peak fit. That L3-peak is shown individually the 

plot. In plot 120a an automated fit using only two Lorentzians (dashed line) was included. 

Due to the deviations between the spectrum and the fit in the area between the doublet, it was 

deemed that this plot does not yet represent the steady lamellar phase, i.e. since this is the last 

acquired spectrum, the experiment was terminated prematurely. This point is made clear, 

when comparing 120a with a steady state Lα-spectrum from a similar experiment of similar 

shimming quality (120b, experiment FT_16, φB+C=0.06, ∆T=-1.1°C, Varian 360), where the 

difference between the spectrum and a fit consisting of two Lorentzian is notably less. 

Accordingly, a value of ϕ = 0.95 was assigned to the time of spectrum 120a and the 

associated data point is represented by a star symbol in fig. 7.3.1(8). Similarly a value of 

ϕ = 0.05 was assigned to the spectrum 40a to indicate that the transition process has begun 

and that ϕ must be non-zero at this point in time (also indicated by a start symbol). 

Note that due to the normalisation procedure very different fits can lead to similar 

results in ϕ (plot 75a, automated fit and simulation with minimum width). Note also, that 

although the procedure of automated fitting and the spectra simulations lead to different 

values of α, the resulting relaxation time constants τ are essentially the same for both cases. 

This fact inspires confidence in the τ-values determined for this thesis, because it shows that 

there is a certain independence between the integral determining process and the acquired 

relaxation time constants and accordingly, that said process allows for errors (systematic or 

otherwise). 

Fig. 7.3.1(9) shows that for the currently considered phase transition, an α-value of 

four (dashed line) is indeed more likely than one of three (solid line), when assuming a 

relaxation time constant of τ = 1887s. This is true even if the error of integral determining and 

thus of ϕ would be so great in the middle of the transition process, that a distinction between 

an α = 4 and an α = 3 KJMA fit would be nonsensical, or even if the systematic shift of the 

data in fig. 7.3.1(9) to the α = 4 fit could be attributed to bias simulations on part of the 

author. The fact remains that spectra 110a and 120a would require considerably lower 

ϕ-values and thus an even larger L3-peak integral. A larger L3-peak integral can however only 
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be attained through increasing peak width (and this does not seem plausible, see section 

7.3.1.6), since increases in intensity would cause a singlet to be discernible. Additionally, 

spectra 30a and 40a would require higher values of ϕ than currently assumed (zero and 0.05 

respectively). This alternative is also not believable.  
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Fig. 7.3.1(9): experiment FT_32, φB+C=0.06, ∆T = -1.0°C, Varian 360. KJMA fits of α = 4 (dashed line) and 
α = 3 (solid line) to the data of fig. 7.3.1(7).  
 

The α = 4 scenario, and thus 3D nucleation with a constant nucleation rate, is not an 

exception but the rule when analysing well shimmed spectra of slow sponge to lamellar phase 

transitions. To demonstrate this, the detailed evaluation of the first and last spectra of another 

experiment (which is this case definitely attained the lamellar steady state) is presented below. 

Fig. 7.3.1(10) shows the ϕ-development of FT_16 (φB+C=0.06, ∆T=-1.1°C, Varian 360) 

derived from spectra simulations. The KJMA fits are given for the α = 4 and α = 3 case 

(dashed and solid lines). 

Fig 7.3.1(11), plot 90a shows that at this point in time the transition process is already 

complete, as comparison with the final spectrum 120a (solid line) shows no difference in 

intensity between the doublet (the peaks themselves, do continue to sharpen after this 
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spectrum). The dashed line indicates the deviation to a fit with only two Lorentzians. On the 

other hand, plot 80a shows that there is still an L3-peak present, although it is of course 

obscured by the doublet, because there is a small but distinct difference in intensity between 

the spectrum (grey line) and the 120a steady state spectrum (solid line) in the area between 

the peaks. In order to match the KJMA α = 4 fit at this point, a ϕ-value of ~0.975 is necessary 

and this appears to be indeed reasonable.  
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Fig. 7.3.1(10): experiment FT_16, φB+C=0.06, ∆T=-1.1°C, Varian 360 The development of the lamellar phase 
volume fraction ϕ with KJMA fits, α = 4 dashed line and α = 3 solid line. 
 

In plot 25a no lamellar peaks are seen and accordingly the spectrum is fitted with a single 

Lorentzian (dashed line) and ϕ = 0. In plot 30a however small but distinct lamellar peaks are 

visible (insert). These are fitted with three different peak widths ∆ν1/2 = 3, 4 and 5 Hz 

(enlargement) leading to the three different values of ϕ plotted in fig. 7.3.1(10). In a similar 

manner an enlargement of plot 70a is shown, where the width of the obscured L3-peak was 

varied (∆ν1/2 = 6, 8 and 10.4 Hz) and the three corresponding values of ϕ are again given in 

fig. (10). In order to judge the size and integral of the sponge peak, its Lorentzian is plotted 
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separately for the three cases. Also, a fit with only two Lorentzians (as one needs for the 

steady state lamellar phase), dotted line, emphasises the amount of intensity still present 

between the peaks. 

The strongest argument here (as in all of the evaluations) for the validity of the α = 4 

KJMA behaviour is the differences in the spectra 25a and 30a as well as 70a, 80a and 90a. 

The point in time at which the transition begins, i.e. lamellar peaks are detected, and is 

completed can be determined quite well. The α = 3 case would require extraordinarily wide 

lamellar and L3-peaks and the start at the end of the transition. Moreover, for plot 25a a 

ϕ ≈ 0.10 is required although no lamellar peaks are visible. Finally, although the wider 

lamellar peaks in 30a fit the data (grey) better, a non-lorentzian lineshape of the L3-peak at 

this point could easily account for the differences (section 7.4.4).  
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Fig. 7.3.1(11): experiment FT_16, φB+C=0.06, ∆T=-1.1°C, Varian 360, spectra for fig  7.3.1(10). Dashed lines 
correspond to automated fits with one (25a) or two (90a and 80a) Lorentzians. Solid lines in 90a and 80a 
represent the steady state lamellar phase spectrum 120a. In 30a and 70a three Lorentzian simulations with 
varying lamellar and sponge peaks are shown (solid lines). In 70a the isolated L3-peaks are additionally shown, 
the dotted line represents a fit without any L3-peak.  
 

7.3.1.3 Trends in the Development of the Lαααα-Phase Volume Fraction ϕϕϕϕ    
 

Fig. 7.3.1(12) – (15). show the ϕ development for all the experiments presented in 

section 7.2.6.2, unless already presented above. By and large, ϕ rises in a sigmoidal manner, 

exceptions will be discussed below. All data points result from simulations and normalising at 

each point in time. Each plot is fitted with two lines corresponding to KJMA fits of α = 4 and 

α = 3 (dashed and solid lines respectively). Stars in the plots represent estimates of ϕ, often 

simply indicating that the lamellar or sponge phase volume fraction must be non-zero at the 

given point in time. The data is presented in order from the slowest to the fastest transition. 

Note the different time scales. 
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Fig. 7.3.1(12):, left: φB+C=0.07, ∆T=-1.0°C, Bruker DMX-200; right: FT_78 φB+C=0.06, ∆T=-1.9°C, 
ηD2O/S = η0·2.261,Varian 360 
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Fig. 7.3.1(13): left: FT_20 φB+C=0.06, ∆T=-1.3°C,Varian 360; right: φB+C=0.05, ∆T=-1.5°C, Bruker DMX-200 
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Fig. 7.3.1(14): left: FT_75 φB+C=0.08, ∆T=-1.3°C,Varian 360; right: FT_24 φB+C=0.06, ∆T=-1.5°C  
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Fig. 7.3.1(15): left: FT_03 φB+C=0.06, ∆T=-1.7°C,Varian 360; right: FT_04 φB+C=0.06, ∆T=-1.7°C 
 

In case of slow sponge to lamellar transition kinetics (τ > 1000s) the development of ϕ 

can generally be described by the KJMA equation using α = 4. Fig. 7.3.1(12) left and right 

represent the worst case scenario, where α is not definite, as neither a value of three nor four 

describes the data well. However, analysis of these two experiments was difficult, due to the 

extreme wideness of the peaks and the large amount of overlap which that entails. Fig (13) 

left and right represent experiments which were considerably slower. For the experiment 

FT_20 α = 4 appears to be the most likely result, while for the preliminary experiment of 

τ = 1080s a distinction between the two values is already difficult, due to the speed of the 

transition. 
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The experiment FT_75 with the φB+C = 0.08 sample of fig. (14) shows somewhat 

atypical behaviour with a deviation to high values of ϕ at ~400s. However, one has to 

consider that the initial lamellar peaks were of extreme width (fig. 7.2.6(6)) and this could 

have led to an overestimation of ϕ. The end of the transition is seemingly characterised by 

α = 3. This is a general phenomenon of fast transitions (τ < 1000s) as is shown in experiment 

FT_20 and fig. (15) left and right. Although integral determining in these regions is often 

difficult (star symbols), comparison with the steady state lamellar spectra do show that sponge 

integral is still present (spectra not shown) and an α = 4 behaviour therefore precluded. 

However, the initial rise of ϕ is still steep, and an α-value of four or even higher is 

appropriate in this region. This can cause the development of ϕ in very fast transitions to take 

the form akin to a simple exponential rise (fig. (15), right), and therefore a respective fit was 

added to the spectrum (dotted line). The time constant of this fit is τ = 269s, but in order to 

compare this value with the time constant of the KJMA equation, the offset time from the 

beginning of the experiment (t = 0) must be added (toffset = 285s). The result is a time constant, 

which is virtually identical to those determined with eq. 6.2(1) (KJMA). 
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Fig. 7.3.1(16) left: The KJMA exponent α as function of τ, derived from least square fits to the data in the 
manner shown on the right. Shown are the results from the analysis of the established experiments using the 
φB+C = 0.06 sample. right: determining of α and τ for the very fast transition observed in experiment FT_04 (fig. 
7.3.1(15, right)). The linear fit was applied to white data, the deviations (grey data) were not accounted for. 
 

The following trends can be summarised for the development of ϕ. For slow transition 

kinetics (τ > 1000s) the data can be described well with the KJMA equation using α = 4. 

Faster transitions still begin with a strong rise of ϕ, and thus α = 4 appears to be appropriate 

to describe said rise. These transitions terminate however with a form better described by 
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α = 3, and this feature becomes more pronounced the slower a transition is. That this is true is 

shown more formally in fig. 7.3.1(16 left). 

The KJMA equation can be transformed into 

 

( )[ ] τ⋅α−⋅α=ϕ−− lnln1lnln t       eq. 7.3.1(4) 

 

and thus by plotting ln[-ln(1-ϕ)] vs. ln t, one gains the values of both the exponent α and the 

relaxation time constant τ, through a linear fit. Note that α corresponds directly to the slope of 

the straight line. In fig. 7.3.1(16 left) α is plotted as a function of τ acquired from such fits, 

which in turn stem from the detailed analysis of established experiments with the φB+C = 0.06 

sample. As stated, α ≈ 4 for slow transitions, while α ≈ 3 for the faster ones. 

In fig. (16 right), the KJMA analysis plot is given for the extreme case of experiment 

FT_04 (φB+C=0.06, ∆T=-1.7°C ), whose unusual ϕ-development has been presented in fig. 

7.3.1(15, right). The slope of the linear fit to the white data corresponds merely to α = 2.37. 

However, at low t there is a strong deviation to lower values of ϕ and the slope of a linear fit 

to the first three data points is 7.3 (fit not shown), i.e. the volume fraction of the lamellar 

phase increases very rapidly in this region. On the other hand, towards the end of the 

transition ϕ increases so slowly that even a slope of 2.37 overestimates ϕ. Note that the time 

constant τ, derived from the linear fit is almost identical to one of the simulated KJMA fit of 

fig. 7.3.1(15 right) and this is true for all the experiments analysed in this manner (see tab. 

T13, section 11). 

An additional characteristic of the sigmoidal ϕ-development, which must be 

considered is the ‘onset time’. Generally, the onset time of a nucleation and growth process is 

the time from when system parameters are changed so that a there is a state of supersaturation 

up until the first supernuclei are formed (see section 6.1). In plots akin to those of figure 

7.3.1(12) to (15) this time will be identified as the interval from the start of the experiment 

(t = 0), up to when ϕ is first non-zero. The true onset time is shorter than this, as the 

sensitivity of the NMR experiment only allows to observe the lamellar phase, if a 

considerable volume fraction of this phase has already formed. Nevertheless, the defined 

interval serves as an estimate. Note, that in fig. 7.3.1(9) and (10) the onset time is > 600s and 

that its value decreases continuously as the relaxation time constant τ decreases. In fig (15), 

its value has decreases to ~300s.  
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The characteristic that α ≈ 3 towards the end of fast transitions, and the fact that 

suboptimal shimming led to wide peaks, were the cause of initially describing the preliminary 

experiments with a KJMA fit of α = 3 97. Of great significance is that the determined time 

constants τ are basically independent of the exponent α used in the KJMA fits, as expected 

according to eq. 6.2(1), and even the use of a simple exponential rise fit (fig. 7.3.1(15 right)) 

suffices to determine τ in case of fast transition. This coupled with the independence of τ from 

the type of integral determination process described above, gives great confidence in the 

acquired relaxation time constants. 

 

7.3.1.4 General Kinetic Behaviour 
 

The type of analysis present above is very laborious and time consuming. Since the 

overall trends (more of which will be presented in sections 7.3.1.5 and 7.3.16 below) of the 

transition process have been discovered by evaluating experiments varying in φB+C, ∆T and η. 

Thus there is no further gain in continuing in this detail, i.e. from the sizeable number of 

experiments rigorously analysed, it can be gauged that further experiments differ only in the 

time scales involved. Therefore a method to quickly determine relaxation time constants 

would be very advantageous. Fortunately, such a possibility exists. 

 From eq. 6.2(1) and fig. 6.2(1) it is clear that ϕ is independent of the exponent α at the 

characteristic time t = τ as in this case the product kt = 1. The value calculated for ϕ at this 

point in time has been shown in the section ‘The KJMA model’ to equal 1-1/e ≈ 0.632. A 

characteristic point that can be determined with good accuracy during the sponge to lamellar 

transitions, is when the intensities of the three coexisting peaks are equal. If the peak widths at 

this point would also be equivalent, then ϕ would take the value of 2/3, as there are two Lα 

peaks as opposed the single L3 peak. However from figure 7.3.1(4c) and fig. 7.3.1(7, 85a, 

90a) it is evident that the sponge peak is somewhat wider that the corresponding lamellar 

peaks. Therefore, the integral of the singlet is accordingly larger and ϕ smaller than the ‘ideal’ 

value. Hence, the ‘equal peak moment’ (EPM) occurs sooner than τ. However, at this phase of 

the transition the slope of the sigmoidal curve is steep (especially in predominant number of 

cases where α = 4), so that the difference between the two times should not be dramatic. 

That this is indeed true is shown in tab. T12 (section 11), where τ and the EMP times 

are compared for established experiments of  φB+C = 0.05 and 0.06. The ratio of τ of the 

detailed evaluation to the EMP calculates to 1.063±0.026 (error by standard deviation). Thus 

a good estimate of τ can be gained quickly by determining the EMP. Another advantage of 
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this method is, that it is even successful in the case of badly shimmed spectra, i.e. were the 

peaks are wide, distorted or the lamellar doublet even asymmetric.  
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Fig. 7.3.1(17): the relaxation time constants τ of φB+C=0.06 experiments in linear and double logarithmic 
depiction. Results from preliminary experiments are denoted with a cross. Included are power law fits with 
m = -1.88, b = 3.21 and m = -1.98, b = 3.22 (solid and dashed lines). 
 

Fig. 7.3.1(17) summarises the relaxation time constants τ of various φB+C = 0.06 

experiments thereby showing its dependence on ∆T. Note that negative temperature jumps are 

described, and the abscissa is given as -∆T for convenience. Preliminary experiments are 

denoted with a cross. An inherent problem of the NMR experiments is the temperature 

stability of the spectrometers. From the experience of many hours of conducting experiments, 

where at times shifts of the phase behaviour could be observed for samples within the 

spectrometers, the author comes to the conclusion that an error of ±0.1°C must be considered 

for ∆T. As stated above, the τ values are confidently determined, so that their error is 

estimated to within ±50s, i.e. approximately the extend of the data symbols. The data can be 

fitted according to a power law 

 

 mTb ∆⋅=τ           eq. 7.3.1(5a) 

 ( ) ( ) ( )bTm logloglog +∆⋅=τ       eq. 7.3.1(5b) 

 

which corresponds to a straight line on a double logarithmic scale. The data in parenthesis 

were excluded from the fit (solid line), where m = -1.88. The data at -∆T = 0.9°C was 

excluded due to its outlier characteristic, while the high τ values at -∆T = 0.8°C were ignored, 

since the highest was the yield from an experiment which terminated in the lamellar and 

sponge coexistence region of the phase diagram. The data from the preliminary experiments 
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was not considered, since especially the data at -∆T = 1.3°C deviates from the other findings. 

Finally the data at -∆T = 2.0°C was ignored, due to its deviation visible in the double 

logarithmic plot and the fact that this is the only τ value of the plot determined by the EPM 

time multiplied by 1.063. If this last point is included in the power law fit, then it yields 

m = -1.98 (dashed line). 

Fig. 7.3.1(18) summarises experiments with samples of φB+C = 0.05 in the exact same 

manner as shown above. The ordinates and abscissas are of the same scaling for comparison. 

The power law fit yields a considerably stronger ∆T dependency than in the φB+C = 0.06 case, 

as m = -2.63. That the difference is indeed relevant, is emphasised in the right part of the 

graph, where the dashed line corresponds to m = -2.0. The data at -∆T = 0.9°C was excluded 

due to supposed temperature stability problems in the experiment and also the value of the 

preliminary experiment at -∆T = 1.0°C, due to the deviations from the results of the 

established experiments. However, both extremely high τ times are right in line with the 

power law fit. In general, the results of the preliminary experiments and those of the 

established ones match well. 
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Fig. 7.3.1(18): the relaxation time constants τ of φB+C=0.05 experiments in linear and double logarithmic 
depiction. Results from preliminary experiments are denoted with a cross. Included is a power law fit with 
m = -2.63, b = 3.49 (solid line) and m = -2.0, b = 3.4 (dashed line). 
 

Fig. 7.3.1(19) summarises the relaxation time constants derived from the experiments 

using a sample of φB+C = 0.06 of increased viscosity (ηD2O/S = η0·2.261). The data point at -∆T 

= 1.1°C stems from an extrapolation and has to be considered a rough estimate (∆τ = ±1000s, 

see below). If this point is included in the power law fit m = -2.73 (solid line), if not, then 

m = -2.97.  
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Fig. 7.3.1(19): the relaxation time constants τ of experiments with the φB+C=0.06 sample of increased viscosity 
(ηD2O/S = η0·2.261) in linear and double logarithmic depiction. Included are power law fits with m = -2.73, 
b = 3.97 and m = -2.97, b = 4.03 (solid and dashed lines). 
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Fig. 7.3.1(20): 3D depiction of the NMR spectra development for a φB+C=0.06 sample of increased viscosity 
(ηD2O/S = η0·2.261) in an experiment with -∆T = 1.1°C. The EPM is estimated to 6900±1000s. 
 

The experiment at -∆T = 1.1°C was terminated prematurely (fig. 7.3.1(20)). However, 

up to this point normal transition behaviour is detected. Through visual comparison of fig. 

7.3.1(20) and the corresponding plots of the four other experiments, the EPM is estimated to 

6900±1000s. The likeness of the solid and dashed fits of fig. 7.3.1(19) gives confidence in 

this estimate.  
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Fig. 7.3.1(21): left: the primary power law fits of the dependence of τ on the magnitude of the negative 
temperature jumps of the experiments with φB+C = 0.06 (solid line) 0.05 (dashed line) and 0.06 
(ηD2O/S = η0·2.261; dotted line). Results of individual experiments with φB+C = 0.07 and 0.08 are represented by 
triangles and hexagons. right: determining of the exponent m of a hypothetical power law describing the 
dependence of 1/τ on φB+C at constant ∆T. From top to bottom: with -∆T = 1.7, 1.5, 1.3, 1.0, 0.9, 0.8 °C. 
 

In order to describe the φB+C dependence of τ at a constant value of ∆T, the power law 

fits from fig. 7.3.1(17) (m = -1.88) and fig. 7.3.1(18) ( m = -2.63) are shown in the same 

graph (fig. 7.3.1(21) left, solid and dashed line). In addition, the fit of fig. 7.3.1(19) 

(m = -2.73) is given for comparison (dotted line). The results of the three experiments 

performed with samples of higher bilayer volume fraction are also included (φB+C = 0.07 and 

0.08, triangle and hexagons). These however, do not show that ∆T dependence decreases with 

increasing φB+C. Then again, the significance of these experiments is in question simply 

because of their low number. In addition, their analysis proved difficult due to suboptimal 

shimming and asymmetric spectra. Finally, the detailed analysis of a φB+C = 0.08 experiment 

showed an atypical development of ϕ (fig. 7.3.1(14 left)). 

Thus if one chooses to ignore the results of these three experiments, accepts the 

validity of the power law fits and assumes that the relaxation kinetics follow a power law 

dependence in φB+C, then the exponent m for that dependence can be calculated for various 

values of ∆T (fig. 7.3.1(21, right)). The assumption of a power law dependence in φB+C, is not 

absurd as such a dependence has been found for the relaxation kinetics within the L3-phase, 

where 3

CB/1
+

φ∝τ  in the dilute region46 (see section 5). For the investigations at hand, one 

finds for m

CB/1
+

φ∝τ , for m to vary between values of 1.2 and 4.4 for the temperature range 

investigated. The direct comparison of the two power laws derived from fig. 7.3.1(17) and 

(18), and thus the ∆T values, however requires that the initial sample states are analogues and 
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that the absolute temperature of the experiments is not dominantly important. The former 

condition is met as the experiments commence at a temperature just above the L3/Lα phase 

boundary and the latter also, since the slant of the L3-channel is small (see fig. 2.3(1)) and 

differences in temperature are marginal. 

 
7.3.1.5 Splitting Development
 

The quadrupolar splitting ∆νQ at any given point of the transitions, i.e. the frequency 

difference of the positions of the two lamellar peaks, can be determined well. The differences 

between the values gained from the spectra simulations and the distances between the actual 

spectra maxima of concern is marginal and thus the former values are discussed. When one 

plots ∆νQ as a function of time (fig. 7.3.1(22) to (27)), the decay of said parameter appears of 

exponential form (if one ignores some initial values at small t, see below), regardless of the 

magnitude of the temperature jump performed or the type of sample studied. Therefore the 

data is fitted using the least squares method and a three parameter exponential function  

 

( )bxeayy −−+= 10         eq. 7.3.1(6) 
 

where y and x correspond ∆νQ and t respectively and y0, a and b are constants. Furthermore, 

the conditions y0 + a = ∆νQ,L (∆νQ,L corresponds to the final, steady state Lα-splitting) and 

a < 0 apply. For the time constants derived from eq. 7.3.1(6) τs = 1/b is true.  
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Fig. 7.3.1(22): left: φB+C=0.06, ∆T=-1.5°C, Bruker DMX-200, right: FT_32 φB+C=0.06, ∆T=-1.0°C, Varian 360 
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Fig. 7.3.1(23): FT_16 φB+C=0.06, ∆T=-1.1°C, Varian 360 
 

Fig. (22) and (23) illustrate the development of ∆νQ of the experiments for which a 

detailed analysis of the ϕ development was presented in section 7.3.1.1 and 7.3.1.2. The data 

corresponding to the grey symbols was not included to determine the fits presented (solid 

lines). These deviations to lower values of ∆νQ infer that the true course of ∆νQ is more of a 

sigmoidal form. Note that exp FT_32 (22 right) was deemed incomplete and this hypothesis is 

further supported by the course of the plotted splitting. Interestingly, the determined ratios of 

the time constant of the splitting development and the ϕ-development are constant for the 

three experiments as τs/τ = 0.19. Fig. (24) to (27) illustrate the development of ∆νQ of all the 

experiments presented in section 7.3.1.3 and the order of appearing is kept to simplify 

comparisons. 

t [s]

0 500 1000 1500 2000 2500 3000

∆
ν

∆
ν

∆
ν

∆
ν

Q
 [H

z]

15

16

17

18

19

20

ττττs = 290s

ττττs/ττττ = 0.17

t [s]

0 500 1000 1500 2000 2500

∆
ν

∆
ν

∆
ν

∆
ν

Q
 [H

z]

15

16

17

18

19

20

21

ττττs = 406s

ττττs/ττττ = 0.28

 

Fig. 7.3.1(24): left: φB+C=0.07, ∆T=-1.0°C, Bruker DMX-200; right: FT_78 φB+C=0.06, ∆T=-1.9°C, 
ηD2O/S = η0·2.261,Varian 360 



114                                                    7.3 NMR – Analysis of the Experimental Findings 

t [s]

0 500 1000 1500 2000 2500 3000

∆
ν

∆
ν

∆
ν

∆
ν

Q
 [H

z]

13

14

15

16

17

18

19

ττττs = 212s

ττττs/ττττ = 0.19

212s + 908s = ττττ

t [s]

0 500 1000 1500 2000 2500

∆
ν

∆
ν

∆
ν

∆
ν

Q
 [H

z]

10

11

12

13

14

15

16

ττττs = 307s

ττττs/ττττ = 0.28

 
Fig. 7.3.1(25): left: FT_20 φB+C=0.06, ∆T=-1.3°C,Varian 360; right: φB+C=0.05, ∆T=-1.5°C, Bruker DMX-200 
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Fig. 7.3.1(26): left: FT_75 φB+C=0.08, ∆T=-1.3°C,Varian 360; right: FT_24 φB+C=0.06, ∆T=-1.5°C 
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Fig. 7.3.1(27): left: FT_03 φB+C=0.06, ∆T=-1.7°C,Varian 360; right: FT_04 φB+C=0.06, ∆T=-1.7°C 
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The plots of above show the same characteristics as the ones presented previously. 

When determining the ratio τs/τ two types of values are found, ~0.19 and ~0.30. If one 

ignores the fast transitions of experiment FT_03 and FT_04 (which have atypical 

ϕ−development), then it appears that the low 0.19 value results in plots which show a clear 

deviation of the initial ∆νQ values from the fit, thereby giving the course of ∆νQ a sigmoidal 

appearance. The 0.30 value results when the deviation is not so great. 

It could not be found that τs and τ  are identical, in the sense as it was shown for the 

KJMA time constants and the time constant of the exponential rise (dotted line) in fig. 

7.3.1(15, right). That is to say, adding an offset time to τs to equate it to τ, generally showed 

that this offset time would have to be too large, i.e. it signifies a point in time where the 

decline of ∆νQ is already advanced. This is illustrated in fig. 7.3.1(25, left), where the 

hypothetical offset time is denoted by the grey line. However, the constant ratios do imply 

some sort of correlation between τ and τs. They are summarised in tables T9. 

Fig. 7.3.1(28) plots the average quadrupolar splitting of the steady state lamellar phase 

∆νQ,L of all samples studied akin to fig. 7.3.1(1). The errors for ∆νQ,L of the established 

experiments of the φB+C=0.05 and 0.06 samples were calculated as standard deviations, as 

these experiments were great in number. All other errors were estimated to ±0.2 Hz from the 

spread of results. Note, that the final value of ∆νQ,L determined from the experiment FT_03 

(fig. 7.3.1(27, left)) is unusually high (for a sample of φB+C = 0.06) and it was therefore not 

include in calculating the respective average. Generally one would expect to detect higher 

∆νQ,L values in the event of (mistakenly) jumping into the L3/Lα coexistence region. This 

however seems impossible, due to the speed of the transition and the fact that a ∆T = -1.7°C 

jump was performed.  

The results of the preliminary (white) and established (grey) experiments are very 

similar, with the exception of the φB+C=0.06 case, where the grey symbol shows deviation to 

slightly higher values with respect to the linear regression (solid line). Similarly, the result 

from the φB+C=0.08 sample is lower than would be expected. Nevertheless, a linear 

development of ∆νQ,L is clearly visible and thus its direct proportionality to the ratio 

φB+C/(1-φB+C) is yet again confirmed and eq. 7.3.1(3) therefore true. 

The average splitting from the sample of increased viscosity (φB+C=0.06, 

ηD2O/S = η0·2.261, black square) however, is clearly higher than would be expected from its 

bilayer volume fraction. As indicated by the parenthesis, it was not used to calculate the linear 

regression. This deviation is discussed in section 7.4.5.2.  
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Fig. 7.3.1(28): the average quadrupolar splitting within the steady state lamellar phases for samples of varying 
bilayer volume fraction (φB+C ~ 0.05, 0.06, 0.07 and 0.08) as determined by the preliminary (white) and 
established (grey) experiments. The linear regression passes through the origin (insert). The result from the 
sample of increased viscosity (φB+C=0.06, ηD2O/S = η0·2.261, black square) shows a clear deviation from the 
expected value. 
 
 
7.3.1.6 Sponge and Lamellar Peak Width Development 
 

Another parameter to follow is the peak width at half height ∆ν1/2, for the L3-peak and 

the two lamellar peaks. In general, ∆ν1/2 of the lamellar peaks is very similar at a given point 

in time, but in cases of asymmetric spectra the values can vary considerably and thus their 

arithmetic mean value is always investigated. Note that ∆ν1/2 is directly related to the 

(effective) time constant of the transversal relaxation T2
* (eq. 7.1.5(6)). Fig. 7.3.1(29) to (31) 

plot the development of the sponge (left) and average lamellar peak width (right), for the three 

experiments that have been presented above in most detail. The L3-peak data is fitted as three 

parameter exponential growth 

 

bxeayy ⋅+= 0         eq. 7.3.1(7) 
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while for the Lα-peak data eq. 7.3.1(6) is used. As before, data represented by grey symbols is 

not included in the fits. The determined time constants τ = 1/b are given in the respective 

graphs. 
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Fig. 7.3.1(29):φB+C=0.06, ∆T=-1.5°C, Bruker DMX-200 
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Fig. 7.3.1(30): experiment FT_32 φB+C=0.06, ∆T=-1.0°C, Varian 360. Note that at data 120a a steady state 
lamellar phase has not yet been attained. 
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Fig. 7.3.1(31): experiment FT_16 φB+C=0.06, ∆T=-1.1°C, Varian 360 
 

As a rule, an exponential growth of the L3-peak width and an exponential decay of the 

lamellar peak width are observed in the L3 to Lα transition experiments. Note that the time 

constants τ are somewhat higher than those found in the development of the splittings. In the 

plots marked 30a and 70a of fig. 7.3.1(11), the effect of varying ∆ν1/2 was explored for the 

simulation of the NMR spectra and in fig. 7.3.1(10), the result for the lamellar phase volume 

fraction ϕ was illustrated respectively. The plots of fig. 7.3.1(31), left and right now show 

these ∆ν1/2 values in the context of preceding and subsequent values. The good likelihood of a 

steep ϕ-development (described by an α = 4 in the KJMA equation) was elucidated in section 

7.3.2.1. This type of development requires the widths of the L3 (70a) and Lα peaks (30a) to 

adopt values well below those predicted by the fits of fig. 7.3.1(31), i.e. to deviate towards an 

overall sigmoidal form.  

Deviations towards such a sigmoidal form are sometimes already found for spectra 

where the L3-peaks are still well visible or the lamellar peaks already well pronounced, e.g. 

plot C and D of fig. 7.3.1(4) and plot 60a of fig 7.3.1(7). However, the ∆ν1/2 values of the 

lamellar peaks for 100a and 110a (fig. 7.3.1(7)) do not follow this trend (fig. 7.3.1(30 left)). 

Then again, the error of any values in the early or late stages of a transition is high and these 

findings represent exceptions. The fact remains, that for most of the transitions studied the 

discussed deviation to lower values is needed for an α = 4 course of ϕ. The sigmoidal 

deviations found in the development of the quadrupolar splitting (7.3.1(22) to (27)) are 

reassuring, as they are irrelevant for, i.e. independent of, the development of ϕ, and thus give 

credibility to the deviations observed here.  
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In tables T9 the steady state widths of the sponge and lamellar phases are given for the 

performed experiments with φB+C = 0.05 and 0.06 as well as the associated T2
* values. Note 

that T2
* of the sponge peak is approximately 10% to 30% larger than the value for the lamellar 

peaks, and they are accordingly more defined. 

 

7.3.2 Lαααα to L3 Transitions 

 

 The straight forward method to analyse the lamellar to sponge phase transition 

experiments is to fit the spectra using two Lorentzians up to the point of coalescence and then 

a single Lorentzian until completion. Thus the actual evaluation method is very similar to the 

automated fitting procedure used to investigate the sponge to lamellar transitions of section 

7.3.1. The plots below will show that this type of least squares fit is adequate. However, a 

lamellar phase volume fraction ϕ cannot be determined, as there is no coexistence of sponge 

and lamellar phase. 

 

7.3.2.1 The Two States Model and the McConnell Equation 

 

 As was stated in the introduction of this chapter, the observed lineshape development 

is similar to what is found in the event of a certain type of chemical exchange, i.e. an 

exchange of intermediate rates between two distinct states (section 7.1.9). The McConnell 

equation (eq. 7.1.9(1)) describes those lineshapes as a function of the position of singlet in the 

limit of fast exchange ω0, the maximum splitting in limit of slow exchange ∆ωQ, and a 

parameter P representing the probability of exchange, i.e. the rate of conversion between the 

two states. However, the spectra cannot be fitted with the McConnell equation, since it does 

not account for a linewidth caused by transversal relaxation. H. Wennerström98 extended the 

equation to account for this and the result is 
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eq. 7.3.2(1) 

 

Before this equation can be used to fit the NMR spectra of section 7.2.6.3 it needs to be 

converted to be a direct function frequency ν using the relation ω=2πν. The result is 
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           eq. 7.3.2(2) 

 

In the limit of 1/T2
* = 0 this equation corresponds to the McConnell equation, while for P = 0 

it corresponds to two identical Lorentzian functions of ∆ν1/2 = 1/(πT2
*), which are separated 

by ∆νQ,L and centred on ν0. Note that ν0 is constant for all probabilities of exchange and this 

corresponds to a constant central position of the observed transition. Note also that ∆νQ,L 

corresponds to ∆ωQ of eq. 7.3.2(1) and that, for the task at hand, it is the quadrupolar splitting 

detected for the steady state lamellar phase doublet. Furthermore, the variation of lineshape 

from two singlets to one singlet is achieved with a constant value of ∆ωQ in section 7.1.9. 

Now, the spectra are fitted with eq. 7.3.2(2) (multiplied with an intensity factor) according to 

the least squares method. An algorithm (given in section 10.4.5) was written in the SigmaPlot 

program to achieve this.  

It is nonsensical to describe the situation of exchange simply with a value of P, as it is 

the ratio P/ ∆ωQ which ultimately determines lineshape. In the case of 1/T2
* = 0, coalescence 

occurs at P/ ∆ωQ=1/(2*2^0.5). Thus, in order to compare transition situations of experiments 

with varying values of ∆νQ,L the coalescence parameter χp is introduced  

 

 
LQ
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ν∆⋅π

=χ         eq. 7.3.2(3) 

 

For χP < 1 the spectra show a splitting, coalescence occurs at χP = 1 and when χP > 1, there is 

a single peak. 

The splitting at any moment in time ∆νQ as function of P (and any given but constant 

value of ∆νQ,L) can be calculated for the McConnell equation via 
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A plot of this equation for ∆νQ,L = 14Hz is given in fig. 7.3.2(1, left) as a function of the 

normalisation parameter χP (solid line). In order to examine how the introduction of an 

intrinsic linewidth via T2
* influences the development of the splitting (and thus lineshape 

development), spectra with ∆νQ,L = 14Hz were simulated for three values of T2
* (0.2, 0.1 and 

0.05s ) at different χP. The splitting of these spectra was determined manually, i.e. by 

determining the distance between peak maxima. The results are included in fig. 7.3.2(1, left). 

Note that the data points at ∆νQ = 0 are not at the minimum possible χP, that is to, say ∆νQ = 0 

might already exist at lower values of χP. Furthermore, 14Hz is close to the ∆νQ,L value of the 

φB+C=0.06 samples and T2
* values of the established experiments range from approximately 

0.15 to 0.2s for samples of standard viscosity. 
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Fig. 7.3.2(1): left: the splitting during intermediate exchange for different values of T2

* normalised by χP. right:  
Simulated lineshapes when T2

* = 0.05s for different values of χP. 
 

It is clear that the splitting of spectra with wider initial peaks (low T2
* values) decreases 

sooner than those with more defined ones and accordingly the point of coalescence occurs 

sooner (fig. 7.3.2(1, right)). However, at χP = 1 they are not truly closer to the fast exchange 

limit than those spectra where T2
* is high. In fact it takes several tens of multiples of χP to 

reach a linewidth reminiscent of this limit (where the width of the single peak is 

∆ν1/2 = 1/(πT2
*)). Thus, even though spectra of varying T2

* do not have identical lineshape at a 

given χP, the normalisation with χP is valid nevertheless. 
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7.3.2.2 Failure of the Two States Model 
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Fig. 7.3.2(2): the fitting of two spectra (grey lines) before the point of coalescence using the modified 
McConnell equation and the value of ∆νQ,L (eq. 7.3.2(2)). The fits fail, both for the case of an unrestricted T2

* 
(dashed line) and the case where T2

* is set constant to the T2
* value of the steady state lamellar peaks (solid line). 

The coalescence parameters of the fits are left: χP = 0.33 (dashed) and 0.16 (solid line) and right: χP = 0.94 
(dashed) and 1.04 (solid line). 
  

Fig. 7.3.2(2), left and right shows two spectra (grey lines) of a lamellar to sponge 

transition experiment before the point of coalescence. Fitting of the spectra was attempted 

using eq. 7.3.2(2) and the initial splitting value ∆νQ,L. If T2
* is an unrestricted parameter, then 

the result is the dashed line. It is clear that the fit fails. In addition, the fitted T2
* is so high that 

1/T2
* is essentially zero and the original McConnell equation might as well have been used. 

On the other hand, if T2
* is set constant to the T2

* value determined from ∆ν1/2 of the steady 

state lamellar peaks, then the result is the solid line. Obviously the fit fails even more 

drastically. 

Therefore, the essential result of evaluating the lamellar to sponge phase transitions is, 

that the model of exchange between two states cannot describe the transitions (using the 

modified McConnell equation). However, it is shown in the spectra below that if ∆νQ,L is 

allowed to be a fit parameter, i.e. non-constant throughout a transition, then good fitting is 

indeed achieved. 

 

7.3.2.3 Spectra Fitting

 

Fig. 7.3.2(3) to (7) display spectra of experiment FT_25 (φB+C=0.06, ∆T=+1.5°C) in 

chronological order. The plots on the left always show an automated fit using the sum of two 
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Lorentzians (solid line), while the ones on the right include a fit using the modified 

McConnell equation (dashed line). The McConnell fits are performed with a constant value of 

T2
* and, as stated, ∆νQ,L is a fit parameter. This T2

* value is determined by fitting the modified 

McConnell equation to the steady state lamellar phase spectrum (fig. 7.3.2(3, right)), and for 

the experiment at hand T2
*=0.1977s. Notably, the value of P resulting from this fit is zero 

(and thus χP = 0), as the peaks are well separated and of Lorentzian form. This is true not only 

for the displayed experiment, but for all analysed experiments. The general peak evolution of 

the experiment in question was demonstrated in detail in both two and three dimensions in fig. 

7.2.6(13). 
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Fig. 7.3.2(3): FT_25 φB+C=0.06, ∆T=+1.5°C, Varian 360, t = 15s. The spectra are of the steady state lamellar 
phase. 
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Fig. 7.3.2(4): FT_25 φB+C=0.06, ∆T=+1.5°C, Varian 360, t = 215s. 
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Fig. 7.3.2(5): FT_25 φB+C=0.06, ∆T=+1.5°C, Varian 360, t = 252s 
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Fig. 7.3.2(6): FT_25 φB+C=0.06, ∆T=+1.5°C, Varian 360, t = 265s 
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Fig. 7.3.2(7): FT_25 φB+C=0.06, ∆T=+1.5°C, Varian 360, t = 277s. A fit using a single Lorentzian is included in 
the left spectrum (dotted line).  
 

Fig. 7.3.2(3) to (7) show that although the fits using the sum of two Lorentzians (solid 

lines) describe the spectra in first approximation, there are characteristic deviations. These 
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become pronounced as the peaks get close to the point of coalescence. In fig. (4) (t = 215s) 

and (5) (t = 252s) one sees that, the intensity between the two peaks is too low in the fit. The 

fit attempts to compensated for this through a reduced splitting ∆νQ. The fact that the spectra 

show more intensity between the peaks than can be achieved through addition of two 

Lorentzians is an important finding. 

On the other hand, the fits using the modified McConnell equation (dashed lines), do 

not show the deviation from the data and thus the observed splitting is described much more 

accurately. However, this type of fit cannot compensate for dissimilarities in the two lamellar 

peaks of the spectrum, as it intrinsically results in two identical peaks (there is an axis of 

reflection at ν0). Thus only experiments which yield spectra of highly similar lamellar peaks 

can be analysed with this procedure in the first place. 

When the spectra are very close to coalescence, the limit of both types of fits is 

reached. In the spectrum of fig. 7.3.2(6) (t = 265s) a slight splitting is still visible in the data. 

However, the fit of two Lorentzians results in a much higher splitting, while the McConnell 

fit already shows coalescence. Once the actual point of coalescence is surpassed (fig (7), 

t = 277s), both fits work well. However, instead of two Lorentzians one might as well use a 

single one (dotted line) and a McConnell fit yields no information. 

The second statement is true, because for lineshapes past coalescence ∆νQ,L can be 

arbitrarily high (the fitting program chooses the highest value permissible in the constraints) 

and an associated P value is always determined, so that the data is well described. 

Unfortunately, the ratio of P/∆νQ,L and thus χP is not constant for different ∆νQ,L. In other 

words, a given lineshape can be fitted with an arbitrarily high value of χP, while the fits 

themselves are identical nevertheless. Thus, analysis of the lineshape using the modified 

McConnell equation was not pursued past coalescence. Instead, spectra are simply fitted using 

a single Lorentzian and fig. 7.3.2(8) left and right shows that this leads to satisfactory results 

(dotted lines). 
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Fig. 7.3.2(8): FT_25 φB+C=0.06, ∆T=+1.5°C, Varian 360, left: t = 327s, right: t = 440s. Fits (dotted lines) consist 
of a single Lorentzian. 
 

Already in fig. (6) (t = 265s) it was shown that the McConnell fit leads to a lineshape 

of or past coalescence, even though a splitting is still visible. This is even more obvious in an 

experiment (FT_14, φB+C=0.06, ∆T=+0.9°C), where because of superb shimming the existence 

of a doublet could be observed for a very long time (see fig. 7.2.6(18) for peak development 

in 2D and 3D). Fig. 7.3.2(9) shows the spectrum at t = 190s, where the peaks are still clearly 

separated, but the McConnell fit shows a spectrum past coalescence (solid line). A splitting in 

the fit can only be introduced artificially, i.e. by abandoning the least squares condition, 

through setting ∆νQ,L to a lower value (dashed line). Resulting parameters from this type of 

simulation will be represented by diamond symbols in the graphs below. 
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Fig. 7.3.2(9): experiment FT_14, φB+C=0.06, ∆T=+0.9°C, Varian 360. Shown is a McConnell fit (solid line) and 
a simulation, where the McConnell parameter ∆νQ,L is set to a lower value. 
 

 



7.3 NMR – Analysis of the Experimental Findings 127 

7.3.2.4. Trends in the Development of the Fitting Parameters 

Fig. 7.3.2(10) and (11). display the development of parameters for the FT_25 

experiment (φB+C=0.06, ∆T=+1.5°C), gained from the fitting procedures described above. Fig. 

(10) left shows the width of the peaks at half height ∆ν1/2 attained from the fits using first two 

Lorentzians (up to the point of coalescence, grey data) and then a single Lorentzian (white 

data). The increase of width is essentially linear, while the decrease is somewhat slower and 

has a form which is well described through double exponential decay.  

 

dxbx eceayy −− ⋅+⋅+= 0         eq. 7.3.2(5)  

 

∆ν1/2 first decreases quickly, but towards the end of the transition the decrease is much slower 

than in the case of a single exponential description, i.e. there is continuous but very slow peak 

sharpening. Thus two time constants are needed to describe the course of the data and they 

calculate to 1/b = τ1 = 35s and 1/d = τ2 = 210s. The line parallel to the x-axis represents the 

∆ν1/2 value of the last acquired spectrum at t = 1500s. This type of progressive peak 

sharpening is always observed at the end of a transition, even for the lamellar peaks after L3 to 

Lα transition experiments (data not shown), but it is best observed for the L3-peak. Note that 

irrespective of peak sharpening, the steady state lamellar peaks are always somewhat wider 

than their L3-peaks counterparts. 

 Fig. 7.3.2(10,right) shows the development of the actual splitting determined manually 

by measuring the distance between peak maxima (white data), ∆νQ  according to the fit using 

two Lorentzians (black data) and ∆νQ,L , which has to be a variable parameter in the modified 

McConnell equation (grey data). The course of all three data points is similar, i.e. an 

exponential decay from a maximum is seen. However, the black data is generally above the 

white, due to the splitting being reduced in the fit of two Lorentzians in order to compensate 

for the low intensity between the peaks (see above). On the other hand, the grey data is above 

the white, since the increase of P in the McConnell equation does cause the splitting to be 

somewhat reduced, but this decrease is far too little and so ∆νQ,L decreases almost as quickly 

as the actual splitting. Only as the point of coalescence is approached, does the decrease stop 

and ∆νQ,L levels off. 
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In fig. 7.3.2(11) the development of the coalescence parameter χP is plotted. It can be 

described as an exponential growth, akin to the increase of the L3-peak width (eq. 7.3.1(7)) 

However the increase is very quick and the determined time constant is similar to that of τ1. 
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Fig. 7.3.2(10): FT_25 φB+C=0.06, ∆T=+1.5°C, Varian 360. left: increase of the peak width of the lamellar doublet 
until coalescence (grey data) and decrease of the peak width of a single Lorentzian after coalescence. Note that at 
one point a spectrum was fitted with both methods (t = 277s, see 7.3.2(7, left)). right: decrease of the splitting 
with time. Symbol definition is given in the text. 
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Fig. 7.3.2(11): FT_25 φB+C=0.06, ∆T=+1.5°C, Varian 360. The development of the coalescence parameter χP is 
well described through exponential growth. 
 

Fig. 7.3.2(12) to (17) depict the same plots as given above, but for experiments of 

varied ∆T and viscosity. They serve to show that the described trends are found in all of the 

conducted experiments. Note that the scaling is identical for easy comparison. Each of the 

analysed experiments has its peak development illustrated in 2D and 3D plots in section 
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7.2.6.2. The diamond symbols in the plots of the McConnell parameters result from 

artificially reducing the value of ∆νQ,L in order to force the existence of a splitting (see 

above). Note that in case of exp FT_14 the initial splitting is unusually small for a sample of 

φB+C=0.06 (so small in fact that it was considered an outlier and not used to calculate the 

average splitting value). Also, the decline of the L3-peak width in fig. 7.3.2(16) is only 

described using a single exponential, because no spectra were taken at an advanced point in 

time and peak sharpening therefore was not observed. 
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Fig. 7.3.2(12): experiment FT_14, φB+C=0.06, ∆T=+0.9°C, Varian 360. Symbols are analogous to those in fig. 
7.3.2(10). The grey diamonds, represent fits where ∆νQ,L was reduced in order to force the existence of a 
splitting. 
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Fig. 7.3.2(13): experiment FT_14, φB+C=0.06, ∆T=+0.9°C, Varian 360. Symbols are analogous to those in fig. 
7.3.2(11). The grey diamonds, represent fits where ∆νQ,L was reduced in order to force the existence of a 
splitting. 
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Fig. 7.3.2(14): experiment FT_83, φB+C=0.06, ∆T=+1.5°C, ηD2O/S =η0·2.261, Varian 360 
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Fig. 7.3.2(15): experiment FT_83, φB+C=0.06, ∆T=+1.5°C, ηD2O/S =η0·2.261, Varian 360 
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Fig. 7.3.2(16): φB+C=0.06, ∆T=+2.0°C, Bruker DMX-200 
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Fig. 7.3.2(17): φB+C=0.06, ∆T=+2.0°C, Bruker DMX-200 

 

Unfortunately, the kinetics of the lamellar to sponge transition experiments cannot be 

described directly, as a working model is presently unavailable. Nor is there even a parameter 

which can be monitored continuously from the beginning to the end of the phase transition 

process. However, the characteristic point of coalescence can serve to compare the transition 

speeds of the various experiments. The point in time at which coalescence occurs can 

generally be determined to within ±10s (depending on the speed at which NMR spectra were 

taken). This is even the case when spectra are of poor quality, i.e. the peaks are wide due to 

suboptimal shimming or asymmetric due to errors in phasing. Fig. 7.3.2(18) illustrates the 

coalescence times for a variety of experiments. White symbols represent times acquired from 
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studying samples of φB+C=0.05, while grey symbols denote those of φB+C=0.06. Diamonds are 

used in the case of increased viscosity (ηD2O/S =η0·2.261) and results from preliminary 

experiments are as always denoted by a cross.  
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Fig. 7.3.2(18): time until coalescence of the peak doublet in lamellar to sponge transitions as a function of the 
magnitude of the temperature jump ∆T. The different symbols denote samples of varying composition 
(description given in text). 
 

 Notably, and in contrast to the sponge to lamellar transition experiments, a trend for 

the transition kinetics is not detectable. This is true both in terms of sample bilayer volume 

fraction as well as viscosity. Especially the latter finding is of interest, since increasing 

viscosity has such a profound effect on the sponge to lamellar transition experiments. Finally, 

when considering the distribution of values and the low number of experiments at high ∆T, 

changes in the magnitude of the temperature jump do not influence transition speeds either. 

 

7.3.3 Kinetics of the ‘Additional Experiments’ 

 The three types of experiments presented in section 7.2.6.4, were not analysed in 

detail, as it is the general development of their peak positions which is of interest. The 

experiments are however part of the discussion of section 7.4.7. Nevertheless, in light of the 

insights gained from the kinetic evaluation of the normal temperature jump experiments 

(presented above), a few comments regarding the kinetics involved will be made. 

In the reversed lamellar to sponge transition of fig. 7.2.6(20), it takes ~1100s from the 

first appearance of the lamellar doublet to the formation of the Lα steady state. Although this 

is somewhat faster than the ~1500s seen for the development of similar peak shapes in a 
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comparable standard experiment (φB+C = 0.05, ∆T = -1.0°C), it is not an extraordinarily 

difference (data not shown). What is remarkable however, is the very short time needed for 

the appearance of quite well defined lamellar peaks of a large splitting (present at the t = 200s 

mark, i.e. ~140s after reversal of the temperature). For the appearance of similar lamellar 

peaks a standard experiment requires ~1200s (data not shown). Thus the onset time is 

minimal if not non-existent in the reversal experiment. 

The reversing of a sponge to lamellar phase transition experiment, which was 

presented in fig. 7.2.6(22), does not show any peculiarities with respect to the kinetics. The 

coalescence of the lamellar doublet occurs at ~250s. Since the temperature was reversed at 

t = 17s, the time needed until coalescence is ~230s and this is an average value with respect to 

the standard Lα to L3 transition experiments (fig. 7.3.2(18)). 

The micellar to lamellar phase transition of fig. 7.2.6(22, left), is not analysed in terms 

of kinetics as this transition is not the object of this thesis and too few experiments were 

performed to obtain significant results. However, the ensuing lamellar to sponge transition 

(fig. 7.2.6(22, right)) is examined. Firstly, although the time up to peak coalescence is quite 

long (~330s, when considering the t = 600s moment as the initial lamellar phase) it is still 

within the range of detected values when observing ‘standard’ experiments (fig. 7.3.2(18)). 

However, the maximum splitting detected at t = 600s, is with ∆νQ = 10.1 Hz small, when 

compared to the average value of the steady state lamellar phase of φB+C = 0.06 samples 

(∆νQ,L = 13.7 Hz). Then again, it is important to be aware that at t = 600s, the lamellar phase 

is not in a steady state, since the system temperature is of the value of the sponge phase and 

the transition from the micellar phase might not even be completed.  
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7.3.4 Experiments Separating Nucleation from Growth 
 

In order to gain further information on the mechanism which governs the sponge to 

lamellar phase transitions, i.e. the nucleation and growth process, additional experiments were 

performed on the Varian 360 spectrometer with the aim of separating the nucleation from the 

growth phase. For this purpose, a φB+C = 0.06 sample was subjected to temperature jumps of 

∆T = –1.0°C. However, the sample liquid was cooled below the target temperature for a brief 

period of time, before said target condition was actually reached. Thus, initial nucleation 

occurs at a state of lower temperature, while the lamellar domain growth and possibly further 

nucleation (in case of a progressive nucleation, i.e. α = 4.) occurs at a higher temperature. A 

schematic profile of the temperature development during the experiments in question is 

displayed in fig. 7.3.4(1). It is divided into segments which will be detailed in the following 

paragraph.  

 

 

Fig. 7.3.4(1): schematic temperature profile of the sample liquid during L3-to-Lα phase transition experiments. 
The transition begins at the steady state and accordingly at L3-temperature (segment I). A minimum is traversed 
at the boundary of segment III and IV, before the Lα target temperature is reached at the end of segment IV. It is 
important to note that the total time of phases II, III and IV is short when compared with the one of the overall 
phase transition.  
 

In segment I, the sample is located inside the spectrometer, where it resides in its 

equilibrium L3-state. In segment II, the sample is swiftly removed and, for the time being, 

simply left hanging in air of room temperature (~19°C), which initiates an intense temperature 

decrease. By placing the sample within a heating block in segment III, referred to as the ‘cold 

block’, the temperature drop is quenched and the minimum temperature achieved. In segment 

IV, the sample is promptly transferred to an adjacent heating block (the ‘hot block’), where 
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the target temperature of the transition is attained quickly. This target temperature is one, 

where the lamellar phase is in equilibrium. Finally, in segment V the sample is returned to the 

spectrometer, which by this time is of the target temperature (the spectrometer airflow 

temperature is changed to the target value as soon as segment II commences) and the ongoing 

sponge to lamellar transition is monitored normally by the acquisition of subsequent spectra. 

The longest time necessary to reach segment V was 240s and thus the period of temperature 

alteration is still short when compared to the time of the phase transition process (see below). 

For further details regarding the experimental procedures see 10.4.4. 

Although the method of temperature alteration is primitive and likely associated with 

significant errors, meaningful results could be achieved nonetheless. Fig. 7.3.4(2, left) 

illustrates the ϕ-development of two standard ∆T = -1.0°C experiments (white symbols), two 

where the minimum of fig. 7.3.4(1) corresponds to –1.5°C (light grey symbols) and two 

where said minimum is –2.0°C (dark grey symbols). In all cases the target temperature 

amounted to ∆T = -1.0°C. The figure on the right depicts the relaxation time constants τ of the 

respective experiments with respect to the temperature dependence of τ derived for 

φB+C = 0.06 samples (solid line, taken from fig. 7.3.1(17)).  
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Fig. 7.3.4(2) left: ϕ-development of standard φB+C = 0.06, ∆T = -1.0°C experiments (white symbols), and 
experiments, where a minimum temperature was traversed before the target temperature of ∆T = -1.0°C (light 
grey symbols, ∆Tmin = -1.5°C and dark grey symbols, ∆Tmin = -2.0°C). Where possible the data is fitted 
according to the Avrami equation (dashed lines α = 4, solid line α = 3). right: τ times of the depicted 
experiments in relation to the τ as function of ∆T behaviour observed for φB+C = 0.06 samples (solid line). 
 
Although the target temperature is surpassed only for a short time, this overcooling 

profoundly increases the speed of the transition kinetics. In addition, the shape of the 

ϕ-development is affected similarly, as when faster transitions are induced in the standard 

experiments through increasing the magnitude of ∆T (section 7.3.1.3), i.e. the fast transitions 
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still show a steep increase of ϕ at the beginning of the process, but towards the end this 

increase slows down continuously and ϕ can no longer be described by α = 4 (or even α = 3, 

dark grey symbols). However, it must be kept in mind that towards the conclusion of the 

transitions ∆T = -1.0°C and that for these cases (standard experiments) ϕ increases slowly 

even for α = 4. This is not obvious in the graphs of section 7.3.1.3, since the time scale of 

these experiments is large due to the large τ times involved. Thus the slow increase in fig. 

7.3.4(2, left) (dark grey symbols) is actually comparable to the increase found in standard 

∆T = -1.0°C experiments, and this is seen if the ϕ-development of the latter experiments is 

shifted to lower t (not illustrated). Finally, fig. 7.3.4(2, left) shows that the onset time 

decreases as overcooling is increases and for the fastest case (dark grey diamonds) a 

minimum onset time of ~200s is detected. 
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7.4 Interpretations of the Experimental Findings 

7.4.1 The Driving Force of the L3/Lαααα Phase Transition 

 

It has been stated in section 3.2 that, according to Morse59, the boundary of stability 

between the lamellar and sponge phase can be expressed via 

 

⎟⎟
⎠

⎞
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⎝

⎛ κπ
=φ

TkB5
6

ln C         eq. 3.2(3) 

 

with the Lα-phase becoming instable compared to the L3-phase (or vice versa) in case of 

0)( =ξκ 99. Hence the saddle splay modulus κ  is the key parameter determining Lα/L3 phase 

stability. Porte57 stated that κ of a bilayer structure can be calculated according to  

 

monomono,0monobi 42 κε−κ=κ c       eq. 7.4.1(1) 

  

Since monoκ and monoκ  are constant for a given system around the phase inversion temperature 

T , in fact Uhrmeister46 determined them to 

 

κmono = 1.24kBT 

monoκ  = -0.75kBT 

 

for the system H2O/NaCl – n-decane – C12E5 (0.1M NaCl solution), and ε is constant for a 

given value of ωb, biκ is only a function of the spontaneous curvature of the monolayers 

c0,mono. It can be assumed that c0,mono varies with temperature similarly to c1 and c2 (fig. 3.1(1)) 

so that 

 

( )TTcc −=mono,0         eq. 7.4.1(2) 

 

applies. The constant c varies with ωb and for the composition of interest (ωb=0.45) calculates 

to 0.977⋅10-3Å-1K-1, while T =38.24°C 46. Thus biκ  is simply a function of temperature T and 

since monoκ <0 and monoκ and ε > 0 (eq. 7.4.1(1)), biκ  grows increasingly negative towards 
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lower values of T. In section 3.2, it is stated that due to the scaling invariance, κ  necessarily 

grows more negative with dilution. This has direct impact on the phase behaviour, inasmuch 

as the L3-phase is accordingly stable at lower temperatures in that region (see phase diagrams 

section 2). 

 The elastic energy of a flexible surface was derived by Helfrich51 and given in eq. 

3.2(1). This equation considers the properties of a monolayer, but can be adapted for bilayers 

as well. It is sensible to assume that the spontaneous curvature of the bilayer(s) c0,bi within 

both the lamellar and sponge phases is zero. This permits a reduction of eq. 3.2(1) to 

 

∫ ⎥⎦

⎤
⎢⎣

⎡
κ++

κ
⋅= bi,2bi,1bi

2

bi,2bi,1
bi )(

2
d ccccAE     eq. 7.4.1(3) 

 

For the lamellar phase c1,bi=c2,bi=0, while for the sponge phase c1,bi = -c2,bi. Thus only the right 

sum of eq. 7.4.1(3) must be considered and it becomes clear why a change of temperature is 

the driving force of L3/Lα transitions. For L3 to Lα transition, i.e. upon lowering T, c0,mono 

becomes less negative or more positive and respectively biκ become more negative. This 

increases the bending energy E of the L3-structure as c1,bi and c2,bi remain constant for the time 

being and c1,bi⋅c2,bi<0. E can only be minimised by reducing the magnitude of the c1,bi⋅c2,bi term 

and accordingly planar structures are formed. For the Lα to L3 transition, biκ becomes less 

negative and for biκ > 0 saddle splay topology (c1,bi⋅c2,bi<0) becomes energetically favourable. 

However, in practice biκ  does not become positive for the system at hand46, but the formation 

of saddle splay topology is less costly nevertheless. In addition, entropic fluctuations must be 

considered27.  

 

7.4.2 Influence of the Magnetic Field 

 

It is well known that magnetic fields can be used to control the alignment of liquid 

crystals, even though the interaction between the molecules and the magnetic field is 

generally weak100. It will in fact be shown in section 7.4.5.1 that alignment also occurs in the 

highly dilute, lyotropic liquid crystal, which is the lamellar phase of the studied samples, and 

that the angle between the bilayer normals and the magnetic field θnb is 90° (as proposed in 

section 7.2.5). The cause of the alignment is a negative anisotropy of the surfactant 

molecules’ diamagnetic susceptibility, orienting the longitudinal axis of the C12E5 molecules 
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perpendicular to the magnetic field34. Accordingly however, there is a magnetic contribution 

gH to a sample’s free energy density 

 

2

2
1

Hg aH

v
γ=         eq. 7.4.2(1) 

 

where γa is the diamagnetic susceptibility and 
2

H
v

the magnitude of the magnetic field 

strength and this can cause a shift in the phase transition temperatures101. Shifts to both higher 

and lower temperatures are known and the magnitude of shift can be calculated by comparing 

the magnetic energy with the transition enthalpy. For the established experiments (at ~8.5T, 

section appendix) only a slight shift of 0.8°C to lower temperatures was registered, while for 

the few preliminary experiments conducted (at ~4.7T) no shift of phase behaviour was 

noticed (however, it is not unlikely that the absolute calibration of the thermocouple used for 

externally testing spectrometer temperature was off and a shift of 0.25°C therefore not 

observed). 

Thus, in case of the NMR investigations, the phase transitions were not truly studied in 

the absence of an outside, vectored force (excluding gravity of course), although the effect 

cannot be compared to shearing experiments. Nevertheless, it is conceivable that the magnetic 

field could influence bilayer undulations und accordingly the kinetics of the observed phase 

transitions (see section 7.4.5.5 below). However, in the study, where a sponge to lamellar 

phase transition was also monitored via NMR35, any possible effects of the magnetic field 

were simply ignored and since the interaction between the magnetic field and the surfactant is 

weak (see above), especially when seen per unit volume at the respective dilution, the same 

will be done here. 

 

7.4.3 Shift of Resonance Frequency 

 

As stated in section 7.2.6 (e.g. fig. 7.2.6(9)), a small but characteristic shift of the 

resonance frequency νQ is detected at the beginning of each T-jump experiment. The cause of 

this shift is the variation of absolute temperature itself. For negative T-jumps resonance is 

moved to lower frequencies, while for positive T-jumps the opposite is true. The amount of 

shift is proportional to the temperature variation, and for small variations behaves linearly 
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(fig. 7.4.3(1)). For the large magnitude of ∆T, used to initiate the L1�Lα�L3 transition 

(section 7.2.6.4), the resonance shift deviates to a lower value. 
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Fig. 7.4.3(1): absolute value of the shift of resonance frequency νQ as function of the absolute value of the 
temperature jump. Black symbols result from the negative T-jumps FT_32, FT_24 and FT_06 (section 7.2.6.2), 
the grey one from the positive T-jump FT_19 (section 7.2.6.4). 
 

7.4.4. Experimental Data vs. Fits and Simulation 

 

 Section 7.1.4 details that a Fourier transformation of a FID leads to a signal of 

Lorentzian lineshape. This is however strictly true only as long as the decay of the 

components of the transverse magnetisation occurs exponentially. This was elucidated in 

section 7.1.5., where the exponential decay of the autocorrelation function ρ(τ) of oscillatory 

motions of a particle ensemble was associated with the correlation time τc. But rotational and 

diffusional motions in an anisotropic environment, e.g. in a complex fluid, can lead to 

relaxation, which can not be expressed in terms of a single exponential.86 This in turn can lead 

to deviations from the Lorentzian lineshape. A detailed discussion of non-exponential/multi-

exponential relaxation is however beyond the scope of this thesis. 

Although generally the spectra of the L3 to Lα transitions in section 7.3.1 were 

fitted/simulated well using one, or the sum of two or three Lorentzians, there nevertheless 

remain certain deviations from the experimental data which require closer inspection. This is 
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most obvious in fig. 7.3.1(7) 70a to 100a, where the intensity between the central L3-peak and 

the surrounding Lα-peaks is considerably higher (grey line) than the simulated fit (solid line). 

Also, even the steady state spectra 1a and 120b show distinct differences between data and 

simulation, though these are noticeably smaller than in the previous case. Due to the overall 

symmetry of the spectra and low values of the peak width ∆ν1/2, it seems unlikely that the 

differences result from abnormalities/artefacts caused by technical problems in data 

acquisition and processing (such as appear for example in Fig. 7.2.6(14)) Therefore, it is 

plausible that non-exponential relaxation occurs to a minor degree. 

For the lamellar to sponge phase transition experiments, the deviations from the data, 

for fits using the sum of two Lorentzians or the modified McConnell equation (eq. 7.3.2(2)), 

have already been reported in section 7.3.2.3. At long and medium times to coalescence, eq. 

7.3.2(2) describes the non-Lorentzian spectra lineshapes very well, but fails close to 

coalescence if the peaks are well separated due to good shimming (fig. 7.3.2(9)). However, 

since it is the model that fails to describe the complex lineshapes (the data does not 

correspond to a superposition of two Lorentzians), it is futile to speculate on the reasons of 

the deviations. Thus a different model is needed (see section 7.4.6 below). After coalescence 

the lineshapes resemble those of a single Lorentzian and the same minor deviations that were 

discussed for the L3 to Lα transitions above are observed. 

 

7.4.5 L3 to Lαααα Transitions 

7.4.5.1 Characteristics of the Nucleation and Growth Mechanism 

 

 In section 7.3.1 is argued that a nucleation and growth process is witnessed for the 

sponge to lamellar transition. From the fact that a simply, well resolved doublet is detected in 

the lamellar phase, it is additionally clear that there is macroscopic order in the orientation of 

the bilayers, i.e. that the angle θdb between the phase director and the magnetic field is 

constant (section 7.2.5). At first glance, this could lead to the impression that perhaps a 

mononuclear mechanism governs the L3 to Lα phase transition, i.e. that the growth of a single 

‘crystal’ is witnessed. However, to achieve this type of crystallisation on macroscopic scales 

(the NMR experiment examines a few millilitres of sample) generally requires a great deal of 

effort and very controlled environments (e.g. high system purity, no disturbances, a low 

supersaturation and the introduction of a nucleation-active centre). More importantly, the 

acquired data clearly show that this mechanism can be discounted for the experiments at 

hand, since the onset times and relaxation time constants τ are reproducible for a given set of 
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temperature jump conditions. Therefore a statistical, polynuclear mechanism must be 

considered and discussed and θdb=90° (section 7.2.5). 

 The constant value of θdb may at first seem remarkable, however it is well known that 

high magnetic fields have orienting effects on amphiphilic bilayers in solution102,103,104. In 

fact, the magnetically induced order is proportional to the square of the applied field 

strength105. However, the viscosity of the complex fluid is also significant, so that for the 

viscous hexagonal phase in the D2O - C12E6 system (φC=0.43 to 0.58) full orientation (θdb=0°, 

see section 7.1.8) could not always be achieved even at very high field strength (~14.1T)106, 

while for the lamellar phase of the same system (φC=0.63 to 0.82) isoorientation occurred at 

~14.1T, partial orientation at ~4.7T and no orientation at ~1.9T.107 The phases in these studies 

were created by cooling from the isotropic, micellar L1 phase. In the light of these results it is 

not surprising that total orientation occurred in the investigations of this thesis, since very 

dilute (and accordingly highly fluid) systems were subjected to magnetic flux densities of 

~4.7T or ~8.5T (see section 10.4). Even the sample of increased viscosity (ηD2O/S =η0·2.261, 

~8.5T only) does not show any line shape characteristics of a 3D-powder spectrum (fig. 

7.2.4(2)).  

Since it has been established that polynuclear nucleation is observed, it is now 

necessary to determine whether the process is of a homogeneous or heterogeneous nature. In 

homogeneous nucleation, a supernucleus (section 6) can be formed anywhere in the 

supersaturated medium (here the L3-phase), while in heterogeneous nucleation, these nuclei 

develop on nucleation-active centres, which in comparison lower the energy of the nucleation 

barrier74,75. These active centres can be ions, impurity molecules, or foreign nanoparticles in 

the solution bulk, or of course impurities on a macroscopic substrate (the glass of the sample 

tubes) or even the unevenness of said substrate. Therefore in practice, it is usually difficult to 

observe homogeneous nucleation exclusively, as this requires very pure media. 

For the experiments at hand however, it is not so much of a question whether 

nucleation in the bulk occurs on active centres or homogeneously, but rather if it occurs in the 

bulk at all. For it may at first seem plausible, that nucleation takes place predominantly on the 

glass with the lamellar domain(s) subsequently growing towards the centre. This would result 

in a single crystal like structure, where the lamellae are parallel to the glass wall (due to the 

hydrophilicity of the material), thus forming concentric circles in the circular test tubes. 

Therefore, the orientation of the bilayers with respect to the magnetic field would actually 

result from interactions with the glass and not the field itself. Since θdb=90°, the NMR signal 
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of this type of bilayer arrangement would be indistinguishable from the one of a ‘2D-powder’, 

i.e. a well defined doublet (steady state La phase). 

 This seeming possibility can be discounted however for several reasons. Firstly it has 

been shown previously, that nucleation of the lamellar phase from the isotropic L1 phase in a 

macroscopic sample tube via cooling outside of a strong magnetic field does result in a 

mosaic state, i.e. a ‘3D-powder’ (D2O - C12E6 system)107. Furthermore, a study of the H2O - 

C12E5 system showed that bulk nucleation of the Lα-phase within the L3-phase upon 

temperature quench can only be prevented, by combining extreme spatial confinement 

between two glass plates with slow cooling rates33. Thus for a sample of φC=0.095 a gap of 

~100µm (!) is necessary at a cooling rate of 1K/min. For samples of lower concentration even 

smaller gaps or cooling rates are needed. However, nucleation does occur first on the glass in 

all cases, and this is surely also true for the experiments of this thesis, especially since upon 

temperature reduction the thermal energy is removed from the glass first (cooling via air 

stream). 

Finally, an increase of the magnitude of the negative temperature jump causes an 

increase in the speed of the phase transitions (fig. 7.3.1(21)). However the experiments 

decoupling the nucleation period from the growth period (section 7.3.4) show that transition 

speeds are increased considerably even if a minimum temperature (∆Tmin = -1.5 or -2.0°C) 

exists only for a short period of time (<240s), before a temperature is attained, at which 

transitions usually occur more slowly (∆T = -1.0°C) (fig. 7.3.4(1)). The higher temperature is 

present for the vast majority of the overall transition time (>1150s) and represents the ‘growth 

phase’ of initially formed nuclei. Even if more nuclei are formed during this growth phase 

(constant nucleation, see below), the rate of formation will be constant for the six experiments 

(fig. 7.3.4(2)) within this time. Therefore, the occurrences at the minimum temperature 

determine the transition speeds decisively. If one excludes the hypothetical possibility of very 

low nucleation rates coupled with excessively high growth speeds (that is to say standard 

nucleation and growth behaviour is observed74, where the amount of nuclei present dominate 

the rate of transition and not the growth speed of said nuclei), the only conclusion can be that 

in that first time period an increase in the magnitude of the temperature jump leads to a 

(considerable) increase in the number of initially formed nuclei, i.e. the nucleation rate J. This 

corresponds well with the concept that a larger T-jump is associated with a higher 

supersaturation ∆µ and thus a lowering of the nucleation energy barrier (see section 7.4.5.5). 

If however, all these additional nuclei would only form on the glass an increase in 

transition speed would not be noticeable. Thus with regards to the above explanations, it is 
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clear that almost exclusively bulk nucleation is observed in the 8mm and 10mm NMR tubes 

and that in the absence of a magnetic field a ‘3D-powder’ structure would result. As a result, 

the KJMA nucleation model is in principle applicable as long as the assumptions made in 

section 6.2 are true. 

In section 7.3.1, it was detailed why the method chosen for determining the lamellar 

phase volume fraction ϕ (i.e. the integral determining procedure) is deemed necessary and 

that based on this a KJMA exponent of α=4 is found for slow transitions (τ>1000s). This 

implies, that nuclei grow in three dimensions and that nucleation occurs continuously 

throughout the transition process (long nucleation period) in these cases (n=3, ψ=1, eq. 

6.2(1b)). For jumps of greater magnitude and accordingly faster transition times, it was found 

however that, towards completion of the transitions, α is reduced in value to three or even 

below (fig. 7.3.1(16)). 

There are two possible explanations for this within the KJMA model. Either 

nucleation remains to be continuous but nuclei growth only proceeds in two dimensions (n=2, 

ψ=1), or there is suspension of continuous nucleation and growth remains three dimensional 

(n=3, ψ=0). The discussions below will show that the latter case appears to be the more 

probable cause, based on both experimental evidence and theoretical considerations. However 

it must be kept in mind that the KJMA model greatly simplifies physical reality (both the 

nucleation rate and the growth rate must be constant throughout a transition and growth speed 

must be independent of direction, i.e. spherical growth is postulated to occur even though the 

‘crystallites’ are anisotropic in nature) so that a n=2, ψ=1 situation cannot be ruled out nor 

that a moderate combination of the two possibilities takes place. In fact, since for a fast 

transition a greater number density of nuclei is expected (see above), the volume where the 

different nuclei of the ‘2D-powder’ come into contact is forced to accommodate a greater 

number of different bilayer orientations. Due to the need of having continuous bilayers in the 

final steady state (i.e. no exposed edges), it is likely that this disorder could slow down a 

transition process. Despite all these considerations however, the fact remains that the KJMA 

model generally describes the ϕ development well. 

 

7.4.5.2 Quadrupolar Splitting of the Steady State Lamellar Phase 

 

In section 7.3.1 the quadrupolar splitting ∆νQ is clearly correlated with the bilayer 

volume fraction φB+C via eq. 7.3.1(3). 
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and the direct proportionality of ∆νQ to the φB+C term for lamellar phases in equilibrium was 

demonstrated for samples of ‘standard’ composition, i.e. those where the water phase does not 

contain any sucrose, in fig. 7.3.1(28). From eq. 7.3.1(3) the constant n⋅Sqn can be calculated 

for each sample using χ=255kHz95 and its average value corresponds to ~0.056. This value 

matches well with those of several D2O surfactant/co-surfactant mixtures studied by Persson 

and Lindman, where 0.04<n⋅Sqn<0.12 for lamellar phases90. Also, if the number of MAPA 

D2O molecules per molecule of surfactant is known, then the order parameter Sqn and a 

theoretical, maximum quadrupolar splitting (∆νQ(max)) can be calculated. ∆νQ(max) is the 

value that would be detected if a sample consisted only of MAPA D2O. With n=5.7593, the 

average values of the samples studied correspond to ∆νQ(max)=1860Hz and Sqn=0.0097. ∆νQ 

values of 1900-2350Hz were detected previously for highly concentrated lamellar phases of 

the D2O – C12E5 system93. The results obtained for the individual samples here are given in 

tabular form in tab. T15. 

Fig. 7.3.1(28). shows, that for the sample of increased viscosity (ηD2O/S = η0·2.261) a 

notably higher ∆νQ-value (2.2Hz deviation from the linear regression) is detected, than one 

would expect according to its φB+C = 0.06 composition. The cause of this increase is probably 

directly linked to the addition of sucrose. Sucrose has eight hydroxyl protons which will be 

exchanged with deuterons upon sample preparation similar to the hydroxyl proton of the 

surfactant (see section 7.2.2). Thus the sucrose molecules, which are present at a mole 

fraction of x=0.0172 (with respect to D2O only), represent another site of a particular 

quadrupolar splitting ∆νQ,i. As there is fast exchange of the deuterons between all the sites, 

this splitting must be incorporated in eq. 7.2.2(1). The order parameter and accordingly ∆νQ,i 

of the large sucrose molecule will however be significantly greater than for a D2O molecule, 

as its rotational motion is slower and its averaging of θdb therefore less efficient. Thus the 

detected splitting is expected to increase according to the statistical weight of the sucrose 

molecules. Since the difference in absolute temperature to a standard sample is relatively 

small (-8.4°C see fig. 2.3(2)) the rotational motion of the D2O molecules is hardly reduced 

and ∆νQ therefore not affected. Similarly, the increase of macroscopic viscosity itself is 

irrelevant. 
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7.4.5.3 Significances of the Quadrupolar Splitting Development 

 

In section 7.3.1.5 it was demonstrated that ∆νQ experiences an exponential decay with 

time, but is most likely to be of sigmoidal shape. Thus a key result of the sponge to lamellar 

phase transitions is the fact that the bilayer volume fraction φB+C of at least the initial nuclei is 

significantly greater than the equilibrium concentration. Since φB+C is a conserved parameter 

however, the average φB+C-value for the lamellar ‘crystallites’ has to approach the equilibrium 

concentration, as a transition nears completion. This poses the question whether nuclei that 

appear close to completion (continuous nucleation case, ψ=1) are of higher bilayer volume 

fraction or not. If they are, then this would result in a wider lamellar peak at that point in time, 

as a superposition of different lamellar doublets of different ∆νQ would be witnessed. In fact, 

the peaks would be more intense on their outside, i.e. the side opposite from the L3-singlet, 

since doublets of increased ∆νQ are added. Fig. 7.4.5(1) gives a detailed view of the 

2D-depiction of the evolution of a lamellar peak (akin to fig. 7.2.6(2)) for the φB+C = 0.06 

sample experiencing a negative temperature jump of ∆T=-1.1 (left) and ∆T=-1.5 (right). 
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Fig. 7.4.5(1): detail of the Lα-peak evolution for an experiment exhibiting continuous nucleation (FT_16, left) 
and for one where nucleation is suspended towards completion of the transition (FT_24, right). φB+C=0.06, 
∆T = -1.1°C and –1.5°C respectively 
 

The ϕ-development of the ∆T=-1.1°C jump (left) shows the typical behaviour of a 

slow transition, i.e. α=4 and thus continuous nucleation occurs (FT_16, fig 7.3.1(10)). On the 

other hand the ∆T=-1.5°C jump (right) clearly develops with α=3 towards the end of the 

transition (FT_24, fig 7.3.1(14, right)) and so it can be assumed that continuous nucleation is 

suspended at least in that time increment. Thus the lamellar peaks at that time are expected to 
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be more defined, i.e. be of less intensity on their outside. This is exactly what fig. 7.4.5(1) 

shows and hence this is direct experimental evidence that continuous nucleation does occur in 

slow transitions, while it is suspended (towards completion) in the fast ones, and that nuclei 

are as a matter of principle formed at higher bilayer concentrations regardless of the progress 

of a transition. 

 The different developments of fig. 7.4.5(1) are no coincidence and all the more 

significant as the splitting declines more slowly for experiment FT_24 than for FT_16 

(τs/τ = 0.19 and 0.31, respectively). Furthermore, the outside of lamellar peaks of slow (α=4) 

transition generally show good overlap (see section 7.2.6.2 fig. (3), (5), (7), (8), (11)), while 

fast transitions (α=3, towards termination) show stepping. ((6) and (10)). The mentioned 

figures include all the experiments which have both their 2D peak evolution and their 

ϕ-development plotted. The extreme stepping in case of FT_75 (fig. 7.2.6(6)) is of course 

nicely visible due to magnification because of the unusually wide primary splittings. 

 

The Effects of Initial Nuclei Orientation on Lineshape 

 

 A further factor which influences peak shape and thus the appearance of peak 

evolution is a distribution of the θdb angles. Up to this point it was shown that θdb=90°. Yet, 

this is only true for the steady state lamellar phase and even then there is of course a slight 

distribution of angles present. However, when the lamellar phase nucleates the orientation of 

a given nucleus will at first be random (if the possibility of the magnetic field strongly 

influencing the actual nucleation process is ruled out). Thus there will be a superposition of 

doublets again (see above), but this time the splitting will generally be smaller than in the 

θdb=90° case and accordingly the peaks will be more intense on their inside. (The 90° 

orientation represents a (local) maximum in eq. 7.2.1(4) and most orientations lead to smaller 

values, see fig. 7.1.8(1). Additionally, those orientations that lead to a larger splitting are 

centred on θdb=0° and crystallites of this sort will be turned towards the equilibrium 

orientation most strongly.) 

In fig. 7.4.5(1) it can be seen that the first lamellar peaks are drawn-out on their inside 

and that this progressively decreases with time (one must imagine the peaks to be of equal 

intensity). Of course one does not see the pure lamellar peak but a superposition with the 

L3-singlet and its contribution must be subtracted, the effect is however there nevertheless 

(best visible in the right figure, where no superposition from new nuclei appear towards the 

end). The two types of superpositioning in fact may well account for the lamellar peak width 
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to initially appear large and then decreases with progress of the transition (section 7.3.1.6). 

Potential further causes will be discussed below when the development of ∆ν1/2 is analysed. 

One might assume that the afore mentioned deviations between spectra simulation and data 

(section 7.4.4) in fig. 7.3.1(7) 70a to 100a stem from the spread of θdb. However, the 

deviations persist up to an advanced point in time and are found in the vicinity of the 

isosbestic points and these are found at quite a distance from the lamellar peaks. Nevertheless 

the spread of θdb possibility cannot be discounted. 

It seems reasonable to assume that in case of higher nucleation rates (coupled with 

faster transitions) the lamellar phase at the end of a transition would be more disordered, i.e. 

consist of a larger distribution in θdb, than in case of a low rate. One would intuitively suspect 

the same in case of experiments where the viscosity was increased. However, comparison of 

steady state spectra shows no increase of intensity on the inside of the peaks for the 

potentially more disordered states (data not shown). In fact, in no case are there particular 

deviations from the fit using two Lorentzians on the inside of the peaks. On the other hand, if 

data is collected far past the point in time, where the equilibrium state is deemed to have been 

attained (+30min), the lamellar peaks do continue to sharpen ever so slightly and this is most 

likely associated with the annihilation of defects and a development towards a single crystal 

like state. A reduction of the distribution in inter lamellar spacing could of course also 

contribute to this peak sharpening (especially in the case of continuous nucleation), although 

this should happen rather quickly through the diffusion of D2O. 

 

Splitting Development: Comparisons at Varying Amplitude of the T-Jump  

  

Figure 7.4.5(2) depicts a trend in the development of the quadrupolar splitting not 

discussed previously. 
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Fig. 7.4.5(2): development of the quadrupolar splitting for φB+C = 0.06 as function of the magnitude of the 
temperature jump. Top left to bottom right: FT_32 ∆T=–1.0°C, FT_16 ∆T=-1.1°C, FT_20 ∆T=–1.3°C, FT_24 
∆T=–1.5°C, FT_04 ∆T=–1.7°C 
 

From fig. 7.4.5(1) it is clear that the splitting for the steady state lamellar phase is 

roughly constant for the experiments with the φB+C = 0.06 sample presented here. (Note the 

varying time and splitting scales). Note also that the ‘onset time’, here the time until the first 

lamellar peaks are seen, decreases steadily with increase in absolute ∆T as previously 

reported. What is striking however, is that the difference between value of the splitting when 

lamellar peaks are first noted and the steady state value decreases continuously with the 

magnitude of the T-jump. This trend continuous for experiment FT_06 (∆T=-2.0°C), in which 

case the doublet seems to rise at almost constant splitting (no detailed evaluation was 

performed for the experiment, so note fig. 7.2.6(12, left). This is a possible indication that at 

the beginning of a transition there is indeed a great distribution of crystallite orientations as 

previously suspected (see above). For fast transitions ϕ rises quickly and so lamellar peaks are 

detected at a time when the distribution of θdb is still great and the splitting therefore 

somewhat smaller. 

There exists however another, perhaps more intriguing, explanation for the identified 

phenomenon. It seems clear that the initial high concentration of bilayer in the nuclei must 

result from D2O diffusing out of the formation area (while possibly a little bilayer volume 
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actually diffuses towards it). The question that arises is of course, why supernuclei form at 

this concentration in the first place. Although it cannot be shown directly via Classical 

Nucleation Theory (see section 7.4.5.5 below) that the nucleation barrier of a more 

concentrated nucleus is reduced, reflections in view of the passage destruction mechanism 

clarify that nucleation should be facilitated in this case (see below). If this is indeed the case, 

then nucleation occurring at a lower value of φB+C must coincide with a greater 

supersaturation ∆µ, since the transitions at larger ∆T occur faster, i.e. the nucleation rate J is 

increased. In other words, the subnuclei of a lamellar phase ‘crystallite’ depend less on the 

diffusion of D2O to lower the bilayer concentration in the area of their expansion, when a 

large T-jump is conducted. Thus fig. 7.4.5(2) could display direct experimental evidence of 

increasing supersaturation with increase of the magnitude of the temperature jump ∆T. A 

detailed description of the interaction of the parameters φB+C, ∆T and ∆µ will be presented 

below (section 7.4.5.5), on the basis of CNT. 

 

Diffusion and the Dilution Effect  

 

It was just mentioned that the formation of young supernuclei is facilitated at higher 

bilayer volume fraction. This explains why nuclei are detected at increased φB+C, but not what 

actually causes this increase of concentration. The phenomenon is connected with the 

properties of the metastable sponge phase surroundings. If temperature would be reduced only 

far enough to reach the two phase region (fig. 7.4.5(3)), then in equilibrium the lamellar phase 

bilayer volume fraction would be higher than the average composition φα’>φ0 and the sponge 

phase of a lower (φ3’<φ0). The composition of each of the phases is given by the respective 

phase boundaries at the temperature in question as indicated, while the amount of substance 

of each phase is determined by the Lever law of phase diagrams83. (This is true only in first 

approximation, since a three component system is present, and therefore is based on the 

assumption that ωb remains constant in both phases.) 

 



7.4 NMR – Interpretations of the Experimental Findings 151 

 
Fig. 7.4.5(3): schematic phase diagram, illustrating the equilibrium bilayer concentration of coexisting phases 
(φ3’,φα’). In case of a jump leading directly into the one phase Lα-region (arrow) the equilibrium concentration of 
the lamellar phase will correspond to φ0. Before equilibrium is reached the L3 phase will strive towards φ3. 
 

With the T-jump however resulting in an equilibrium condition, at which only the 

lamellar phase exists, it seems likely that the sponge phase (during non-equilibrium) strives 

towards a bilayer volume fraction at which it would be stable at said temperature, i.e. φ3<<φ0. 

Thus there results an ‘osmotic pressure’ which transports D2O away from the emerging Lα 

domains and possibly some bilayer volume towards them. On the other hand, there should be 

no resistance from the lamellar phase against reducing its water content or receiving bilayer 

volume, since at the given temperature Lα is stable up to the highest of concentrations (see 

phase diagrams Section 2). However, as the phase transition draws towards completion it is 

clear that the bilayer concentration of the Lα-phase must approach the overall concentration, 

i.e φα�φ0. From this concept it becomes apparent that the speed of a phase transition process 

might increase with increasing magnitude of ∆T, due to an increase of said ‘osmotic pressure’ 

(since lower temperatures require a more dilute L3-phase, fig. 7.4.5(3)), which in turn aids in 

nuclei attaining higher concentrations. This is in accordance with the experimental results 

(section 7.3). Also, the transport of D2O and bilayer volume will occur via diffusion and it is 

therefore probable that this process can become a limiting factor regarding the phase 

transition speed. And indeed, with increase of viscosity, the experiments show a strong 

decrease of said speed (fig. 7.3.1(19)). 

Since a growing nucleus gains its increased bilayer volume through expelling D2O, the 

sponge phase in its vicinity will experience dilution (this phenomena will be referred to as the 

dilution effect). This in turn is identical to an increase in the bilayer distance d3 in that area 

and section 7.4.5.5 (below) will demonstrate that this condition inhibits nucleation. This is a 

final argument for bulk nucleation, since nuclei will only appear at a given distance from each 
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other. More importantly though, it provides an impressive explanation for the experimental 

results of the ϕ−development attained for large ∆T. Fig. 7.4.5(1) demonstrated that suspension 

of continuous nucleation is a likely cause for an α=3 KJMA exponent towards the conclusion 

of fast phase transitions. Fast transitions are however equivalent with a large nucleation rate, 

i.e. many nuclei expel their D2O into the surrounding medium. Thus at an advanced point, 

dilution in the sponge phase will have increased to such an extend that further nucleation is 

not possible. In experiments with a slower nucleation rate continuous nucleation is not 

suspended, since the surface area of the (fewer and larger) nuclei is smaller and with it the 

overall volume of the ‘dilution zones’ surrounding them. Also, it is possible that older nuclei 

strive towards the equilibrium bilayer concentration. 

From the just stated explanations, one might assume that the decrease in the difference 

of initial and final quadrupolar splitting with increase of the magnitude of ∆T (fig. 7.4.5(2)) is 

not a result of increased supersaturation, but rather stems from many nuclei diluting the 

sponge phase, so that an individual nucleus is not able to attain such high concentration. This 

view on the matter can however be discounted, since at the time of the initial splitting ϕ still 

increases steeply, i.e. further nucleation occurs (in the bulk). In other words, the areas of 

diluted sponge phase surrounding the nuclei do not overlap at this time (of course a dilution 

zone is not static around a nucleus but will grow in extension over time while decreasing in 

intensity) and accordingly the nuclei should be able to increase in bilayer concentration 

similar to those formed for small T-jumps. It is however likely, that also the growth speeds of 

nuclei increase in case of a large T-jump. This could result in diffusion simply not being able 

to extract water fast enough from a speedily growing supernucleus, leading to a smaller initial 

splitting. This view however seems to be equivalent with the hypothesis of increased 

supersaturation, since the nuclei simply do not require high bilayer concentrations to grow 

quickly. 

From the phase behaviour however (fig. 7.4.5(3)) one would at first glance expect 

larger T-jumps to result in an increased initial splitting, since the sponge phase is then stable 

at lower concentrations. Then again, the L3-phase cannot be diluted ad infinitum and most 

likely disintegrates well before the critical micellar concentration. To the knowledge of the 

author, the L3-phase of the system at hand has in fact not been found below φB+C = 0.04 (see 

section 2.2). Since the measurements of fig. 7.4.5(2) were performed on the already very 

dilute φB+C = 0.06 sample, it is well possible that the T-jumps led to conditions, where the 

sponge phase is not stable at any concentration and dilution advanced towards the same 

maximum in all five experiments. This in turn would indicate though, that the above 
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mentioned increase of ‘osmotic pressure’ with increasing magnitude of ∆T would not apply in 

the φB+C = 0.06 case. The concept should hold however for higher concentrations.  

As it is the diffusion and tumbling of the D2O probe molecule which leads to 

information in the NMR experiments, the observation of a quadrupolar splitting allows one to 

estimate a minimum lateral extension of the bilayers in the emerging lamellar domains. The 

fact that one obtains separate signals from the sponge and lamellar domains implies that the 

lifetime τl of D2O molecules within the lamellar domains is greater than the inverse of the 

quadrupolar splitting, e.g. 19.4 Hz (FT_32, fig. 7.4.5(2)). While the bilayers represent a 

barrier for the diffusion of the water molecules, water is essentially free to diffuse parallel to 

the bilayers, with a two dimensional mean-square displacement given by 

 

 Dtr 42 =          eq. 7.4.5(1) 

 

where D is the diffusion coefficient and t is the time. With t = τl ≈ 1/(2π19.4)s and assuming 

free two-dimensional diffusion of water with D ≈ 2 10-9m2s-1, one obtains with eq. 7.4.5(1) a 

root mean square displacement of ~8µm. Thus, when one observe a quadrupolar splitting after 

~1000s, it comes from lamellar domains where the bilayers are larger than approx. 8.1µm. 

This value is about 40 times the structural length scale of the equilibrium sponge-like 

structure of the L3-phase d3, which at φB+C = 0.06 was determined by SANS measurements to 

be d3=0.185µm (see tab. T18). Even the domains of a lamellar phase with an initial splitting 

of 13.6Hz (the equilibrium splitting value for φB+C = 0.06 and the initial splitting of a 

φB+C = 0.05, ∆T=-1.5 experiment see fig. 7.4.5(4) below) would be of comparative size 

(9.6µm), while the extreme value of ~33Hz detected for the φB+C = 0.08 sample (FT_75) 

corresponds to an expansion of 6.2µm.  

 

Splitting Development: Comparisons at Varying Concentration  

 

 In the previous paragraph the initial size of crystallites of bilayer volume fractions 

other than φB+C = 0.06 were estimated and so it is only consequential to look at the decline of 

the quadrupolar splitting as function of system composition (fig. 7.4.5(4)). 
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Fig. 7.4.5(4): development of the quadrupolar splitting as function of φB+C for a constant magnitude of the 
temperature jump. Top left to bottom right: φB+C=0.05, ∆T=–1.5°C (DMX-200); φB+C=0.06, ∆T=–1.5°C (DMX-
200); FT_24 φB+C=0.06, ∆T=–1.5°C (Varian 360); FT_20 φB+C=0.06 ∆T= -1.3°C (Varian 360), 
FT_75  φB+C=0.08, ∆T=–1.3°C, (Varian 360). 
 

In the top row temperature jumps of ∆T=-1.5°C are depicted (left to right: φB+C=0.05, 0.06 

(DMX-200 spectrometer) and 0.06(Varian 360 spectrometer)). One sees that the difference 

between the initial splitting and the steady state splitting is smaller for the φB+C=0.05 case and 

this is also true for established experiments performed at that bilayer volume fraction (Varian 

360 spectrometer, data not shown). In the bottom row ∆T=–1.3°C and a φB+C=0.06 (left) and 

0.08 experiment are compared. Again it is clear that the less concentrated sample exhibits a 

smaller difference between the initial and final splitting and so this trend appears to hold over 

the entire concentration range studied. (The φB+C=0.07 sample was not included as ∆T=-1.0°C 

on DMX-200 only.) From fig. 7.4.5(2) one might believe that the τs/τ ratio is correlated with 

the difference in initial and final splitting, however fig. 7.4.5(4) shows that this is not the case. 

 The trend depicted in fig 7.4.5(4) can perhaps be interpreted in the light of the phase 

behaviour (fig. 7.4.5(3)) and the phase behaviour discussion (section 7.4.5.3) with regard to 

fig. 7.4.5(2): A constant ∆T at different φB+C leads to different absolute temperatures of the 

attained lamellar phase. The jump of ∆T=-1.5 of the φB+C=0.05 sample results in the lowest 

temperature of the experiments of fig. 7.4.5(4) (~35.4°C, see fig. 2.3(1)), while the ∆T=-1.3 



7.4 NMR – Interpretations of the Experimental Findings 155 

jump of φB+C=0.08 leads to ~36.2°C. It is not known if the sponge phase is stable at either of 

those temperatures, however if a maximum dilution is attained in both cases, the difference 

between the overall sample concentration and that dilution will of course be greater for the 

φB+C=0.08 sample. Thus the sponge phase around nuclei in the φB+C=0.08 sample will be able 

to dilute comparatively more than the one in the φB+C=0.05 case. This could explain the 

unusually high initially splitting of experiment FT_75.  

 

7.4.5.4 Development of Peak Width 

 

The width of an NMR peak ∆ν1/2 is determined by three factors: 

 

� by Zeeman and quadrupolar relaxation (see section 7.1.4 and 7.1.8, respectively) 

� by inhomogeneity broadening (see section 7.1.5) 

� by superposition of multiple signals at different frequencies 

 

Section 7.3.1.6 shows that the width of the L3-peak increases during the course of a transition, 

while the width of the Lα-peaks decreases. This occurs in an exponential manner and quite 

likely even sigmoidally (fig. 7.3.1(29).- (31) analysis). From the discussions in this chapter it 

is clear that the 3rd point occurs for lamellar peaks from a distribution of the ‘crystallite’ 

directors θdb (as in a 3D-powder), especially in the early stages of a transition, and also from a 

distribution of the φB+C-values in newly created and older nuclei. In section ‘the effects of 

initial nuclei orientation on lineshape’ it was stated that the two types of superpositioning 

may well account for the observed width development and that peak sharpening at the end of 

a transition most likely results from the reduction of defects. From the theory of magnetic 

relaxation (section 7.1.5) it also seems likely that relaxation is stronger (smaller values of T2) 

in more confined spaces, i.e. where molecular motion is more anisotropic, so that in case of 

higher φB+C wider peaks are expected for lamellar phases. All these points give an explanation 

for the extremely wide lamellar peaks detected initially in experiment FT_75 (φB+C=0.08, see 

section 7.2.6.2). Likewise, higher viscosity increases relaxation so that the wide peaks of 

experiment FT_78 (ηD2O/S=η0⋅2.261, see section 7.2.6.2) are no surprise. 

 The widening of the L3-peak is more difficult to explain. No differences are apparent 

in its development with varying φB+C or ∆T, except that in the case of very fast transitions, i.e. 

very high ∆T (approx. ≤ -2.0°C), the L3-singlet actually splits into a doublet (fig. 7.2.6(12)) 

and that this splitting is more pronounced in the ∆T=-3.9°C case than the ∆T=-2.0°C case. 
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With progression of the transition the sponge phase will presumably become more dilute 

(section 7.4.5.3) and associated with this is directional diffusion of D2O. It seems possible that 

this movement in the confinement of a complex fluid could lead to an increase in magnetic 

relaxation. Also, there will be increasing bilayer rearrangement, which could also effect the 

average of D2O tumbling. 

The described splitting of the L3-singlet could actually result from the remnant, dilute 

L3-phase between the lamellar ‘crystallites’ (which in case of faster transitions has a larger 

volume fraction) being transformed into a dilute Lα-phase or at least an Lα like state, where a 

significant amount of passages is still present (akin to what is found for the Lα to L3 

transitions see section 7.4.6). That is to say, in the cases of very large T-jumps, 

supersaturation could be so high that nucleation in the dilute region is not suspended after all. 

The splitting of the ‘L3-peak’ becomes larger for the ∆T=-3.9°C jump than for the ∆T=-2.0°C 

jump simply because the volume fraction of dilute region is larger and can thus be monitored 

longer in comparison (the NMR signal intensity is proportional to said fraction). One actually 

sees D2O diffusion equating the φB+C values of the initially formed concentrated nuclei and 

later formed dilute nuclei (fig. 7.2.6(12)). 

 

7.4.5.5 The L3 to Lαααα Phase Transition Kinetics  

 

In section 7.3.1.2 it was shown at length why the spectra fitting/simulation procedure 

used was chosen and how the relaxation time constants τ were determined for various 

experiments. It must be stressed again that there is great confidence in the determined 

τ-values, as they proved to be independent of the integral determining procedure and the 

general shape of the ϕ-development. It was found that the τ-values decay strongly with 

increased magnitude of the temperature jump and that this decay can be described by a power 

law. Also, the dependence on ∆T is greater for the φB+C = 0.05 sample than for φB+C = 0.06. 

This lead to the speculation of 1/τ being dependant on φB+C less strongly in case of large ∆T 

(fig. 7.3.1(21, right)). For the sample of increased viscosity very slow phase transitions were 

monitored, but τ still developed with ∆T according to a power law.  

The τ-times of the φB+C = 0.05 and 0.06 experiments develop towards similar values at 

high ∆T (fig. fig. 7.3.1(21, left)). Of course, the kinetics of cooling begin to influence the 

determined τ-values for fast transition kinetics, however even the fastest transition plotted 

(FT_06, φB+C = 0.06, ∆T=-2.0) required ~500s to completion with τ~335s while sample 
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cooling requires ~200s (fig. 7.2.6(1)). Thus it appears likely, that the ϕ-development for fast 

transitions akin to an exponential rise instead of a sigmoidal one (fig. 7.3.1(15)) results from 

the cooling kinetics somewhat impeding the formation of lamellar phase at low t. Thus the 

initial ϕ rise is very strong instead of gradual as for sigmoidal development. However, the τ 

times will hardly be overestimated for transitions up to ∆T=-2.0°C. 

 

The Kinetics in the Light of the CNT 

 

 The decrease in relaxation time constants with an increase of the driving force ∆T has 

been linked to an increase in nucleation. With that, it is implied that the absolute number of 

nuclei present dominate the speed of phase transition, and not their growth rate (section 

7.4.5.1). In classical nucleation theory (CNT) the nucleation rate J is expressed via a 

Boltzmann approach to 
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exp        eq. 7.4.5(2) 

 

With the assumption that the kinetic prefactor KJ (which is associated with the diffusion of 

material to a growing nucleus) is roughly constant, an increase in the nucleation rate J occurs 

for a reduction of the nucleation energy barrier ∆G* (variations in the absolute temperature T 

can be neglected, as only small T-jumps are performed). Thus it is of interest to examine how 

∆G* might be influenced by changes of ∆T. 

In the nucleation of gaseous particles to spherical clusters of n particles of radius rn, 

the difference in Gibbs free enthalpy ∆G is a function of n (and thus rn) and ∆G* its 

maximum. 

 

 σπ+µ∆⋅=∆ 24 nrnG        eq. 7.4.5(3) 

 

where ∆µ is the difference in chemical potential between a particle in equilibrium in the new 

state and a particle in equilibrium in the old state (∆µ = µnew - µold <0) and σ is the surface 

energy of the cluster (σ>0). For the following considerations, the validity of eq. 7.4.5(2) and 

7.4.5(3) is assumed, even though the physical realities of the complex fluid phases at hand 

and the simple model of cluster formation from the gas phase are of course vastly different. 
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Although it is not apparent from the simple model of eq. 3.2(1) (the average bending 

energy E of any lamellar phase is zero), it seems reasonable to assume that for a given 

concentration φB+C the difference in Gibbs free enthalpy per unit volume (or rather the area of 

bilayer A therein and thus a unit area) between the equilibrium L3 phase and an equilibrium 

Lα phase at lower temperature is larger than if an Lα-phase at higher temperature is 

considered, i.e. that the magnitude of the supersaturation ∆µ increases upon increasing ∆T 

(Note that since no expansion work is performed during the transitions, E can be equated with 

an enthalpy and thus ∆G = ∆E – T∆S, where S is the entropy. For the transition at hand 

∆S < 0, as a transformation to a more ordered state is observed.). Since the surface energy 

between a lamellar and a sponge domain can be estimated to σ≈κ/dα
2 70 and the bending 

rigidity modulus κbi=2κmono= const. (see above) and dα=const. for an equilibrium lamellar 

phase of different T (at φB+C=const.), σπ 24 nr = const. for different temperature jumps. Thus, it 

seems likely that the course of ∆G develops with increasing supersaturation ∆µ (in first 

approximation) classically as in fig. 7.4.5(5), i.e. that the nucleation barrier and the critical 

cluster size decrease. Therefore, it is probable that greater nucleation rates at greater ∆T are 

indeed the cause of the speeded L3 to Lα phase transitions. 

 

 

Fig. 7.4.5(5): development of ∆G as a function of particle number n at constant surface energy σ, but varying 
differences in the chemical potential ∆µ of the initial and final system state. For a more negative ∆µ, the 
nucleation energy barrier ∆G* is reduced as is the size of the critical cluster n* (I to III). 
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Of course it has been shown experimentally that, when nuclei are initially formed, the 

bilayer concentration is higher than the equilibrium concentration and accordingly dα is 

smaller and σ actually higher. However, the following considerations will show that the 

formation of a given volume of lamellar phase at higher concentration should release more 

Gibbs free energy than the formation of one at lower concentration, even though surface 

tension is higher in the former case. The line of reasoning presented relies on equating a unit 

area of bilayer surface, of chemical potential µ, to the particle number n of eq. 7.4.5(3). 

The scaling invariance (section 3.2) of the L3 structure applies for the Lα structure as 

well (for a constant separation ∆T from the L3-phase), so that the bending energy E per scaled 

unit area is constant for each respective phase, regardless of bilayer concentration φB+C. 

However, the bending energy per unit area is less in the dilute case (E(λ) = E(1)/λ2, where λ 

corresponds to the factor of elongation, see section 3.2). Thus if the bending energy is equated 

with the Gibbs free energy for purposes of estimating trends in the chemical potential of a unit 

area, then µ ∝ φB+C
2 since 1/λ ∝ φB+C for dilute systems (φB+C << 1). (This approach assumes 

that the entropy per unit area of both the L3 and Lα structure also scale with the square of the 

concentration, i.e. S3 ∝ φB+C
2 and Sα ∝ φB+C

2.) In addition, the total area of bilayer A decreases 

upon dilution (A ∝ φB+C ∝ 1/λ) so that n ∝ φB+C and E ∝ φB+C
3. 

On the other hand, the surface energy is estimated to σ≈κ/dα
2 and since for the 

inter-lamellar distance dα∝1/φB+C, σ∝φB+C
2 results. Judging from these estimates, eq. 7.4.5(3) 

can be rewritten in the form 

 

( ) ( )22

CBsCBin fAfAG
+σ+µ

φ⋅⋅+φ⋅⋅−=∆     eq. 7.4.5(4) 

 

where fµ and fσ are prefactors of the difference in chemical potential per unit area and the 

surface energy respectively, As is the surface area of a lamellar nucleus and Ain its internal 

area, i.e. the area of the lamellar phase it contains. Both CNT and the KJMA model assume 

spherical nuclei and the same will be done for this discussion. Thus, As is easily calculated via 

 

24 ss rA π=          eq. 7.4.5(5) 

 

where rs is the sphere’s radius. Ain can be determined when assuming a model nucleus 

build-up (fig. 7.4.5(6)).  
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Fig. 7.4.5(6): standard sphere at φB+C = 0.01, where Np,max = rs/dα,1 = 2 and which therefore contains five lamellar 
plains, spaced equally dα apart, and of which the top and bottom most have an area Ap of zero. 

 

A spherical nucleus in question contains a number of lamellar planes equal to 

2Np,max+1, where  

 

Np,max = rs/dα         eq. 7.4.5(6) 

 

The circular area Ap of each of these planes can be calculated via its respective radius rp, 

which can be derived from simple geometry. 

 

( )( ) π⋅⋅−=π⋅=
α

222
pspp NdrrA       eq. 7.4.5(7) 

 

The internal area of the nucleus is then determine by summing over all the individual planes, 

not forgetting to take the central plane into account  

 

∑+π⋅=
max,

1

2 2
pN

psin ArA        eq. 7.4.5(8) 

 

If one wishes to considered nuclei of varying bilayer volume fraction, one must designate a 

value of φB+C as a point of reference. For the purposes of this discussion this will be 

φB+C = 0.01 and the distance between lamellae at this concentration will now be termed dα,1. 

The corresponding interbilayer distances at other concentrations dα,φ are then accessible via  
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eq. 7.4.5(8) can be cumbersome for large numbers of planes. However, for spheres with a 

sizeable number of planes the internal area Ain can be estimated very accurately via 
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Already for 2Np,max+1 = 9, i.e. only 7 planes of non-zero area are included, the fraction of the 

true area to the estimated area is > 0.98. Thus eq. 7.4.5(4) can be rewritten as 
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The difference in Gibbs free enthalpy can now be calculated as a function of a nucleus’ radius 

for arbitrary φB+C, when assuming values for the prefactors fµ and fσ (which are constant for 

various φB+C and rs, for a given ∆T). Via differential calculus the critical radius rs* of a 

nucleus and its respective energy barrier ∆G* can be determined to 
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Most notably rs* is inversely proportional to φB+C and ∆G* is independent of it. Fig. 7.4.5(7) 

illustrates this fact. However eq. 7.4.5(13) also states that even slight increases of 

supersaturation ∆µ are expected to significantly lower the nucleation barrier as the prefactor 

experiences a power of four. This trend is even stronger for a reduction of the interbilayer 

distance dα,1 (power of six).  
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Fig. 7.4.5(7): development of ∆G as function of rs calculated with eq. 7.4.5(11) with dα,1 = 0.5 a.u., fµ = 1 and 
fσ = 10. Curves presented are for concentrations φB+C = 0.02 (dashed line), 0.04 (grey line) and 0.08 (solid black 
line). The data points of the φB+C = 0.04 curve were calculated with eq. 7.4.5(8) to demonstrate the validity of eq. 
7.4.5(11) 
 

Since rs* ∝ φB+C
-1, it follows that As* ∝ φB+C

-2 and Ain* ∝ φB+C
-2. In other words, ∆G* is not a 

function of φB+C since the ratio of internal to surface area of a critical nucleus is constant, i.e. 
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Thus the developed model cannot account for the increase in transition speed detected for 

higher concentration, since the nucleation rate J is primarily a function of ∆G*. However, 

with an increase in supersaturation (which presumably occurs upon increasing ∆T), higher 

values of J are expected. Also, it is of importance that Ain* ∝ φB+C
-2, because therefore it is 

plausible that the increase of concentration occurring in a nucleus through the dilution effect 

can effectively transform a subnucleus into a supernucleus. Importantly, this implies that the 

probability of a subnucleus surpassing its critical state is increased with the time that such a 

subnucleus is in existence.  

The fact that a strong decrease in phase transition speed is detected in the system of 

increased viscosity (ηD2O/S = η0·2.261, fig. 7.3.1(19)) cannot be explained by considering only 
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supersaturation and nuclei surface energy. However, from the discussions of the sections 

above, it appears clear that diffusion is essential in forming the highly concentrated nuclei. 

This process will be included in the kinetic prefactor KJ of eq. 7.4.5(2) As argued above (see 

also section 7.4.5.3), at lower supersaturation supernuclei are formed by ‘compacting’ 

subnuclei via the dilution effect and thus diffusion is essential. At higher ∆µ, the process is of 

less importance, since supernuclei can form without the aid of higher concentration. 

It must be stressed that the thermodynamic approach with its spherical nuclei of many 

lamellar plains is a great oversimplification. In a detailed theoretical discussion, which is 

beyond the scope of this experimentally based thesis, many aspects remain which need 

consideration. Instead of estimating ∆µ via the bending energy E, the Gibbs free energy G of 

the initial and final state, as well as any intermediate states must be approximated, taking into 

account entropic terms such as bilayer fluctuations. In addition to the ‘condensation energy’ 

and surface tension energy, the elastic energy and interfacial anchoring energy (energy needed 

to deviate bilayers from their equilibrium orientation) of the lamellar ‘crystallites’ are of 

importance70. Finally, inhomogeneities and defects (e.g. focal conic domains) and their 

distribution within a developing lamellar domain cannot be disregarded70. 

 

Kinetics in the Light of the Passage Destruction Mechanism 

 

When considering the proposed mechanism of passage destruction (fig. 4.2(2) and (3)) 

one can speculate on a more localised scale, as to what factors could influence the nucleation 

barrier ∆G*. It seems clear that passage destruction can only occur after an unusually strong 

bilayer fluctuation enables bilayer contact as in fig. 4.2(2) stage 2. The mechanism of passage 

formation is thought of energetically as a 2-step process68. For 
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H. Leitao stated in ref.45, that a relaxation rate τ-1 of a (phase) transition involving passage 

formation is the product of a rate (indirectly a probability) τP
-1 of bilayers coming into contact 

and a probability of a passage to form once contact does occur (2nd term of eq. 7.4.5(15)). He 

goes on to state that τP
-1 should essentially be controlled by membrane rigidity (κ) and that it 

is heavily dependent on the interbilayer distance d. On the other hand, the energy barrier of 

handle formation EA is expected to be a function of the bilayer properties, i.e. ε, κmono, monoκ , 



164                                           7.4 NMR – Interpretations of the Experimental Findings 

and c0,mono. He also derives that for the lamellar phase, statistically, there will be one collision 

of membranes in the elementary volume dα
3, while for the sponge phase this volume 

corresponds to d3
(2/ζ)+1, where ζ is the wandering exponent108, which takes values between 

zero and one. ζ=0 for a system which is purely controlled by interfacial tension, while ζ=1 

when a system shows free membrane behaviour, i.e. is controlled by bending energy only. 

Therefore, membrane collisions are considerably less likely in an equilibrium L3 structure 

than in the equilibrium lamellar structure of equal bilayer composition. 

Applying these concepts to the process of passage destruction, it is conceivable that as 

temperature jumps are performed with greater amplitude, the energy barrier EA, grows less 

due to an increase of bending energy through a more negative biκ  (via the influence of c0,mono, 

section 7.4.1). In other words, the bilayers are under so much tension that when they do meet 

and stalk formation occurs, it is increasingly likely for this tension to be released by the stalk 

rupturing in the energetically favourable direction, i.e. passage destruction occurs (fig. 4.2(3) 

stage (2)�(3)) instead of a return to the original passage conformation (stage (2)�(1)). The 

‘information’ into which direction rupturing has to occur could be mediated by the tension 

distribution in the stalk. Fig. 4.2(2) stage (2) was formed via an extreme fluctuation of the left 

bilayer, so that the bending energy density there is particularly high (even though on the scale 

of the stalk the outer monolayer appears flat) and accordingly this tension is preferably 

released by pore formation in the horizontal. 

The development of the Gibbs free enthalpy is illustrated for the above hypothesis in 

fig. 7.4.5(8, left). The initial state I signifies a passage in the sponge phase and an unusually 

large bilayer fluctuation must overcome a high energy barrier (II) in order for bilayers to 

come into contact and form a stalk intermediate (III). The magnitude relation between state I 

and II is given by the interbilayer distance d3. Through pore formation and subsequent 

rupturing of a small section of bilayer (see section 4.2), the bilayers separate and return either 

to the original passage conformation (state I) or passage destruction occurs resulting in a 

conformation of flat bilayers (state V). With increase of supersaturation the energy barrier 

(IV) becomes increasingly smaller than state II when viewed in relation to the intermediate 

state III.  

In order to abide to consistency, the above considerations must also be applied to 

possible passage formation occurring in newly formed lamellar domains (fig. 7.4.5(8, right)). 

Since dα<d3 the probability of bilayer contact is actually larger in these regions than in the 

sponge phase (τP
-1 ∝ dα

-3, see above). Accordingly the energy barrier (II) between the original 

state I, consisting of flat bilayers, and a stalk intermediate (III) is smaller than in fig. 7.4.5(8, 
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left). Also, assuming that stalk formation does occur upon bilayer contact in the sponge phase, 

it is highly likely that in the lamellar phase the result is the same, since in both situation of 

contact the bilayer properties are very similar. Thus a local minimum state III will exist. In 

addition, it was stated above, that a created stalk preferably forms a pore through the bilayer 

which caused contact through an extreme fluctuation (and is accordingly under high tension), 

i.e. that the energy barrier IV<II (when viewed for state III and this is especially so for high 

supersaturation). For the case at hand however, this coincides with the direction passage 

formation (state VI) and not a return to the initial state I. Obviously though, the Lα-phase is 

stable and does not form passages in significant amounts although bilayer contact should be  

frequent. Therefore it seems plausible that it is the process of pore expansion, which is 

necessary to convert a pore to an L3-like passage, that poses a high energy barrier, so that after 

a time in the metastable stalk/pore state (III to V), the bilayers will separate to return to the 

original lamellar structure (I). Note that the minimum at V only serves to emphasise the 

preferred direction of pore formation from the stalk and that the energy difference between V 

and IV may literally be nonexistent. In other words, it is more likely that simply the slope of 

the G development towards passage formation (IV) form state III is initially less than towards 

the energy barrier II, so that states III to V form an asymmetric minimum. 

 
Fig. 7.4.5(8): proposed development of the Gibbs free enthalpy G for passage destruction in the L3 domain (left) 
or passage creation in the Lα domain (right) during a sponge to lamellar phase transition. The roman numerals 
represent different states which are detailed in the text. Note that the enthalpy difference between state III and 
state IV or II, should not be compared to the difference between state I and II. Also, the minimum state V (right) 
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only serves to emphasise the preferred direction of pore formation in state III and is probably non existent (see 
text). 

Another factor which should influence the transition kinetics is the absolute 

temperature. It decreases in the case of large ∆T, making the strong fluctuations that bring the 

bilayers into contact less likely to occur. However, the difference in absolute temperature is 

minimal in a ∆T=-1.0 or –2.0 jump, while the difference in the relaxation time constants τ is 

immense (section 7.3.1.4). Interestingly, the energetic reflection on passage destruction 

presented, can account for the general dependence of τ with ∆T. With increasing ∆T, EA 

(which corresponds to the difference between state III and IV in fig. 7.4.5(8)) approaches 

zero, or simply the probability of the stalk rupturing in the direction of passage destruction 

approaches unity. Thus, the phase transformation kinetics approach a non-zero minimum 

value (fig. 7.3.1(21)), since the probability of bilayer contact (the difference between state I 

and II) is approximately constant. Of course, the kinetics of cooling begins to influence the 

determined τ-values for fast transition kinetics as discussed at the beginning of this kinetics 

chapter. Thus it is not implied that the approach towards a possible minimum value seen in 

fig. 7.3.1(21) corresponds to the theoretical minimum postulated here. 

The above stated can also account for the changes in relaxation time with bilayer 

concentration φB+C. The interbilayer distances d become smaller with increased concentration 

(for φB+C<<1, d∝φB+C
-1), and accordingly the probability of bilayer contact increases 

(τP
-1~φC

3)109. Because of the power law dependence of τ with ∆T and the approach of a 

minimum relaxation time constant, the 1/τ dependence on φB+C is necessarily less for larger 

∆T (fig. 7.3.1(21, right)), i.e. 1/τ∝φB+C
1.2 for ∆T=-1.7 and 1/τ∝φB+C

4.4 for ∆T=-0.8. 

Finally, the handle destruction mechanism might also explain as to why Lα domain 

growth is energetically reduced when compared to the creation of a new nucleus. (Apart from 

the consideration of the CNT, where a number of nuclei of a given total volume have a greater 

surface area than a single nucleus of the same volume, and accordingly the single nucleus is 

energetically favoured.) Passage destruction in the L3-bulk is the least likely scenario, as 

bilayer contact probability τP
-1 is lowest there (see above). In the vicinity of an already 

existing nucleus however, and most certainly at its interface, the bilayers of the passages will 

have characteristics more similar to those of the lamellae (ζ�1), so that the probability of 

bilayer contact increases. In fact, it could be shown experimentally that the topological 

parameter µT and therefore the coordination number Z of the passages decreases with reduced 

distance to the L3/Lα interface70 (according to Porte73 µT≈Z/4 so that for an ideal cubic model 

µT≈1.5). In addition, dα of young nuclei is considerably smaller than dα of the steady state 
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lamellar phase (section 7.3.1.5) and this shorter distance transmits necessarily to d3 at the 

interface because of the continuity of the membranes. Again, this increases the probability of 

bilayer contact. In fact at said interface70  

 

3

sin
d

d
ep

α=θ          eq. 7.4.5(16) 

 

where θep is the epitaxial angle, a parameter better known in crystallography, which in this 

case is the angle between the lamellar surface and the L3/Lα interface (fig. 7.4.5(9)). (In fig. 

4.2(1) θep=0°, and on this surface of a lamellar ‘crystallite’ eq. 7.4.5(16) does not apply and d3 

can be of arbitrary size). Eq. 7.4.5(16) has been confirmed experimentally by determining 

2θep with polarised microscopy 33. 

The dilution effect (section 7.4.5.3) may at first seem to contradict the statements of 

this section, where nuclei growth is considered energetically favourable, due to the reduced 

distance of d3 at the interface. One must however keep in mind the continuity of the bilayers 

and the validity of eq. 7.4.5(16). Thus a zone of dilution will begin at a certain distance from 

the interface, that is to say the L3 passages directly at the phase border will still be of small d3 

and thus aid bilayer contact. In case of the interface taking the form of fig. 4.2(1), dilution 

will be hindered, since the water domain not connected to the Lα crystallite will not be able to 

expand, because the bilayers represent a barrier for the diffusion of D2O molecules. 

 

Fig. 7.4.5(9): schematic depiction of an energetically favourable L3/Lα interface, reproduced from 70 
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7.4.6 Lαααα to L3Transitions 

 

7.4.6.1 Characteristics of the Phase Transition Mechanism 

 

 Up to this point it was apparent through the different lineshape developments that the 

lamellar to sponge transition occurs through a different process than the sponge to lamellar 

transition, i.e. not through nucleation and growth. At no point during the transition are three 

peaks visible, so the coexistence of anisotropic lamellar domains and isotropic sponge 

domains can be ruled out. (This is of course only true for domain sizes probed by the 

diffusion of the D2O molecule, see section 7.4.5.3). Rather, the L3-phase develops through a 

number of random fusion events, which create the passages in the multiply connected bilayer 

structure in such a way that the sample is homogeneous over distances probed by the 

diffusing water molecules, on a time scale determined by the inverse quadrupolar splitting. 

 The quadrupolar splitting ∆νQ results from a residual quadrupolar interaction which is 

not averaged to zero by the molecular reorientation. In the experiments discussed here, this is 

due to the presence of MAPA D2O which has a preferred orientation with respect to the 

bilayers. Throughout the transition passages are introduced and the bilayers become on 

average increasingly curved. As a result the D2O molecules can reach new surface orientation 

by diffusion, i.e. θnb is averaged increasingly more effective. (A division of the geometrical 

term containing θnb into two terms with θnd and θdb as in eq. 7.2.1(4) is nonsensical at this 

point, since the ‘decaying’ lamellar phase loses its director (see section 7.2.4). When all 

orientations are accessible, as is the case in the sponge structure, the quadrupolar interaction is 

averaged to zero and a singlet results. The averaging of the interaction also causes the 

interaction to become time dependent, and the motion of the molecules within the MAPA 

regime contributes to the relaxation of the magnetisation. Hence, besides the initial gradual 

decrease of the quadrupolar splitting, there is also a gradual broadening of the doublet 

resonances.  

The evolution of the spectra can be seen as a result of a gradual decrease of a 

‘correlation time’ τ  (note τ ≠τc) describing the change of the preferred orientation of the D2O 

molecules as they diffuse along a curved surface. A rough estimate of τ is 

 

D

r 2

≈τ          eq. 7.4.6(1) 
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where r is the average distance between passages, which more formally can be expressed in 

terms of an Euler characteristic density, and D ≈ 2·10-9m2s-1 the water diffusion coefficient. 

As the passage density increases, r and thereby τ decrease. The coalescence of the doublet 

occurs when τ ≈ 1/∆νQ ≈ 0.1s, which is observed experimentally after circa 300s (fig. 

7.3.2(18)). Using eq. 7.4.6(1) at this point, one obtains the estimate that r ≈ 10µm. This value 

can be compared to the characteristic length in the equilibrium sponge phase d3, which is 

approximately equal to the average pore size. d3 ranges from 244nm to 159 nm for φB+C=0.05 

to 0.07 (see section 8.7.1).  

Due to its homogeneity, the Lα to L3 phase transition can be seen as continuous on 

mesoscopic length scales. However, this only refers to the distribution of passages and 

thereby the overall characteristics of the metastable state. It does not imply that a phase 

transition of second order, according to the Ehrenfest classification, is witnessed. Instead the 

discontinuities of a first order phase transition83 are expected and the L3-phase still thought of 

as nucleating within the lamellar phase. There is an energy barrier for the formation of a 

passage110 and thus each of these events can be considered nucleation. The size of this energy 

barrier is however small, when compared with the one necessary to incite ‘growth’ of a 

nucleus, i.e. passage formation adjacent to an already existing passage. Thus a discussion of 

the transition in context of the CNT is not possible.  

 

7.4.6.2 The Lαααα to L3 Phase Transition Kinetics 

 

In section 7.3.2.2 it was attempted to fit the spectra of the observed phase transitions 

on the basis of the chemical exchange model using a modified McConnell equation, which 

accounted for a natural linewidth (eq. 7.3.2(2)). However, the model failed in the sense that 

that the initial quadrupolar splitting value ∆νQ,L could not be kept constant (fig. 7.3.2(2)). 

Also, it did not manage to describe the lineshape of spectra, where very small splittings were 

detected, i.e. it determined the time of coalescence too soon (fig. 7.3.2(9)). As stated above, 

lineshape development depends on the geometrical term including θnb being averaged 

increasingly well to zero, due to changes in the diffusion of D2O. Taking this microscopic 

description into account, it is no great surprise that the employed model cannot reproduce the 

lineshapes satisfactorily as it is based on the existence of two states of equal population 

yielding a singlet at different resonance frequencies in case of slow exchange (section 7.1.9). 

A quantitative analysis requires the fitting of the NMR band shapes using slow motion theory 
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for the water dynamics. This however, requires a quantum mechanical treatment of NMR111 

and is therefore beyond the scope of this thesis. 

Ignoring the deficiencies of the chemical exchange model, plots of the coalescence 

parameter χP (eq. 7.3.2(3)) as a function of time were generated nevertheless. These show a 

strong exponential growth with τ ≈ 20 to 30s up to the point of coalescence (χP = 1), after 

which the model can yield no further information. Thus the only result is that coalescence is 

reached very quickly in an exponential manner. However, at the times in question sample 

heating is still fully in progress (needing ~200s until completion). Therefore the kinetics up to 

the point of coalescence (which occurs at ~300s independent of sample composition or 

magnitude of the T-jump) are heavily dominated by the heating process and it is conceivable 

that much faster transitions would take place if heating could be achieved more quickly. 
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Fig. 7.4.6(1): development of conductivity after the suspension of an isothermal shear experiment. The data 
points (circles) were fitted with a combination of two exponential functions (solid line), whose individual 
development is represented by the dashed lines. This figure is taken from ref.46.  
 

In this context, Uhrmeister46 interpreted isothermal shear experiments, where the 

lamellar phase relaxes back into the sponge phase, in the following, phenomenological 

manner. In the experiment presented in fig. 7.4.6(1) a sample of the system H2O/NaCl – 

n-decane –C12E5 (ωb=0.45 and φB+C=0.06), was sheared from the L3 phase into the L3/Lα 

coexistence region at a temperature, which corresponds to the middle position of the L3-
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channel at equilibrium. The shearing was stopped (solution at rest at t = 0s) and the relaxation 

monitored by measuring the conductivity. 

Initially there is a strong rise in conductivity and a maximum is quickly attained. The 

conductivity then relaxes back to its equilibrium L3 value much more slowly. Thus there are 

two processes at work and Uhrmeister fitted the data of fig. 7.4.6(1) accordingly, using the 

sum of two exponential functions (solid line), which yielded relaxation time constants 

τ1=12.8s and τ2=490s. He then went on to give the following explanation for the observed 

behaviour. The L3-phase is first sheared into a state, where a dilute L3-phase(2) is in 

coexistence with a concentrated lamellar phase(3). This phase separation occurs only on 

microscopic length scales. Once shearing is suspended, the concentrated lamellar phase(3) 

transforms into a concentrated L3-phase(5), which coexists with the dilute L3-phase(4). This 

process occurs rapidly (τ1) and is the cause for the strong increase in conductivity. The then 

ensuing slow relaxation process (τ2) is identified with the phases (4) and (5) equilibrating into 

state (1). 

Judging from Uhrmeister’s analysis, it appears that initial passage formation does 

occur very rapidly for the lamellar to sponge phase transition for the system at hand. 

However, τ1 cannot be interpreted quantitatively since the amount of displacement into the 

coexistence region is not known. 

The performed analysis of fitting two Lorentzians to the spectra before coalescence 

and one for spectra afterwards leads to plots where the development of peak width ∆ν1/2 is 

observed as a function of time (section 7.3.2.4). Again, the fast development towards 

coalescence, which corresponds to the maximum ∆ν1/2 -value, is apparent. The subsequent 

reduction of ∆ν1/2 of the singlet occurs then however in all cases more slowly. The form of 

said reduction was described by eq. 7.3.2(5), a double exponential decay. First, there is a 

rapid width decay, which is then followed by much slower peak sharpening. The absolute 

time at which the process or processes that cause the decay take place, is however well 

separated from the time needed for sample heating (~200s). Thus, even though the beginning 

of the Lα to L3 phase transition kinetic is dominated by the heating process, the later 

developments are not. Therefore it is clear that the phase transitions are substantially 

accelerated in comparison with the sponge to lamellar transitions, since an isotropic peak of a 

width close to the equilibrium width is generally attained within 600s. The acceleration is 

most obvious for experiment FT_14 (completed at ~600s, fig. 7.3.2(12)) and FT_83 

(completed at ~1200s, taking its long period of peak sharpening into account, not visible in 

fig. 7.3.2(14)), where the reverse transitions yield relaxation time constants τ~3000s. At this 
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point, one can argue that the difference in rate can be due both to the difference in final 

temperature and the fact that a homogeneous process is expected to proceed faster than a 

process involving nucleation and growth. 

 

7.4.6.3 The Kinetics in Light of the Passage Formation Mechanism 

 

The lamellar to sponge phase transition requires the creation of passages and thus 

necessarily the process of bilayer fusion. The mechanism of passage formation is described in 

section 4.1 and will serve as a basis for the following discussion. Similarly, eq. 7.4.5(15) 

describing passage formation as a two-step process and the considerations of H. Leitao on the 

probability of bilayer contact will have to be taken into account (section 7.4.5.5). Fig. 7.4.6(2, 

left), depicts a hypothetical development of the Gibbs free enthalpy for passage formation in 

the lamellar phase, in analogy to fig. 7.4.5(8).  

The initial state I signifies two plane bilayers of the lamellar phase in opposition as 

illustrated in fig. 4.1(1) stage 1. A large bilayer fluctuation must overcome the moderate 

energy barrier II in order for bilayers to come into contact and form a stalk intermediate III. 

Bilayer contact in the lamellar phase is relatively frequent, due to the small value of dα (in 

comparison to d3) and so the magnitude relation between state I and state II is considerably 

less that the respective one for bilayer contact in the L3 phase (fig. 7.4.6(2, right)). After pore 

formation, the intermediate can either rupture, causing the bilayers to separate and a return to 

state I, or the pore can expand leading to the formation of a passage (state V). Akin to the 

argument given in section 7.4.5.5, pore formation should preferably occur through the bilayer 

which caused the contact, as it is under high tension. Thus energy barrier IV is smaller than II 

when viewed in relation to the intermediate state III. 
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Fig. 7.4.6(2): proposed development of the Gibbs free enthalpy for passage creation in the lamellar phase (left) 
and passage destruction/creation in the pre-equilibrium sponge state. The roman numerals represent different 
states which are detailed in the text. 
 

Statistically there will be one collision of membranes in the lamellar phase within the 

elementary volume dα
3 (section 7.4.5.5) and usually this will result in passage formation. 

However, once a passage is formed it will expand to the characteristic size d3 and presumably 

even a little beyond that, because of a dilution effect as described in section 7.4.5.3. However, 

this effect should be much less pronounced for the sponge to lamellar transition. Although the 

Lα phase is only stable at much higher concentration φα at the target temperature, the 

L3-passages can be expanded, i.e. diluted, only relatively little (to φ3’) and hence both domain 

types will remain close to the equilibrium concentration φ0 (fig. 7.4.6(3)). Thus D2O diffusion 

should be of only minor importance at this point. Nevertheless, large fluctuations will occur 

less frequently in the vicinity of an existing L3-passage, where bilayer contact occurs in the 

elementary volume d3
(2/ζ)+1 (section 7.4.5.5). In addition, if a second passage does form close 

to an existing one (connecting the same or adjacent bilayer planes), they will experience a 

repulsive potential (passage interaction can be viewed as hard core repulsion)110 and will 

accordingly spread out. Both concepts sum up to an impressive explanation as to why sponge 

domain growth does not occur in the Lα to L3 transitions. 
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Fig. 7.4.6(3): schematic phase diagram illustrating the desired concentrations in the metastable state. Even in 
non-equilibrium, the lamellar phase cannot increase to high concentration φα, since the sponge phase is only 
stable up to a small dilution φ3’. 
 

 From the above contemplations one expects the passage density to increase rapidly 

and phase transition relaxation rate τ should develop according τ ∝ τP
-1 ∝ dα

-3 ∝ φB+C
3 (where 

τP
-1 is the rate of bilayers coming into contact, section 7.4.5.5), i.e. phase transition speeds 

increase with increasing concentration. Similarly, phase transition speeds should be 

independent of the magnitude of the T-jump, since the final state (and its absolute 

temperature) is identical for all experiments and since the relations between the energy 

barriers II and IV should not change with respect to the intermediate III (fig. 7.4.6(2, left)). In 

fact, Uhrmeister showed that the relaxation times of positive temperature jump experiments 

(which lead to an increase in passage density) performed within the L3-channel only depend 

upon the target temperature46. The τ dependence on φB+C could not be found in the 

experiments, but with respect to Uhrmeister’s passage formation time constant τ1=12.8s and 

the heating time constant of ~64s (completion at ~200s) this is no surprise. 

 At coalescence the distance r between the passages can be estimated to ~10µm, but d3 

of the equilibrium L3-phase is at least 40 times smaller for the compositions studied (see 

above). Thus, passage density still remains to increase considerably beyond this point. 

However once passage density reaches the point, where notable repulsion exists between 

them, the introduction of new passages between them will become increasingly difficult. In 

addition, up to this point there probably exists only a lamellar phase perforated with passages. 

In order to attain the morphology of the sponge phase the long distance order between the 

bilayer planes must be lost, i.e. passage direction must be random in 3D space. This could be 

associated with additional energy barriers.  

The decrease of peak width ∆ν1/2 was described with the help of two exponentials. 

Thus at a given point in time the slower relaxation process τ2 begins to dominate. It is 
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possible that this is the expression of a transition regime, where passage formation becomes 

energetically more difficult, due to the attainment of a critical passage density and the need to 

lose lamellar long distance order. The ensuing peak sharpening could then correspond to 

perfecting the isotropy of the L3-phase, while attaining a macroscopically uniform passage 

density. 

Also, as passage density increases and a more sponge phase like character is gained, 

passage destruction will become increasingly likely. Fig. 7.4.6(2, right) displays proposed 

development of the Gibbs free enthalpy for passage formation and destruction within the 

sponge phase. The energy barrier II is high with respect to the initial state I, as interbilayer 

distance d3 increases with increasing passage density. From the previous discussions, the 

energy barrier IV should always be smaller than II, because of the high bending energy of the 

membrane which caused the bilayers to contact. The energetically favourable state V can 

correspond to the state after passage destruction or formation. Which one will be more 

favourable will depend upon the local passage density, i.e. passages will preferably form 

where the density is lower than the equilibrium density and vice versa. Thus the sponge phase 

in equilibrium will consist of a dynamic equilibrium of passage formation and destruction.  

 From the above contemplations, it is clear why the lamellar to sponge phase transition 

are considerably faster than the reverse transitions (unless these are performed at excessive 

supersaturation). Passage formation is generally easier due to smaller distances dα than d3 in 

the bulk or d3 at the interface of a lamellar nucleus. In addition, there are no major diffusion 

processes involved in the early stages of passage formation, unlike those required to increase 

the concentration of the lamellar nuclei. However the energy barrier IV with respect to state 

III will remain at a significant value, while for the reverse transition it can presumably 

become non-existent with increasing ∆µ. Also, reaching true equilibrium (i.e. a uniform 

passage density) of the L3-phase can take considerably longer than may be apparent at first 

glance (and sensitivity of the technique used to monitor the transition is certainly an issue). 

Later stages of passage formation become increasingly difficult due to increasing values of d3. 

Also, passage destruction will occur ever more until a dynamic equilibrium is attained. On the 

other hand, attaining true equilibrium in the lamellar phase is even more daunting. Defects in 

the ‘crystallites’ might remain long after the transition is supposedly complete. In addition, 

the boundary region between the crystallites of different director orientation (2D or 3D 

powder), will continue to minimise in energy, presumably striving towards a ‘single crystal’ 

conformation of the entire sample.  
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7.4.7 The ‘Additional Experiments’ 

 

 The results of the additional experiments (section 7.2.6.4) support the line of 

discussion followed throughout section 7.4. In section 7.3.3 it was stated, that when reversing 

the lamellar to sponge transition, the time required until the appearance of well defined 

lamellar peaks was very short (~140s). In the Lα to L3 step a state just beyond the point of 

coalescence was reached. According to the discussion in section 7.4.6.3, this state should 

correspond to a lamellar phase with a good deal of passage defects, i.e. the distance r between 

the passages is somewhat smaller than 10µm. However, these isolated passages will be 

destroyed as easily if not easier than those at the L3/Lα interface in a standard L3 to Lα 

transition. Also, it is well possible that the repulsive force between passages will expel some 

of the passages into the L3-like boundary region between the ‘crystallites’ (2D-powder). 

Furthermore, D2O will diffuse into this region reducing dα and thus leading to the large 

quadrupolar splitting ∆νQ initially detected. 

 For the reversing of the sponge to lamellar transition, no exceptional behaviour was 

detected, only an L3-singlet was superpositioned over the process. This is expected, since the 

sponge phase does not ‘grow’ and likewise the present lamellar nuclei (or rather domains, 

since they should have grown to considerable size at the EPM at which the transition was 

reversed) do not ‘shrink’. Passages are simply introduced into the lamellar domains, as for a 

standard Lα to L3 transition. 

 Finally, the micellar to lamellar transition appears to be continuous in the sense that 

this is true for the lamellar to sponge transition, i.e. there is no visible nucleation and growth 

process of lamellar domains. Instead the character of the state changes homogonously (over 

distances probed by the diffusing water molecules, on a time scale determined by the inverse 

quadrupolar splitting) and in an aligned manner (no NMR powder spectrum is registered). 

From the phase diagram of the system in question (see section 2.2(3)) one might expect a 

concentrated lamellar phase to separate as the L1/Lα two phase region is traversed rather 

slowly (the peak position, related to temperature, shifts for 450s). However, no additional 

doublet of large splitting was detected within ±150Hz. Then again, the maximum splitting 

detected at t = 600s was with ∆νQ = 10.1 Hz notably smaller than the splitting of a steady state 

lamellar phase of the composition in question (∆νQ = 13.7 Hz), indicating that the present 

phase is either dilute or contains a considerable amount of defects. 
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8. Small Angle Neutron Scattering (SANS) 
 

 Although the previously presented NMR investigations give insight not only into the 

kinetics of the sponge/lamellar transitions but also into the involved mechanisms, the method 

is indirect and of low length scale resolution, as it is based upon the diffusion of D2O probe 

molecules in interaction with their isotropic/anisotropic environments. In order to obtain 

direct information on the characteristic length scales of the microstructures present in the 

complex fluids, either imaging (e.g. electron microscopy) or scattering techniques are 

necessary. In this thesis, emphasis is placed on the non-invasive scattering of neutrons. 

Since the length scales in question are of the nanometer range, both X-rays and 

neutrons are of the appropriate wavelength for scattering experiments. However, while X-rays 

interact with the electrons of the target atoms and scattering strength is thus directly 

dependent on the respective atomic number, neutrons interact with the target nuclei in a non-

characteristic manner (with regard to the nucleus mass) and the ‘light’ atoms (H, D, C; O) that 

comprise the investigated samples interact much better with neutrons. In addition, the degree 

of interaction between neutrons and target nuclei sometimes varies greatly between different 

isotopes of the same element. This gives rise to a technique known as ‘contrast variation’ 

when employing components of selected isotopes and it represents one of the great 

advantages of neutron scattering over X-ray scattering. Contrast variation is an integral part of 

the performed experiments (see below). The theory of neutron scattering has been described 

in several good textbooks112,54. The sections below thus focus only on the most basic 

principles, always in view of the performed experiments. 

 

8.1 Fundamentals of Scattering 

 

 Due to the wave-particle duality, an incident neutron beam can be described via the 

characteristics of waves and as wave functions. The wave vector ik
v

 of an incident neutron 

points in the direction in which the particle travels and its magnitude ik
v

is given by 2π/λ, 

where λ equals the de Broglie wavelength 
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Here mn is the rest mass of a neutron, p its momentum, v its velocity and E its (kinetic) 

energy. After interaction with a scattering centre (which in case of SANS is an atomic 

nucleus), the scattered neutron travels along a new direction described by sk
v

. SANS only 

considers elastically scattered neutrons, i.e. scattering events where no energy is transferred to 

or received from the scattering centre, and thus sk
v

°= 2π/λ also. The change of direction is 

described by the scattering vector as is kkq
vvv

−= . When one denotes the angle between the 

incident and scattered neutron as θ and considers that energy is retained in the scattering 

event, then the magnitude of the scattering vector can be deduced via simple geometry to 
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By definition q
v

 also contains the refractive index n of the scattering medium as a 

proportionality constant. However, n = 1 for the neutrons in question and thus eq. 8.1(2) holds 

as it is. 

In the theory of diffracting waves113, an incident planar wave interacts with a 

scattering centre and results in the propagation of spherically symmetric wavefronts. 

Wavesfronts from different scattering centres interfere constructively only when they are in 

phase, i.e. their phase shift due to propagation over different distances is a whole-numbered 

multiple of the wavelength λ. This is stated by the well known Bragg law 
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where d is a characteristic repeat distance between the scattering centres. Eq. 8.1(3) is also 

applicable for SANS and when one combines the Bragg law with eq. 8.1(2) and considers 

only the primary reflex (n = 1) one obtains 
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         eq. 8.1(4) 

Thus a repeat distance d can be determined by observing a maximum in scattering intensity at 

a given value of q
v

 

.
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8.2 Geometry of the SANS Experiments 

 

From eq. 8.1(2) it is clear that scattering experiments must be performed with (nearly) 

monochromatic radiation, i.e. monoenergetic neutrons (λ = const., eq. 8.1(1)) are needed in 

order to have a definite value of q
v

of at a given angle θ. Also, the incident neutrons must 

come from essentially a single direction, i.e. the neutron beam must be collimated, so that the 

angles θ from different scattering events are comparable. (Additionally, the parallelism of the 

incident neutrons is equivalent with the planarity of the incident neutron waves and this is a 

condition of the Bragg law anyhow.) Note that the employed neutrons are however not 

coherent. 

SANS experiments are ‘static’ scattering experiments yielding structural information 

by measuring the dependence of the average scattering intensity on the angle θ (i.e. q
v

). Fig. 

8.2(1) illustrates the last steps of the optical path of the neutrons. 

 

 
Fig. 8.2(1): the last steps of the optical path of neutrons in SANS experiments. Collimated, monoenergetic 
neutrons travel along the y-axis until they are scattered with the angle θ within the sample (position marked ‘S’). 
They then lead to a ‘count’ signal on a 2D neutron detector which is located within the xz-plane at the distance 
dsd behind the sample. Disordered and isotropic samples lead to an isotropic scattering pattern, i.e. the scattering 
intensity is constant at a given distance r from the beam centre. 
 

Although neutrons interact much more strongly with the ‘light’ atoms that comprise 

the samples than X-rays, this interaction is nevertheless weak and most neutrons pass 

unhindered through the scattering volume. This primary transmitted beam is absorbed in the 

‘beam stop’ located near the centre of the detector. (Since neutrons are subject to gravity the 
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actual beam stop position must be adjusted with the sample detector distance dsd.) Due to the 

small chance of interaction and the short sample path length used (1mm), multiple scattering 

is not an issue. Of the fraction of neutrons that are scattered, the vast majority is scattered 

coherently and a disordered or isotropic sample results in an isotropic scattering pattern, i.e. 

scattering minima/maxima form concentric circles on the detector. Therefore, the correlation 

between a given position on the detector and the scattering angle θ is given by 

 

 
sdd

r
=θtan          eq. 8.2(1) 

 

where r is the distance between a particular position on the detector and the centre of the 

primary beam. It is clear from fig. 8.2(1) and eq. 8.2(1) that by increasing dsd, smaller angles 

θ and thus smaller q
v

can be examined. The fraction of neutrons that are actually absorbed by 

nuclei of the sample is small, due to the type of atoms comprising the samples. 

In the experiments, neutrons passed through a velocity selector so that only those of 

v~659 m/s reached the sample. Therefore λ = 6Å and E = 2.3meV (eq. 8.1(1)) and neutrons of 

this energy are referred to as thermal neutrons. By performing the scattering experiments at 

four different sample to detector distances (dsd = 1.1, 4.5, 16 and 34m) a q-range of approx. 

0.001 Å-1 to 0.3 Å-1 could be covered, giving insight into length scales from 630 nm to 2 nm 

(eq. 8.1(2) and 8.1(4)). The samples were contained in flat quartz scattering cells of 1mm 

internal depth (= neutron path length), which were situated in a home build cell holder. The 

cell holder itself was mounted on a support to ensure cell alignment with the neutron beam. 

Temperature within the cell holder was controlled by a water cycle passing through a 

thermostat. The experiments were carried out on two separate occasions (referred to as the 

first and second set of experiments) on the instrument D11 at the Institut Laue-Langevin 

(ILL) in Grenoble, France. For further information regarding the experimental setup and 

experimental specifics the reader is referred to section 10.5. 
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8.3 Contrast Variation 

 

In the lamellar and sponge phases there are two characteristic structure sizes which are 

of interest, the repeat distance of the bilayer midplanes d and the bilayer thickness δ = 2ε. A 

schematic representation of a surfactant bilayer is given in fig. 8.3(1), while the two 

parameters d and 2ε are illustrated by means of the L3 and Lα-phase structures in fig. 8.3(2). 

 
Fig. 8.3(1): schematic representation of a surfactant bilayer build up from two surfactant monolayers back to 
back (from ref.114). The circles represent the hydrophilic surfactant head groups while the tails represent the 
hydrophobic alkyl chains. The bilayer midplane is denoted with Σ and the distance between Σ and the 
hydrophobic/philic boundary corresponds to ε, so that the bilayer thickness equals 2ε. The addition of 
hydrophobic oil causes the bilayer to swell and the distance 2ε to increase. 
 

            
Fig. 8.3(2): schematic representation of the sponge and lamellar structures and the characteristic structure sizes d 
and 2ε. Note that distance d is not equal in the L3 and Lα state for a given composition. The illustration of the 
sponge phase was taken from 45. 
 

Scattering is caused by fluctuations in a medium, as a rule by variations in density. 

While for electromagnetic radiation the index of refraction of a material can describe these 

variations, for neutrons differences in the scattering length density ρs are decisive. For the 

scattering intensity I(q) (where q = q
v

) in a SANS experiment I(q) ∝ <∆ρs>
2 is true. ρs of a 

given component consisting of a single type of molecule can be calculated using the 

characteristic scattering lengths b of all its individual atoms according to 

∑
⋅ρ

=ρ
i

A
is M

N
b         eq. 8.3(1) 
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where NA is Avogadro’s number, ρ the macroscopic density and M the molar mass. For phases 

or domains consisting of several components the respective scattering length density ρd is 

calculated via the volume fraction weighted sum of the different ρs 

 

 ∑ ρ⋅φ=ρ
i

isid ,         eq. 8.3(2) 

Since the scattering length b of the nuclei of different isotopes of the same element can vary 

drastically, selective use of isotopes can result in large differences of the scattering length 

density of different components and thus strong scattering. The difference in b of the protium 

(1H) and deuterium (2H) isotope is particularly large, so that contrast variation is exceptionally 

advantageous for components containing hydrogen. 

 In order to determine the distances d and 2ε, two types of contrast variations are 

regularly employed, namely bulk and film contrast. The former is obtained by using 

deuterated water while the components of the bilayer are protonated, the latter when both 

water and oil are fully deuterated. Fig. 8.3(3) illustrates the density profiles for the two cases. 
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Fig. 8.3(3): approximate scattering length density profile illustrating bulk (top) and film contrast (bottom). For 
bulk contrast only the hydrophilic component is deuterated, while in film contrast both the hydrophilic 
component and the hydrophobic oil are deuterated. Thus the distance d can be obtained from experiments using 
bulk contrast, while both distances d and 2ε can be obtained using film contrast. 
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In the ‘ideal’ case of a non-mobile bilayer, without any kind of penetration of 

molecules of one domain into the molecules of another, one would expect a rectangular 

scattering length density profile (dashed lines). However, since in reality these factors occur, 

diffuse boundary layers exist between the different components and the profile is more of a 

Gaussian shape (solid lines). Although film contrast experiments can yield both the distances 

d and 2ε, one nevertheless resorts to using bulk contrast to determine the former, as the 

difference of the average scattering length density <∆ρs> = ρd of the bilayer is considerably 

higher in this case. Also, film contrast could of course be achieved as well by simply using a 

fully deuterated surfactant, while the water and oil component remain protonated. This 

however was avoided due to financial considerations. 

8.4 Data Processing

 The neutron detector at a given distance dsd behind the sample is divided into 64x64 

elements of 1cm2 each. The data that is obtained is the number of neutrons that arrive at those 

elements per second (counts per second or cps). Since intensity is an energy per unit of time 

times unit of area (in SI units J/(s⋅m2)), the average intensity at each element can easily be 

determined over a given time interval via the area of the element, the cps and the energy of 

each neutron (eq. 8.1(1)). The magnitude of that time interval is preferred to be minimal, but 

this is limited by a good signal to noise ratio and therefore by the intensity of the incident 

neutron beam and the strength with which the sample scatters. In the case of isotropic or 

disordered samples scattering is isotropic and therefore the detector data can be averaged 

radially over 2π rad, as each distance r from the beam centre corresponds to the same value of 

q, and the signal to noise ratio is thus improved. 

 However, when anisotropic scattering occurs radial averaging cannot be done over all 

angles. Fig. 8.4(1), depicts raw detector data, i.e. the number of counts that were detected in a 

(120s) time interval in each 1cm2 element of the 64x64 element matrix. After determining the 

beam centre, a sector of given size is chosen to encompass the area of the detector, where 

scattering is deemed to be still isotropic, i.e. within this area all elements of distance r from 

the beam centre have approximately the same number of counts. The data within such a sector 

is then averaged radially, while any data outside the sector is ignored. 
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Fig. 8.4(1): anisotropic 2D data set of detector counts with beam stop (centre). When radially averaging and thus 
reducing data to 1D, only the two marked, opposite sectors were taken into account, thus disregarding the rest. 
Sector angles θs were usually θs = 36° and deviation from the x-axis ϕ = 0°, but sector size and orientation was 
modified appropriately if required. This and all similar images were generated by ILL software (Grasp). 
 

When measuring the intensity as a function of q in SANS (or for that matter any 

scattering) experiments, it is useful to determine the absolute scattering intensity I(q) in order 

to be able to directly compare the obtained results with those of other experiments, which 

were conducted with alternative instruments, parameters or components. This is achieved by 

measuring key parameters using a standard substance (usually H2O) and an empty cell and 

then calculating I(q) via 
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Here T is transmittance T = I/I0, where I0 is the intensity of the incident neutron beam. The 

subscripts denote intensity or transmittance values measured for the sample (Sa), the standard 

substance (H2O), an empty cell (EC), or the background (Cd, which is determined by 

blocking the neutron beam with a neutron absorbing cadmium sheet). dσH2O/dΩ is the 

differential total scattering cross section of H2O over the differential solid angle Ω. The 

scattering cross section of a molecule is closely related to the scattering length values b of its 

atoms. 
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8.5 The Equilibrium L3 State 

 

Scattering spectra of the equilibrium L3-state were generated at sample-to-detector 

distances dsd = 1.1m, 4.5m, 16m and 34m, covering a q-range of approx. 0.001 Å-1 to 0.3 Å-1. 

Samples of bilayer volume fractions φB+C = 0.05, 0.06, 0.07, 0.09 and 0.195 were investigated 

in bulk contrast. The results are plotted in fig. 8.5(1), the absolute intensity is modified by a 

given factor to facilitate viewing.  
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Fig. 8.5(1): bulk contrast SANS plots of the equilibrium L3-phase of samples of φB+C = 0.05, 0.06, 0.07, 0.09, 
and 0.195 (top to bottom). The absolute intensities are distorted by a factor given in the graph. (insert): scans at a 
single sample-to-detector distance dsd emphasising the correlation peak. Plot intensities are absolute and samples 
of increasing φB+C appear from top to bottom. 
 

All plots of fig. 8.5(1) exhibit a peak, which is correlated to the bilayer repeat distance 

d3. As expected, the position of this correlation peak is shifted to higher q-values 

(corresponding to shorter distances d3) with increasing bilayer volume fraction in accordance 

with the ideal swelling condition (see eq. 2.2(4)). The peak also becomes progressively more 

defined, this being most obviously apparent in the case of the φB+C = 0.195 sample. The insert 

focuses on the q-range in proximity of said correlation peaks and there the plots are presented 

in unmodified, absolute intensity. The decrease of scattering intensity with increasing φB+C 

occurs since the scattering intensity is approximately proportional to the repeat distance d3 at 
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low q-values. This can be understood through the description of inelastic scattering by 

Rayleigh, where I ∝ r6 for spheres (and r equals to a sphere radius). As the volume of the 

scattering phase is then given by φscat = N⋅4/3⋅π⋅r3 , I ∝ φscat ⋅r
3. Thus, for the complex fluids 

studied here, this expression can be approximated to I ∝ φB+C ⋅d3. 

Generally, when following the plots in the direction of low to high q-values, the 

intensity first declines proportional to ~q-2 after the correlation peak. This value then 

transforms to ~q-4, before the intensities reach their final, background values at high q. The 

decline has been theoretically described115 for diffuse interfaces to develop according to 

exp(-q2t2)⋅q-4, where t corresponds to the variance of the diffuseness of the interface (here the 

surfactant monolayer). Generally, the scattering intensity at high q-values is also proportional 

to the bilayer volume fraction φB+C. The incoherent background scattering is more intense for 

samples of higher φB+C due to the increased density of 1H-nuclei, but even in the case of 

φB+C = 0.195 below 0.3cm-1. The observed behaviour and the overall appearance of the SANS 

curves are in accordance with those of sponge phases found in earlier studies46,45. 
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Fig. 8.5(2): film contrast SANS plots of the equilibrium L3-phase of samples of φB+C = 0.05, 0.06, and 0.07 (top 
to bottom) The absolute intensities are distorted by a factor given in the graph. The data is fitted with eq. 8.5(1) 
(solid lines). insert: scans at a single sample-to-detector distance dsd emphasising the correlation peak. Plot 
intensities are absolute and samples of increasing φB+C appear from top to bottom. 

 

Fig. 8.5(2) depicts the results of film contrast investigations on samples of φB+C = 0.05, 

0.06, and 0.07. The correlation peaks at low q correspond again to the bilayer repeat distance 
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d3, and behave as previously described, although they are much less pronounced. The insert 

emphasises once more the q-range in the proximity of said peaks and there the plots are 

presented in unmodified, absolute intensity. Note the considerable differences in scattering 

intensity when comparing the results with those of the bulk contrast measurements. At 

q-values of ~0.09 Å-1 a further peak resulting from the contrast difference within the bilayer is 

present. In order to determine the bilayer thickness 2ε, the relevant part of the scattering plots 

are fitted with115,116 
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where φC,i is the surfactant volume fraction of the interface, vc the volume of a surfactant 

molecule and ac its area, t the diffuseness of the monolayers, σ the invariance of the bilayer 

and thus σ/ε its polydispersity, Iincoh the intensity of the incoherent background scattering and 

f a factor compensating for inaccuracies in determining the absolute intensity. φC,i differs from 

the overall surfactant volume fraction in that it excludes any surfactant which is solubilised 

(as a monomere) in the water or oil domain. 

The monomeric solubility of C12E5 in water is negligible, but is considerably greater 

for oil (γmon,B ≈ 0.01). However, as the oil volume fraction in the samples studied is small, 

φC,i ≈ φC can be assumed. Fits made in this manner are satisfactory in describing the position 

of the local minimum and maximum (solid lines), although there is a systematic deviation to 

higher I(q) around said maximum. Already from the morphology of the scattering curves, it is 

apparent that the bilayer thickness is constant in the three samples, as is required of samples 

of identical ωb values. The observed behaviour and the overall appearance of the SANS 

curves are again in accordance with those of sponge phases found in earlier studies46,45.  

In 8.5(3) the scattering behaviour of bulk contrast samples of constant bilayer volume 

fraction φB+C = 0.06, but varying viscosity is illustrated. Viscosities were increased by 

replacing a fraction of the D2O solvent with sucrose, yielding samples with sucrose mass 

fractions of ψ=0.230 and 0.340 (corresponding to molar fractions of x=0.0172 and 0.0293 

respectively) and viscosities of ηD2O/S =η0·2.261 and η D2O/S =η0·4.320 with respect to the D2O 

viscosity η0=1.251 cP. The scattering curve of the φB+C = 0.06 sample with pure D2O as the 

hydrophilic component, which has previously been presented in fig. 8.5(1), is given once 

more. The appearance of the three plots is very similar. The imperatively common position of 
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the correlation peaks is evident. The decrease in intensity with increasing sucrose addition 

(fig. 8.5(3), insert) is the result of reducing the scattering length density ρ of the hydrophilic 

domains (eq. 8.3(2)). Surprisingly, the correlation peak is less defined in samples of higher 

viscosity, although one would intuitively expect less bilayer undulations here. 
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Fig. 8.5(3): bulk contrast SANS plots of the equilibrium L3-phase of samples of φB+C = 0.06, but varying 
viscosity η (η0=1.251 cP, ηD2O/S=η0·2.261 and ηD2O/S=η0·4.320; top to bottom). (insert): scans at sample-to-
detector distance dsd=34.0m emphasising the structure peak. Plot intensities are absolute and samples of 
increasing η again appear from top to bottom. 
 

8.6 Temperature Jump Experiments 

 

The temperature jump experiments were generally performed after obtaining 

scattering curves of the initial phase (sponge or lamellar) in equilibrium. The beginning of a 

transition experiment (t = 0) is defined as the point in time at which the temperature of the cell 

holder was changed to the value of the target temperature. At t = 0 accumulation of the first 

2D detector data also commenced. Detector count increase continued for an arranged time 

interval, so that a satisfactory signal to noise ratio was obtained. Subsequently and without 

delay, the detector counts were set to zero and the next interval of data acquisition began and 

so on. All intervals of a given experiment were constant and data continued to be collected 

until the phase transition was deemed complete. A visual examination of the samples was 
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then carried out to confirm the attainment of the desired one phase region. For bulk contrast 

samples, the measurements were performed at a single sample-to-detector distance (usually 

dsd=34m). However, sample-to-detector distances dsd vary in the individual experiments 

(section 10.5). 

After data processing (see above) each of the 2D data acquisition intervals yields a 

single 1D scattering curve (absolute intensity I as function of q) and thus the experiments are 

time resolved SANS (TR-SANS) investigations. The longest intervals constituted to 120s 

(bulk contrast experiments with samples of low φB+C), shorter times could be achieved for the 

samples of higher concentration and in case of film contrast experiments (section 10.5). Thus 

moderate time resolution is achieved when monitoring phase transitions of ~1000s to ~3000s. 

Temperature equilibrium was attained after 150s to 250s (depending on the magnitude of the 

temperature jump, ∆T = 1.5 to 3.0°C) and occurred therefore fast enough to not significantly 

interfere with the phase transition kinetics. 

 

8.6.1 The L3 to Lαααα phase transition 

 

By following the evolution of neutron scattering in time resolved experiments, one is 

able to examine the development of scattering peaks correlated to repeat distances and gains 

insight not only into the kinetics of the phase transitions, but also into the structural and 

dynamic characteristics of the complex fluids at different length scales. When observing 

samples of bulk contrast, long range ordering (interbilayer distances) is probed and optical 

density fluctuations can be detected, while the use of film contrast enables to investigate short 

range ordering and the bilayer properties. 

Fig. 8.6.1(1) displays the typical evolution of the neutron scattering behaviour in time 

that is observed for L3-to-Lα phase transitions. Depicted is unprocessed 2D-detector data, i.e. 

detector counts per detector element, for an experiment in bulk contrast (0.0016Å < q 

< 0.0177Å). In the first image (a), the correlation peak of the L3 bilayer repeat distance d3 is 

clearly visible. Strikingly, the scattering becomes anisotropic at an advanced point in time 

(image (d); in this case onset is at t=28min) and this characteristic increases, until it often 

becomes highly pronounced (f). This unanticipated development occurred in all of the 

performed experiments, including those of film contrast (0.0125Å<q<0.3303Å), with the 

exception of those dealing with the sample of highest bilayer volume fraction (φB+C = 0.195). 

From the previous NMR investigations, it is known that the lamellar phase nucleates within 

the sponge phase and that the nuclei subsequently grow until all of the L3-phase is converted 
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to the new phase. In unperturbed conditions one therefore expects a macroscopic order that is 

reminiscent of a polycrystalline powder and as such isotropic scattering (see section 7.4.5.1). 

 

 
 
Fig. 8.6.1(1): unprocessed SANS detector data demonstrating the typical emergence and development of 
anisotropic scattering. Presented is an L3-to-Lα phase transition experiment with ∆T = -1.5°C at φB+C = 0.07 
(bulk contrast dsd = 34m). The data was recorded at t = 2, 12, 20, 28, 36 and 50 min (images a to f). The 
approximate form of image d) was defined as the onset of anisotropy. Note that the colours of the individual 
plots do not correspond to the same number of detector counts.
 

Here however, one clearly witnesses ordering of lamellae on a macroscopic scale, 

which is well known from SANS experiments with lamellar phases experiencing shear 

forces117,118. Defining the detector to be in the xz-plane (see fig. 8.6.1(1f) and fig. 8.1(1)) and 

the neutron beam thus parallel to the y-axis, the bilayers are predominantly oriented parallel to 

the z-axis (2D-“powder”), and to a considerable fraction even close to the yz-plane, since 

bilayers parallel to the xz-plane do not contribute to scattering. 

The following trends can be distinguished plainly regarding this surprising 

phenomenon. Firstly, the time until the onset of anisotropy (onset time) appears to be directly 

correlated to the kinetics of the observed phase transition (known from NMR experiments); 

i.e. the anisotropy appears earlier in case of higher bilayer volume fraction φB+C, greater 

amplitude of the temperature jump ∆T and samples of lower viscosity η (this is addressed in 

detail in the discussion section 8.7). Interestingly, in the experiments where the anisotropy 

appears sooner the orientation effect does not become so pronounced. Several samples were 

shaken after completion of the L3-to-Lα transition within the cell holder, resulting in actually 
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increasing the anisotropy in several cases or causing the anisotropic scattering pattern to twist 

on the detector (i.e. ϕ ≠ 0°, see fig. 8.4(1)). Finally, probing a single sample with an aperture 

of da=2mm at three positions (4mm apart each) on the z-axis, revealed a gradient of the 

anisotropy, i.e. the anisotropy grew more pronounced towards the bottom of the sample (fig. 

8.6.1(2)). 
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Fig. 8.6.1(2): unprocessed SANS detector data showing an increase in the degree of anisotropy from the top 
(left) to the bottom (right) of a sample (φB+C = 0.06, ηD2O/S=η0·2.261). Colours represent an identical number of 
counts in each plot. The centre is occupied by the beam stop. 
 

SANS curves are obtained after radially averaging detector data (in anisotropic cases 

only a specific sector is considered, see section 8.4) and converting it to absolute scale. The 

characteristics of L3-to-Lα phase transitions, which were examined in bulk contrast, can be 

observed well in the form of the 3D-plots given in fig. 8.6.1(3) and 8.6.1(4), where 

consecutively acquired scattering curves (absolute intensity as function of scattering vector q) 

are given at their respective times t. The general scattering curve evolution occurring in 

sponge to lamellar transitions is similar for almost all the performed experiments, i.e. 

irrespective of changes of the three studied parameters, ∆T, φB+C and η. (The only exception 

occurred when investigating a sample of considerably higher bilayer volume fraction, 

φB+C = 0.195, fig. 8.6.1(4f) see below). Therefore, the evolution will be described via the 

transition of a φB+C = 0.06 sample, which underwent a T-jump of ∆T = -1.5°C and was 

monitored at dsd = 34m (fig. 8.6.1(3)). This plot is given again in fig. 8.6.1(4a) for 

comparison. 

At the t = 0 mark, a part of the equilibrium L3-state scattering curve (fig. 8.5(1)) at low 

q-values is plotted. The L3-structure correlation peak and the decline of intensity at higher 

q-values, proportional to q-2, are plainly visible. As the transition begins, the peak actually 

becomes more defined, due to a general decline in scattering intensity at lower q-values, and 

shifts to slightly higher q-values. This behaviour is depicted more clearly in fig. 8.6.1(5, left) 

by means of an experiment, where the characteristic is more pronounced. Then, the peak is 
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shifted continually to lower q-values (surpassing its initial location) while widening 

somewhat, whereas simultaneously the scattering intensity increases steadily in the low 

q-region. This segment of the transitions is especially illustrated in fig. 8.6.1(5, right) as it is 

of crucial importance for later analysis. 
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Fig. 8.6.1(3): double logarithmic 3D plot depicting the evolution of the radially averaged and normalised SANS 
data with time for an L3-to-Lα transition investigated in bulk contrast (φB+C =0.06, ∆T = -1.5°C, dsd = 34m). 

 

In the experiment of fig. 8.6.1(3) the onset of anisotropy occurs roughly at t = 1500s. 

At this point the ‘L3-peak’ has degraded to the state of a mere shoulder. As the transition 

continues and the scattering becomes increasingly anisotropic, the intensity in the low 

q-region persists to rise and therefore said shoulder disappears completely. At this time 

(~2250s), the change of slope in the displayed q-region appears to be continuous. As time 

progresses and the order of lamellae increases further, the change of slope in most 

experiments becomes gradually more discontinuous at a higher but constant q-value, i.e. a 

new shoulder is formed. This occurs at q ≈ 0.0045Å-1 in fig. 8.6.1(3) and this shoulder is now 
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identified as the Bragg ‘peak’ of the lamellar phase. It is correlated to the bilayer repeat 

distance d3 via eq. 8.1(4). From SANS investigations on the lamellar phase of dilute systems, 

it is known that these do not exhibit a defined structure factor peak117. 

By means of fig. 8.6.1(4), the influence of changing sample and environmental 

parameters when studying the L3-to-Lα transition in bulk contrast will now be examined. In 

fig 8.6.1(4b), one observes the kinetics of a φB+C= 0.06 sample where the viscosity of the D2O 

component has been increased through the addition of sucrose (sucrose mass fractions 

ψ=0.230, molar fractions x=0.0172, viscosity of the hydrophilic component ηD2O/S = η0·2.261 

with respect to the D2O viscosity η0=1.251 cP). It is remarkably similar to fig. 8.6.1(4a), 

although the L3-spectrum at t = 0 is of considerably lower scattering intensity. Accordingly 

the intensity at small q has to rise more strongly, since the two final Lα states are very much 

alike, both in terms of overall shape and intensity (the Bragg ‘peak’ is located at 

q ≈ 0.0045Å-1 respectively). Note however, that the transition speed is reduced by a factor of 

two when compared with fig 8.6.1(4a). 

Fig. 8.6.1(4b-d) illustrates the effect of increasing the amplitude of the temperature 

jump ∆T (∆T= -1.5, -2.0 and -3.0°C respectively). All experiments where performed on the 

φB+C = 0.06 sample of increased viscosity. The initial L3-state in all three plots is virtually 

identical, attesting to the good reproducibility of the sponge phase. Again, the final Lα states 

are very similar in all three cases, i.e. the Bragg ‘peaks’ are of similar position and intensity. 

Fig. 8.6.1(4d) appears to show a stronger decrease of scattering intensity after the fast shift of 

the L3-peak to lower q-values, but this is only due to the distortion of perspective. Overall the 

SANS spectra development of the three experiments is virtually analogous, except of course 

with respect to the time scale. One observes a strong acceleration of the phase transition upon 

increasing ∆T. 

When comparing experiments at different bilayer volume fractions φB+C, (Fig. 

8.6.1(4a, e and f); φB+C = 0.06, 0.09 and 0.195), one notices that a constant scattering profile is 

attained sooner, i.e. the phase transitions terminating sooner, when φB+C is increased. Note 

however that in the given examples ∆T = -1.5°C for (a), while ∆T = -2.0°C for (e) and (f). In 

principal, the SANS spectra development of the φB+C = 0.09 sample is again of the kind 

previously described, however the development of a Bragg peak (shoulder) could not be 

observed, although one expects to detect the Bragg peak evermore easily with increasing 

φB+C 117. Fig. (f) depicts the transition for a sample of considerably higher φB+C and in order to 

access the required region of higher q-values, the transition was monitored at dsd = 16m.
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Fig. 8.6.1(4): scattering curves as function of time for L3-to-Lα phase transitions investigated in bulk contrast. 
Note the different time scales. Intensity and q scaling are identical except for plot f. a) φB+C = 0.06, ∆T = -1.5°C 
b) φB+C = 0.06, ∆T = -1.5°C, ηD2O/S = η0·2.261 c) φB+C = 0.06, ∆T = -2.0°C, ηD2O/S = η0·2.261 d) φB+C = 0.06, 
∆T = -3.0°C, ηD2O/S = η0·2.261 e) φB+C = 0.09, ∆T = -2.0°C f) φB+C = 0.195, ∆T = -2.0 
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The SANS curve evolution is evidently dissimilar to those of the dilute samples. Most 

notably, there is no strong rise of scattering intensity in the low q-region and the lamellar 

Bragg peak is very distinct. Nevertheless, the L3-peak is shifted to higher q-values just as the 

Bragg peak is formed and at this time there is a small but significant increase of intensity in 

the low q-region. Detailed examination also shows that the Lα-peak emerges at notably higher 

q-values when compared to its position in the equilibrium state. With exception of the small 

intensity increase the stated phenomena are not truly visible in the presented illustration. 

Interestingly, experiments with samples of this high φB+C were the only ones to not exhibit 

anisotropic scattering behaviour. Lastly, it is important to stress that fig. 8.6.1(4f) most likely 

does not reflect the kinetics of transition, but rather those of the sample cooling process, since 

the relaxation time constant in the L3-phase is over an order of magnitude smaller at this 

composition72. Thus, the spectra of fig. 8.6.1(4f) are all from equilibrium states, i.e. from the 

L3/Lα coexistence region during the transition. 
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Fig. 8.6.1(5): details of L3-peak evolution form fig. 8.6.1(4b) (φB+C = 0.06, ηD2O/S = η0·2.261, ∆T = -1.5°C). a) 
selected intensity profile visualising the shift of the L3-peak first to higher and then to lower q-values b) double 
logarithmic plot depicting the shift of the L3-peak to lower q-values after attaining its maximum definition at 
~600s. The chronological order of the plotted spectra is marked by the numbers 1 to 7. It is important to note, 
that the structure factor peak does not grow significantly in width. This is evident as the sections of strong 
intensity decay are virtually parallel, i.e. they are shifted to lower q-values in a similar manner as the L3-peak 
itself. 

 
The L3-to-Lα transitions were also monitored for film contrast samples (φB+C = 0.05, 

0.06 and 0.07), alternating between sample-to-detector distances dsd = 1.1 and 4.5m and 

thereby covering a q-range of 0.013Å-1<q<0.33Å-1. The peaks correlated to the bilayer 

thickness 2ε (fig. 8.5(2)) retained their characteristics throughout the three transitions, so that 

the distances 2ε and the polydispersity of the bilayers σ/ε remain constant in each case. In 
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fact, the only development during the transitions was a slight reduction of scattering intensity, 

with a minimum at the onset of anisotropy, followed by a return to the original value. Fig. 

8.6.1(6). displays the transition of the φB+C = 0.06 sample. 
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Fig. 8.6.1(6): scattering curves as function of time for an L3-to-Lα phase transition investigated in film contrast 
(φB+C =  0.06, ∆T = -1.5°C). Only data obtained from the dsd = 1.1m setting is presented. 

 

Here the minimum is located at ~2300s and this coincides with the point in time where 

the scattering curve of the analogous bulk contrast experiment is devoid of any ‘shoulders’ 

(fig 8.6.1(3)). In summary, one finds that there is no evidence for a change in the short range 

ordering of the bilayer structure, which could have resulted due to the different topology in 

the L3 and Lα phases. 

 

8.6.2 The Equilibrium Lαααα state 
 

That the equilibrium Lα-state does not yield perfectly reproducible scattering 

behaviour has already become evident in fig. 8.6.1(4e), where a Bragg ‘shoulder’ failed to 

form after subjecting the φB+C = 0.09 sample to a temperature jump of ∆T = -2.0°C. This is 

due to irreproducibility of the exact state of macroscopic orientation of the lamellar 

‘crystallites’. In fig. 8.6.2(1, left) two comprehensive SANS spectra are presented, which 

where recorded directly after the completion of their respective phase transitions. Visible is a 
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great difference between the well defined Bragg peak of the φB+C = 0.195 sample and the 

corresponding shoulder, which formed in case of φB+C = 0.06 (ηD2O/S = η0·2.261). 

Most samples were shaken after completion of the phase transition resulting in the 

effects illustrated by fig. 8.6.2(1, right). Presented are the scattering curves obtained at 

dsd = 34m of φB+C = 0.06 (squares) and 0.09 (circles) samples. The significant loss of intensity 

occurs due to bilayers orientating parallel to the largest sample cell surface, i.e. perpendicular 

to the neutron beam, and as a result not contributing to scattering. Of course, the absolute 

scattering intensity is in general a function of the amount of perpendicularly oriented 

lamellae, and thus even in the unshaken samples subject to chance. 

Furthermore, shaking by and large, increases the definition of Bragg peaks 

(‘shoulders’). For the φB+C = 0.09 sample, there is initially no hint of a ‘Bragg shoulder’ as the 

slope of the scattering curve changes continuously (grey circles). After shaking however, a 

shoulder is detectable at ~0.0068Å-1 (white circles). In case of the φB+C = 0.06 sample, shaking 

had a more dramatic effect, since an already well discernable ‘Bragg shoulder’ (grey squares) 

is transformed into an unusually well pronounced Bragg peak for a sample of such high 

dilution (white squares). Evidently the peak is also moved to a higher q-value when compared 

to the ‘shoulder’ of the non-shaken state. 
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Fig. 8.6.2(1): SANS spectra of equilibrium bulk contrast Lα-phases (left): spectra that were recorded directly 
after completion of the phase transition, i.e. that were not shaken. φB+C = 0.06, ηD2O/S = η0·2.261 (circles); 
φB+C = 0.195 (squares); in both cases the samples were subjected to ∆T = -2.0°C (right): graph depicting the 
increase of macroscopic orientation as a result of shaking the samples (dsd = 34m only); (grey) scattering prior to 
shaking; (empty) scattering after shaking; (squares) φB+C = 0.06, ∆T = -1.5; (circles) φB+C = 0.09, ∆T = -2.0 
 
 As stated previously, the SANS curves of the film contrast samples hardly changed 

during the L3-to-Lα transitions in the q-region monitored (fig. 8.6.1(6)). Accordingly, the 

scattering curves of the steady Lα-states appear very similar to those of the respective 
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L3-phases (fig. 8.5(2)). Fig. 8.6.2(2, left) depicts the Lα scattering curves of the φB+C = 0.05, 

0.06 and 0.07 samples after shaking. In contrast to the scattering curves attained in bulk 

contrast, no Bragg ‘shoulders’ are discernible. Again the relevant region of the data is fitted 

with eq. 8.5(1) and satisfactory results are obtained using parameters very similar to those of 

the respective L3-state fits. 

The high degree of concordance between the L3/Lα scattering curves is demonstrated 

furthermore by means of the φB+C = 0.07 sample in fig. 8.6.2(2, right). The result from the 

(shaken) Lα-phase (black) is fitted to the one of the L3-state (white), after subtraction of the 

incoherent background in each case and multiplication of the Lα scattering curve by a factor 

of 1.35. This factor is necessary to account for bilayers perpendicular to the neutron beam not 

contributing to scattering. The two curves are virtually identical at moderate and high 

q-values, i.e. differences are only visible in the region of the L3-peak. 
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Fig. 8.6.2(2): (left): SANS curves of film contrast samples of φB+C =0.05, 0.06 and 0.07 (top to bottom) in the 
equilibrium Lα-state after shaking; ∆T = -1.5°C. (right): fit of the φB+C = 0.07 Lα-spectrum from the graph on the 
left (black) to the corresponding L3-spectrum of fig. 8.5(2) (right): after subtraction of the background scattering 
and multiplication by 1.35. 

 

8.6.3 The Lαααα to L3 phase transition 

 

When observing Lα to L3 phase transition, the general appearance of the SANS spectra 

evolution is strongly dependent on the initial state, i.e. the condition of the equilibrium Lα-

phase. Fig. 8.6.3(1) depicts the scattering development in different experiments, where the 

sample composition, amplitudes of the temperature jumps ∆T and the beginning state (i.e. 

shaken or non-shaken) varies. When originating from a non-shaken state the, phase transitions 

are of the form illustrated in fig. 8.6.3(1a, b). On first inspection, these spectra appear very 
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similar to those of the opposite transition type given in fig. 8.6.1(4) (note the inversion of the 

time axis). The Bragg peak, i.e. the lamellar ‘shoulder’, disappears quickly at constant q, 

resulting in a spectrum where the scattering intensity declines continuously in the direction of 

larger q-values. The L3-peak then appears at low q-values and is shifted to higher ones 

towards the completion of the phase transition. 

There are however also distinct differences. Firstly, there is an obvious discrepancy in 

terms of transition speed, i.e. the anisotropy disappears quickly (usually within 600s) and the 

L3-equilibrium phase is reached at a time at which the L3-peaks of the L3-to-Lα transitions are 

still shifting to lower q-values and are usually quite pronounced. For comparison, note that the 

transitions of fig. 8.6.3(1a, c, d, e, f) are the exact inversions of those presented in fig. 

8.6.1(4c, b, a, e, f) respectively. For a detailed examination of the transition kinetics, the 

reader is asked to refer to the discussion section. A more significant difference is however, 

that the L3-peak appears as soon as the Lα-‘peak’ has disappeared and when it does, it is very 

wide before becoming more and more defined as the transition nears completion. Although 

this phenomenon is not readily visible in fig. 8.6.3(1 esp. a and b), it does occur in all of the 

observed transitions, but is most distinct when starting with samples that have been shaken 

previously. One such case is illustrated in fig. 8.6.3(1c) and its L3-peak formation is detailed 

in fig. 8.6.3(2). L3-peaks of such width do not occur in the L3-to-Lα transitions (compare fig. 

8.6.1(5)). Note also that the transitions of fig. 8.6.1(5) and 8.6.3(2) are exact opposites. Again, 

the transition of fig. 8.6.3(1c) is fast (compare fig. 8.6.1(4b)) and the Lα-‘shoulder’ disappears 

quickly its constant q-value. 

An exceptional transition behaviour was recorded in case of the φB+C = 0.06 sample 

when subjecting it to temperature jump of ∆T = +1.5°C (fig. 8.6.3(1d). Note that this is the 

sample that became so extraordinarily well ordered after shaking (fig. 8.6.2(1)). Unlike the 

transition of fig. 8.6.3(1c), the intensity increase does not occur smoothly and there is a 

further disruption at a later point (t ≈ 1000s). It has the longest transition time of all the Lα-to-

L3 transitions (~1500s), even though it a sample where the viscosity was not increased. 

Furthermore, an amount of anisotropy was retained until ~1400s. However, all of the above 

mentioned characteristics of the Lα-to-L3 transitions appear here nevertheless.  
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e)      f) 

Fig. 8.6.3(1): scattering curves as function of time for Lα-to-L3 phase transitions investigated in bulk contrast. 
Intensity, time and q scaling are identical except for plot f. Note however the different directions of the time 
axes. The initial, equilibrium Lα-states are either of shaken (s) or non-shaken (ns) samples. a) φB+C= 0.06, 
∆T = +2.0°C, ηD2O/S = η0·2.261, ns b) φB+C = 0.07, ∆T = +1.5°C, ηD2O/S = η0·2.261, ns c) φB+C = 0.06, 
∆T = +1.5°C, ηD2O/S = η0·2.261, s d) φB+C = 0.06, ∆T = +1.5°C, s e) φB+C = 0.09, ∆T = +2.0°C, s f) φB+C = 0.195, 
∆T = +2.0°C, ns 
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Fig. 8.6.3(1e) depicts another transition originating from the shaken state. It is similar 

to the one of fig. 8.6.3(1c) in all respects, except that the rise of scattering intensity in the low 

q-region actually surpassed the values of the equilibrium L3-state. Accordingly, the intensity 

there decreases again until the completion of the transition. Finally, fig. 8.6.3(1f) illustrates 

the transition of the concentrated sample, φB+C = 0.195. It does not exhibit the transition traits 

as previously described, but is in fact virtually identical to its reverse transition of fig. 

8.6.1(4f). This is expected, as the transition kinetics at this concentration are presumably 

much faster than the kinetics of the sample heating process and thus the scattering curves are 

recorded for two phase states that are essentially in equilibrium. 
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Fig. 8.6.3(2): detail of scattering evolution of the φB+C = 0.06, ηD2O/S = η0·2.261 sample after a temperature jump 
of ∆T = +1.5°C (extracted from fig. 8.6.3(1c)). A very wide structure factor peak forms and then narrows 
continuously, developing toward the familiar L3-peak shape as the general scattering intensity rises due to the 
decrease of anisotropy. This behaviour is in strong contrast to the one of the inverse transition presented in fig. 
8.6.1(5). 
 
Lamellar to sponge phase transition experiments monitored in film contrast exhibited no 

changes in scattering behaviour, just as their L3 to Lα transitions counterparts (data not 

shown). 
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8.7 Interpretations of the Experimental Findings 

8.7.1 The Sponge and Lamellar Steady States 

 

As stated in section 8.5, the scattering curves of the equilibrium L3-phase are of the 

typical form expected for that state114 and the trends observed in the bulk (fig. 8.5(1)) and film 

contrast measurements (fig. 8.5(2)) coincide well with the results of earlier studies on the 

identical46 or a similar45 system. New are the results of fig. 8.5(3), where samples of identical 

bilayer volume fraction φB+C, but varying viscosity are compared (bulk contrast). The 

correlation peak is less defined at higher viscosity and this is counter intuitive, as one would 

expect less bilayer undulations in this case. However, in view of the discussion of section 

7.4.6, it seems possible that the viscous samples are simply not in a state of true equilibrium 

(i.e. randomness of passage direction and a uniform passage density had not been attained) 

and that accordingly the interbilayer distance d3 is more polydisperse. It is known from 

scattering experiments on bicontinous microemulsions, and the sponge phase is reminiscent of 

the structure found there, that systems of greater order lead to a more defined scattering 

maximum119. 

The equilibrium lamellar phase scattering curves are also of the expected form120, and 

at φB+C=0.195 a first-order Bragg peak is clearly defined (fig. 8.6.2(1, left)). At high dilution 

(φB+C <0.10) however, the respective peaks are mere ‘shoulders’ at best, but this phenomenon 

is known26 and stems from a large polydispersity of the interbilayer distance dα and 

undulations of the bilayers. In a few cases (e.g. φB+C = 0.09, ∆T = -2.0; fig. 8.6.2(1, right) 

circle symbols), a Bragg ‘shoulder’ became detectable only after shaking of the sample, but 

for the φB+C = 0.06 sample (squares), this led to the formation of an unusually well 

pronounced Bragg peak for a sample of such high dilution. Evidently the peak is also moved 

to a higher q-value when compared to the ‘shoulder’ of the non-shaken state. Since the 

undulation properties of the bilayers cannot be altered by having experienced shaking, it is 

clear that the polydispersity of dα was reduced by the procedure. The peak shift occurs since 

the scattering intensity at low q-values is approximately proportional to dα
3. (see section 8.5). 

In diluted lamellar phases, Bragg peak sharpening and the mentioned shift have previously 

been observed after bilayer undulations were reduced40 (by modifying the system composition 

with additives). 

For the dilute samples, where anisotropic scattering indicates a preferential orientation 

of the lamellar ‘crystallites’ in the Lα-state, shaking also led to lower scattering intensities due 
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to bilayers orienting parallel to the primary glass surface and thus perpendicular to the neutron 

beam, where they cannot contribute to scattering (fig. 8.6.2(1, right)). For the concentrated 

sample (φB+C = 0.195) with its isotropic scattering however, the shaking merely caused the 

structure peak to broaden somewhat (data not shown), implying that the 3D-powder structure 

is retained, but a slight increase dα polydispersity occurs. The anisotropy phenomenon will be 

discussed in more detail further below. Varying the amplitude of the temperature jump ∆T 

(∆T = -1.5, -2.0, -3.0) in experiments with the φB+C = 0.06, ηD2O/S = η0·2.261 sample, showed 

that the lamellar peak position remained constant, irrespective of the absolute temperature 

(data not shown). This is in accordance with data from investigations of multi lamellar 

vesicles117 and dilute lamellar phases26. 

The positions of the L3- structure peak and the Bragg peak of the lamellar phase are 

plotted in fig. 8.7.1(1, left) as function of the bilayer volume fraction φB+C. In the 

concentration region studied, good linear fits (solid lines) show that both peak positions are 

proportional to φB+C (at ωb = const.). However, for ideal one-dimensional swelling, theory 

predicts lines through origin (dashed lines) and this is clearly not the case. Then again, the 

determined interbilayer distances in the L3-phases d3 clearly continue the trend, of the d3 

values determined by Uhrmeister46 (for the identical system), at higher dilution (fig. 8.7.1(1, 

right). (The interbilayer distances d3 and dα are calculated via eq. 8.1(4), from the respective 

position of the L3 and Lα structure peak, tab. T18 section 11) 

In case of the dilute samples, the ratio of the Bragg peak position to that of the 

L3-phase varies around 1.3. Exempt from this is the φB+C = 0.05 sample, where it amounts to 

1.54 (the Bragg peak position seems a bit high). In the more concentrated case (φB+C = 0.195) 

the ratio equals 1.23. These values are close to the theoretical prediction of 1.5121 and match a 

value 1.2 that was determined in an earlier study on the D2O – C12E5 system26. The peak 

positions for the φB+C = 0.07 sample of normal viscosity have been omitted from fig. 8.7.1(1 

left) as both are obviously low. Contamination with water during the sample transfer to the 

scattering cell could account for this finding. 
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Fig. 8.7.1(1): left: structure peak positions of the lamellar (triangles) and sponge (circles) phases. Solid lines 
represent linear fits, while dashed lines represent linear fits through the origin. Empty symbols refer to samples 
with a hydrophilic component of standard viscosity (pure D2O), grey symbols to those with ηD2O/S=η0·2.261 and 
black ones to those with ηD2O/S=η0·4.320. When multiple temperature jumps were performed with the same 
sample, the plotted value is an average. However, in those cases variations in the peak positions were small and 
the given errors are due mainly to the resolution of the SANS spectra. Data is from bulk contrast experiments 
only. right: interbilayer distance d3 as function of the surfactant volume fraction on a double logarithmic scale. 
The symbols denoted with a cross represent data determined by Uhrmeister 46and the linear fit applies only to his 
data. 
  
 The fits to the film contrast scattering curves (fig. 8.5(3) and 8.6.2(2)) yield 

2ε = 51.2Å which is close to the value of 48.6Å determined by Uhrmeister 46 for the same 

system. Similarly, the other fit parameters of eq. 8.5(1), i.e. the diffuseness of the monolayers 

t and the invariance of the bilayer σ, also coincide well with the values determined in that 

previous study (tab. T21, section 11). In summary, the results of the steady state SANS 

investigations correspond to findings of earlier studies, although samples of higher dilution 

were examined. This gives confidence in the results of the time resolved experiments, which 

are discussed in the following section.  

 

8.7.2 TR-SANS, the Kinetic Investigations 

 

The quality of the temperature jump experiments is attested for by the predominantly 

good reproducibility of the equilibrium L3-state, i.e. that the scattering spectra before the 

L3-to-Lα transition and after the Lα-to-L3 transition overlap well (data not shown). The NMR 

experiments revealed that different mechanisms govern the L3-to-Lα and the Lα-to-L3 phase 

transitions. In the former case, there is a nucleation and growth process, while in the latter 
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uncorrelated bilayer fusion events occur which result in a homogenous distribution of 

successively formed passages that go on to multiply connect and thus ultimately form the 

equilibrium sponge phase. The results of the dynamic SANS investigations will be discussed 

in this knowledge. 

The TR-SANS investigations confirm that two different processes do indeed take 

place in the L3-to-Lα and the reverse transitions. From the descriptions in fig. 8.6.1(5, right) 

and 8.6.3(2), it is evident that different transition mechanisms are witnessed. That the two 

processes also differ in terms of time scale is demonstrated below. As the lamellar phase 

nucleates in the sponge phase, one expects to see the coexistence of L3 and Lα properties in 

the respective SANS spectra. This is not the case, but even fully formed lamellar phases of 

high dilution and low macroscopic order have no outstanding features. The structure shoulder 

of the Lα-phase forms only after the principal phase transition has long been completed (see 

below). 

The initial shift of the sponge phase structure peak to higher q-values with 

simultaneous increase in definition (fig. 8.6.1(5, left)) should not correspond to a decrease of 

passage density. Although equilibrium sponge phases of lower temperature are composed of 

fewer passages, and their interbilayer distance d3 should accordingly be smaller, it is not 

plausible that such a state could be attained when considering the nucleation and growth 

mechanism. An overall lower passage density would require the destruction of passages in a 

non-localised manner and thus each of the destruction incidents would correspond to an 

energetically non-favourable nucleation event. Instead, it seems likely that a state of less 

polydispersity of d3 is realised. With the shift in temperature coincides a shift of the 

spontaneous curvature H0 towards zero and consequently the elastic energy E increases, as the 

mean and Gaussian curvatures H and K, i.e. the overall structure, remain unchanged for the 

time being (see eq. 3.2(1)). An L3 structure under such tension could be less mobile and thus 

less polydisperse. The tension is then released through nucleation and subsequent growth of 

lamellar domains and the L3-peak shifts to lower q-values while broadening slightly, i.e. it 

regains its initial width. Also, the NMR experiments clearly demonstrated that the nucleating 

Lα-phase is of higher bilayer concentration. The corresponding decrease in bilayer 

concentration in the sponge phase (dilution effect, section 7.4.5.3) could additionally 

contribute to the peak shift. The strong increase in scattering intensity in the low q-region 

could reflect optical density fluctuations (at appropriately long distances) resulting from 

diffusion processes that evidentially play an important role in ‘crystallite’ growth. 
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The sponge to lamellar transitions observed for the concentrated sample (φB+C = 0.195) 

did not exhibit the characteristics of experiments at higher dilution (fig. 8.6.1(4f)). The 

detected behaviour can however be explained when assuming that a fast transition is 

witnessed and that accordingly the kinetics of cooling are monitored. Thus the depicted 

scattering curves presumably stem from states in equilibrium. This postulation is substantiated 

by the fact that the final lamellar state is attained in ~250s, which corresponds well with the 

cooling time required for a ∆T = -2.0°C jump. In addition, the L3-peak is shifted to lower 

q-values during the transition and the lamellar peak emerges at notably higher ones. This is 

expected, since the L3-phase has a lower bilayer volume fraction than the lamellar phase, 

when the two are in coexistence (Lever law, see fig 7.4.5(3)). 

In the Lα-to-L3 transitions the Lα-shoulder disappears as a rule quickly and a very 

broad structure peak forms subsequently (8.6.3(2)). This peak, that goes on to be more and 

more defined until the equilibrium L3-state is reached, apparently reflects the pre L3-state that 

first forms from the introduction of passages at uncorrelated locations. As the passage density 

increases, the peak becomes respectively defined. The strong increase of scattering intensity 

in experiments that commence from a shaken state arises due to the respective decreasing 

number of bilayers, which are oriented parallel to the xz-plane and therefore do not scatter. 

The appearance of anisotropic scattering in the transitions to the lamellar phase was 

unexpected, as the formation of a macroscopic structure resembling a polycrystalline 

3D-powder should result from nucleation in unperturbed conditions (section 7.4.5.1). The 

scattering pattern observed is presumably caused by a ‘2D-powder’, where the lamellae are 

essentially parallel to the z-axis (fig. 8.2.(1)). Higher order reminiscent of a single crystal 

(with the lamellae parallel to the yz-plane) would result in clearly defined diffraction peaks, 

i.e. dots on the 2D-dector26 instead of the observed horizontal band. Notably, the experiments 

at φB+C = 0.195 did not lead to the expression of anisotropy, indicating that ‘crystallite’ 

orienting requires a significant amount of time, i.e. slow transition kinetics. 

One could presume that the appearance of anisotropy is an artefact of the experimental 

setup. However, it can be excluded that the orientation is caused by the cell walls, as 

orientation parallel to the largest surface (xz-plane) cannot be detected (except indirectly, as 

reduction in scattering intensity, which does occur upon sample shaking). In addition, section 

7.4.5.1 detailed that confinement only induces order in a nucleating lamellar phase over very 

short distances (50µm). Instead orientation is most likely a result of lamellar crystallites rising 

within the samples. The nucleating lamellar phase is of lower density than the surrounding 

L3-bulk, as its bilayer content is higher. Thus, the ‘crystallites’ experience a buoyant force and 



8.7 SANS – Interpretation of the Experimental Findings 207 

it seems beneficial, due to fluid dynamic reasons, for the lamellae to orient parallel to their 

direction of travel (z-axis). This would indeed result in a ‘2D-powder’ structure. In fact, 

gradients in birefringence (stronger towards the sample top) were detected when studying 

very long (> 50min) phase transitions in water bath experiments (data not shown). 

However, the SANS experiments showed that anisotropy was more pronounced 

towards the bottom of the sample (fig. 8.6.1(2)) and this may seem to contradict the above 

explanation. Then again, ‘crystallite’ density towards the top of the sample would be 

increased at an early point in time and this crowding could result in crystallites interlocking 

before the z-orientation is attained. More isolated ‘crystallites’ towards the bottom of the 

sample would be less perturbed in their growth phase. 

Finally, additional lamellar orientation might result from a slight gradient in 

temperature, in the direction of the neutron beam, leading to convection. This gradient might 

exist due to a smaller beam window (and possibly better temperature control) on the source 

side and a larger one on the detector side (see section 10.5). Again, the lamellae would be 

expected to orient in their direction of movement, i.e. parallel to the y-axis. Whatever the true 

cause of preferential lamellar orientation is, the fact remains that there is obviously a strong 

desire of dilute lamellar to form structures of long range order. 

A quantitative analysis of the L3-to-Lα phase transition kinetics, investigated with 

TR-SANS in this study, is not possible. Firstly, there is no parameter that can be monitored 

adequately. The resolution of the L3-peak position is not precise enough compared to the 

relatively small amount of shift to lower q-values. Also, the peak is superposed by the general 

rise in scattering intensity in the low q-region as the transition continues. Following the 

scattering intensity at constant q-values in time leads to entirely dissimilar results. 

Additionally, one can not determine the time for the completion of the transitions, as the 

SANS spectra of the equilibrium lamellar phase persist to evolve, due to the continuing 

increase in macroscopic order. 

Attempts to reproduce the raw detector data in simulations through linear combination 

of the initial and several presumed final states failed (see below). This method was used 

successfully previously by Le et al. when investigating temperature induced phase transitions 

from a lamellar to a multi lamellar vesicle phase, while the samples were sheared117. 

However, in the present study this is not possible, as the characteristics of the L3-phase 

changes during the transition (expressed by the L3-peak shift). 

Fig 8.7.2(1, left) depicts the unprocessed SANS detector data obtained at t = 890s of 

the φB+C = 0.06, ∆T = -1.5°C transition (fig. 8.6.1(3)). In the centre, the result of a linear 
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combination (least square fit, see section 10.5.4) of the detector data at t = 0s (steady state 

sponge phase) and t = 1540s (designated ‘steady state’ lamellar phase) is presented. It 

corresponds to 0.48 of the L3 data and accordingly 0.52 of the Lα data. The right plot 

corresponds to the value 100-(Corig/Csim⋅100), where Corig and Csim represent the number of 

detector counts per detector element of the original and simulated data respectively. Thus, 

positive values give the percentage with which the experimental data was overestimated. The 

spread of values is in the –20% to +20% range. The fact that a pattern is discernible (instead 

of a random distribution of deviations), indicates that the experimental data could not be 

described effectively via the linear combination. Nevertheless, the procedure was carried out 

at different times t and the fraction of the linear combination, which corresponded to the 

lamellar steady state, was equated to the volume fraction of lamellar phase ϕ. The results are 

plotted in fig. 8.7.2(2) (grey symbols) in direct comparison with the NMR results (white 

symbols). It is apparent that linear combination cannot serve to describe the sponge to 

lamellar phase transition kinetics in the TR-SANS experiments. 
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Fig. 8.7.2(1): left: 2D-detector data at t = 890s of the φB+C = 0.06, ∆T = -1.5°C transition centre: simulated data 
resulting from linear combination of the equilibrium lamellar and sponge states (48% sponge state). right: 
percentage of deviation.  
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Fig. 8.7.2(2): the lamellar phase volume fraction ϕ estimated from the linear combination of steady state 
lamellar and sponge phase detector data (grey) in direct comparison with the NMR result (white).  

 

Fig. 8.7.2(3, left) depicts the onset times of anisotropy and compares them with phase 

transition completion times of almost identical samples, obtained from the NMR experiments. 

One finds only a rough correlation between the two sets of values. Nevertheless, the onset 

times do appear to be characteristic, as experiments in bulk and film contrast lead to similar 

results. One finds the same trends in fig. 8.7.2(3, right) that the evaluation of the NMR 

kinetics revealed, i.e. the anisotropy appears later in the cases where the kinetics are slower 

(lower bilayer volume fraction φB+C, lower magnitude of ∆T and higher viscosity η). In 

addition, the experiments with the sample of increased viscosity (ηD2O/S=η0·2.261, diamonds) 

show that transition speeds increase non-linearly with variation of ∆T, in accordance with the 

results of fig. 7.3.1(21). 
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Fig. 8.7.2(3): onset times of anisotropy in L3-to-Lα transitions. The symbols represent different sample 
compositions and temperature jumps. (circles): η=η0 (diamonds): ηD2O/S=η0·2.261 (squares): film contrast η=η0 
(empty): ∆T = -1.5 (grey): ∆T = -2.0 (black): ∆T = -3.0 left) symbols denoted with a cross represent the phase 
transition completion times of the corresponding samples known from NMR experiments. right) onset times of 
anisotropy of all the performed SANS experiments, exhibiting the trends described in the text. 
  

In cases of slower phase transitions the anisotropy also becomes more pronounced. 

Slower transition times should correspond to lower nucleation rates and growth speeds, and 

thus the ‘crystallites’ are less likely to be perturbed by others and the time available for 

lamellar orienting is greater before all of the sponge phase is converted and the ‘crystallites’ 

interlock. However, macroscopic orientation continues to increase even after the transitions 

are deemed to be completed: e.g. NMR completion time for the φB+C = 0.06, ∆T = -1.5°C is 

approx. 1300s (fig. 8.7.2(3, left)). The development of the Lα shoulder occurs much later 

(2500s, Fig. 8.6.1(3)) and therefore corresponds to the period of peak sharpening in the NMR 

experiments (section 7.4.5.4). The anisotropy onset times were determined visually by 

comparing non-processed scattering detector data. The error bars stem from an uncertainty of 

usually ±3 spectra. The onset times coincide relatively well with the point in time in which the 

L3-peak becomes a mere shoulder. 
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Fig. 8.7.2(4): Lα-to-L3 transitions. The symbols represent different sample compositions and temperature jumps. 
(circles): η=η0 (diamonds): ηD2O/S = η0·2.261 (squares): film contrast η=η0 (empty): ∆T = +1.5°C (grey): 
∆T = +2.0°C All jumps originated from an equilibrium Lα-phase that experienced previous shaking, except for 
φB+C = 0.06/ ηD2O/S = η0·2.261/ ∆T = +2.0°C and φB+C = 0.07/ ηD2O/S = η0·2.261/ ∆T = +1.5°C left: Depicted are 
SANS phase transition completion times and symbols denoted with a cross represent completion times of 
identical NMR experiments right: anisotropy disappearance times. 
 

As opposed to the L3-to-Lα transitions, the kinetics of the Lα-to-L3 transitions can be 

described in terms of the time necessary for their completion, as the formation of changeless 

SANS spectra corresponding to the L3 equilibrium state are easily identified in bulk contrast 

experiments. The respective transition times are plotted in fig. 8.7.2(4, left). Notably, these 

times appear independent of the three varied parameters (φB+C, ∆T and η), when considering 

the uncertainty of the values. This corresponds to the results of NMR investigations, which 

were largely completed around 600s and then continued only via sharpening of the L3-peak. 

(section 7.4.6.2). NMR phase transition completion times are included in fig. 8.7.2(4, left) and 

denoted with a cross. They match the results of the TR-SANS investigations well in three 

cases (φB+C = 0.05/∆T = +1.5, φB+C = 0.06/ηD2O/S = η0·2.261/∆T = +1.5°C and +2.0°C), in a 

fourth however there are notable differences (φB+C = 0.06/∆T = +1.5), but this exception will 

be discussed further below. 

In general, the completion times of the TR-SANS experiments show akin to the NMR 

experiments that the lamellar to sponge transition is considerably faster than the reverse case. 

The most striking difference is observed for the experiments of increased viscosity. The NMR 

completion times for φB+C = 0.06/ηD2O/S = η0·2.261/∆T = -1.5°C and -2.0°C correspond to 

~4500s and 2250s (8.7.2(3, left)). The completion times of the reverse (∆T = +1.5°C and 

+2.0°C) TR-SANS experiments are ~1200s in both cases. (Note that none of the determined 
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TR-SANS completion times are significantly influenced by the heating kinetics as this 

process is completed in 150s to 250s). Therefore, sample viscosity is clearly of less 

importance for the lamellar to sponge transition than for the reverse case and it seems likely 

that this due to diffusion processes dominating the kinetics of the nucleation and growth 

mechanism. 

In analogy to the decreased transition times, the anisotropy generally disappears 

quickly (within 600s, i.e. during 35-65% of the transition time the samples scatter 

anisotropically) and this phenomenon is also independent of the variable parameters (fig. 

8.7.2(4, right). Exceptional behaviour is exhibited however in the φB+C = 0.06/∆T = +1.5 

experiment, where the sample scatters anisotropically to a minimal degree almost until 

completion of the transition. This sample was ordered extraordinarily well upon shaking and 

took longest to complete the transition to the sponge phase. Its distinctive transition behaviour 

has been illustrated in fig. 8.6.3(1d). 

Although this is only the result of a single experiment, which must still be reproduced 

in order to be conclusive, it appears that a state which has attained predominantly L3-character 

can still retain anisotropic ordering from its lamellar origin (the possibility of phase separation 

is excluded due to visual examination of the final state). Considering this and the general 

independence of the kinetics from the variable parameters, it seems plausible that the rate 

determining factor of the Lα-to-L3 transitions is the disruption of macroscopic order. The 

faster completion times in the NMR experiments might appear to refute this hypothesis, as the 

lamellar phases are highly ordered in that case (2D-powder like). However, this order is 

present only in one dimension and in the respective SANS experiments the shear forces of 

shaking could have resulted in greater order, since a 2D-powder arrangement is already 

present after the T-jump. Thus NMR experiments with lamellar phases that are virtually 

completely ordered (single crystal like) are needed in order to examine if this significantly 

increases transition speeds. Such order should be attainable by applying shear forces in thin, 

flat cuvettes and introduction into strong magnetic fields. 
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9. Summary 
 

The fusion and fission of biological membranes, i.e. of fluid amphiphilic bilayers, is 

an integral part of cellular and subcellular processes and accordingly a key area of research in 

the fields of biochemistry and biophysics. However, most of the associated studies dealing 

with the mechanisms of bilayer fusion/fission are either of a purely theoretical nature or 

numerical simulations. Up to now only little experimental work has actually been performed 

and the current state of affairs appears as yet unsatisfactory. In this thesis, the subject is 

approached on a most basic level, by studying thermally induced transitions between two 

complex fluid phases, the sponge or L3-phase and the lamellar or Lα-phase. Both phases 

exhibit highly dynamic, extended bilayer surfaces, which are generated through self-

assembly. However, the topology of the bilayer is different in both phases: while the isotropic 

L3-phase consist of a continuous membrane of multiply connected passages extending in three 

dimensions (which separates two continuous, interwoven and independent water domains), 

the anisotropic Lα-phase is composed of stacks of bilayer sheets (fig. 2(1)). Thus, passage 

formation/bilayer fusion necessarily occurs when transforming the well defined state of zero 

passages of the lamellar phase into the sponge phase, while accordingly passage 

annihilation/bilayer fission characterises the reverse transition (fig.4.1(1) and 4.2(2)). 

In the investigations here, a mixture of water (D2O) – oil (n-decane) – and nonionic 

surfactant (C12E5) is used to study L3/Lα phase transitions, which are triggered by an abrupt 

change in temperature. This model system is attractive since its strongly temperature 

dependent microstructure and phase behaviour are well-known and understood, enabling thus 

the estimation of mechanical properties of the bilayer (i.e. spontaneous curvature and the 

bending constants). The experiments are performed at a constant surfactant to oil plus 

surfactant ration ωb =0.45 and at high dilution (bilayer volume fraction 0.05< φB+C <0.09, fig. 

2.3(1)). The former condition ensures constant bilayer thickness 2ε at all times, while the 

latter slows down the sponge/lamellar phase transition kinetics to such an extend, that the 

application of investigation techniques with relatively low time resolution, namely deuterium 

nuclear magnetic resonance (2H-NMR) spectroscopy and time resolved small angle neutron 

scattering (TR-SANS), becomes possible. These techniques allow better insight into both the 

kinetics and the mechanisms of the phase transitions in question. The use of 2H-NMR proves 

to be particularly advantageous, since different, characteristic 2H-NMR patterns of the two 

phases (i.e. singlet for the isotropic L3 phase and a simple doublet for the anisotropic Lα 

phase), allow for a rigorous examination of the L3/Lα transition. In addition, TR-SANS 

studies yield direct information on the changes in the present microstructures. 
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Both transitions, i.e. the L3-to-Lα and the Lα-to-L3  are investigated varying three key 

parameters: the amplitude of the temperature jump ∆T, the bilayer volume fraction φB+C and 

the viscosity η of the hydrophilic component (modified via sucrose addition). ∆T represents 

the driving force of the transition, since temperature determines the monolayer spontaneous 

curvature c0, and thus the saddle splay modulus of the bilayers biκ , which, in interaction with 

the bilayer Gaussian curvature Kbi, gives the bilayer bending energy E (eq. 7.4.1(3)).  

In the L3-to-Lα transition process, the 2H-NMR spectrum initially consists of a singlet 

originating from the isotropic L3-phase. As time progresses, an Lα-doublet appears and 

subsequently grows in intensity, while simultaneously the central L3-peak diminishes, until it 

vanishes completely and only the doublet of the steady Lα-state remains. (fig. 7.2.6(2)). This 

behaviour shows clearly that a nucleation and growth process is present. Analysing these 

results enables the calculation of the integrals of the Lα and L3 signal. From this, it is found 

that the Lα phase volume fraction ϕ increases sigmoidally with time and there is there is direct 

experimental evidence that young supernuclei (see section 6.1) are of considerably higher 

bilayer volume fraction than the equilibrium state (fig. 7.3.1(22-27)). The ϕ-development is 

successfully described by a nucleation and growth model of Kolmogorov, Johnson, Mehl and 

Avrami (KJMA), yielding that nuclei grow with approximately the same speed in three 

dimensions and that continuous/progressive nucleation occurs for slow (τ > 1000s) phase 

transitions (KJMA exponent α=4, fig. 7.3.1(9,10)). For fast phase transitions (i.e. τ < 1000s), 

continuous nucleation is suspended at an advanced point in time (α=3, fig. 7.3.1(14,15)). This 

view is supported both by experimental evidence of peak shape development (fig. 7.4.5(1)) 

and the theoretical consideration, that the formation of nuclei of high φB+C causes a dilution 

effect in the surrounding L3-phase (fig. 7.4.5(3)). 

Also from NMR experiments, relaxation time constants τ are determined with great 

confidence (∆τ ± 50s). Generally, it is found that τ decays strongly with increased magnitude 

of the ∆T, i.e. an L3-to-Lα transition becomes faster. This decay can be described by a power 

law. Additionally, the dependence of τ on ∆T is greater for the φB+C = 0.05 sample than for 

φB+C = 0.06. This leads to the speculation that τ is less strongly dependant on φB+C, in case of 

large ∆T (fig. 7.3.1(21,right)) For the sample of increased viscosity, very slow phase 

transitions are monitored, but τ still develops with ∆T according to a power law. 

Another type of NMR experiment decoupled nucleation from growth by allowing a 

sample to experience a short temperature minimum (fig 7.3.4(1)). The experiments show that, 

under the premise that kinetics are dominated by the nucleation rate J and not by the growth 

speed, J increases with increase of magnitude of ∆T (fig. 7.3.4(2)). This should be due to an 

increase in supersaturation ∆µ. Evidence for this increase comes from experiments where, for 
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large ∆T, continuous nucleation is not suppressed by the dilution effect, but rather a dilute 

Lα-phase nucleates from diluted L3-regions (fig. 7.2.6(12)). Also, for large ∆T supernuclei 

form before the dilution effect can strongly increase their concentration (fig. 7.4.5(2)). 

For the L3-to-Lα transition, the TR-SANS experiments start from a typical scattering 

curve of an equilibrium L3-phase, whose peak then sharpens and shifts to a higher value of the 

scattering vector q (fig. 8.6.1(5,left)). This can be attributed to a decrease in polydispersity of 

the interbilayer distance d3 and/or undulations of the bilayers and the cause of this 

phenomenon is presumably an initial increase in tension in the bilayer structure, i.e. of 

bending energy E. As time progresses the trend reverses and the L3-peak broadens and shifts 

strongly to lower q values. Later on, surprisingly, an anisotropic scattering pattern appears, 

which can be attributed ultimately to the buoyancy of ‘Lα-crystallites’. For the diluted system 

(φB+C ≤ 0.09), typical Lα−scattering curves could not be observed. However, for a higher 

membrane volume fraction (φB+C = 0.195), TR-SANS results show a well defined Bragg peak 

and the phase transition kinetics at this concentration are clearly faster than the kinetics of 

heating/cooling (fig. 7.2.6(1)). The initial appearance of anisotropy is used as a signature for 

the transformation kinetics and thus confirms the kinetic trends found by NMR. 

In the reverse progress, that is the Lα-to-L3 transition, the 2H-NMR experiments show 

completely different behaviour. An experiment begins with a well-defined Lα doublet and, as 

the transition progresses, the Lα peaks draw closer and closer together, until they coalesce in a 

broad singlet, which then goes on to sharpen continuously until completion of the transition. It 

is thus evident that this process develops through a completely different mechanism than the 

L3-to-Lα transition (i.e. not a nucleation and growth process). The Lα peaks coalescence is fast 

(~ 200, fig 7.3.2(18)), however the following reduction of peak width is somewhat slower, so 

that not until ~ 600s (independent of the ∆T, φB+C and η) a well defined L3 singlet is attained. 

Subsequent peak sharpening is slow, implying that a critical passage density has been attained 

and that continuation towards true equilibrium is impeded (e.g. fig. 7.3.2(10)). The Lα−to-L3 

transition is in most cases much faster (~ 600s) than the reverse case (~ 300-4000s). The 

NMR findings are qualitatively confirmed by TR-SANS (fig. 8.6.3(1)). However one SANS 

measurement, performed on an unusually well ordered sample (fig. 8.6.2(1,right)), showed 

remarkable spectra development (fig. 8.6.3(1d)) while retaining an anisotropic characteristic 

for an abnormally long time (fig. 8.7.2(4,right)). This intriguingly indicates that, for the 

Lα-to-L3 transition, a rate determining factor could be the disruption of long range lamellar 

order. In summary, the Lα-to-L3 transition is characterised through locally uncorrelated 

passage formation, so that the ensuing structure is homogeneous over distances probed by the 

diffusing water molecules, on a time scale determined by the quadrupolar splitting. Direct 
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kinetic evaluation of the transition on the basis of chemical exchange using a modified 

McConnell equation (eq. 7.3.2(2)) proved insufficient and future analysis will have resort to 

slow motion theory.  

As the L3-to-Lα transition is found to occur through a nucleation and growth process, a 

model on the basis of the classical nucleation theory (CNT), which usually describes gas-

liquid transitions, is proposed to describe the effect of nucleation on the Gibbs free energy of 

the system. It relies on estimating the supersaturation ∆µ, via the scaling of the bending 

energy E with concentration, and describing Lα-nuclei as spheres of a given surface energy 

Aσ and internal lamellar area (fig. 7.4.5(6)). The model fails to explain the observed 

acceleration of transition speeds with increase of φB+C. Instead it calculates a constant 

nucleation barrier ∆G* independent of φB+C. However, it does predict smaller critical nuclei 

rs* with increase in φB+C and yields smaller values of ∆G* and rs* for increases in ∆µ. Finally, 

it shows that subnuclei attaining higher concentration via the dilution effect could transform 

into supernuclei. 

Considerations on the basis that passage formation/destruction is a two step process 

(eq. 7.4.5(15)) and a theory of Leitao, which states that bilayer contact probability is 

determined by interbilayer distance d, clarify why the L3/Lα phase transition exhibit direction 

dependent transformation mechanisms. In addition, the ∆T, φB+C, η dependence of τ of the 

L3-to-Lα transitions can be comprehended qualitatively, as these parameters control the 

contact events that lead to passage formation. Additional experiments reversing phase 

transitions while in progress support the explanations of the mechanisms (section 7.2.6.4)  

In conclusion, this thesis represents the first systematic study of nucleation and growth 

in a microemulsion-type system. Furthermore, the presented results should serve as a basis to 

improve the theoretical description of L3/Lα phase formation as well as bilayer fusion and 

fission and give an impulse to further employ time resolved 2H-NMR spectroscopy in the 

study of phase transitions. 
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10. Appendices  

10.1 Materials 

 

The surfactant n-dodecylpentaoxyethylene (C12E5) was purchased from Bachem AG 

(Weil am Rhein, Germany; 96.9% pure), Fluka (Buchs SG, Switzerland; purity>98%) as well 

as Nikko Chemicals (Tokyo, Japan, purity>98%). The hydrophobic component n-decane was 

obtained from Sigma-Aldrich Chemie GmbH (Munich, Germany) and the D2O (99.9% pure) 

and the fully deuterated n-decane C10D22 (99% pure) from Cambridge Isotope Laboratories, 

Inc. (Andover, USA) The sucrose (99% pure) was purchased from Merck & Co., Inc. All 

components were used as supplied. 

 

10.2 Sample Preparation 

 

 All samples were prepared by weight in 10ml test tubes with screw caps by diluting 

stock solutions of the surfactant and oil component (surfactant to oil plus surfactant volume 

ratio ωb = 0.45) with D2O. This resulted in samples with masses of 1.5g to 3.2g. Volume 

fractions were calculated by solely taking the substance densities into account (C12E5: 0.97 

g cm-3, n-decane: 0.73 g cm-3, D2O: 1.11 g cm-3, C10D22: 0.845 g cm-3), thereby disregarding 

any deviations due to the true partial molar volumes. Samples with higher viscosities were 

produced by diluting with two different D2O/sucrose solutions as hydrophilic component. 

These solutions had a sucrose mass fraction of ψ=0.230 and 0.340, which corresponds to a 

molar fraction of x=0.0172 and 0.0293. Their densities were determined via a DMA 602 

densimeter from Chempro to be δ=1.192 and 1.238 g cm-3 respectively. After measuring drop 

times in a ball-draw Haake viscosimeter, their viscosities were calculated to be ηD2O/S=2.828 

and 5.404 cP which corresponds to ηD2O/S =η0·2.261 and η D2O/S =η0·4.320, where 

η0=1.251 cP is the viscosity D2O. Density and viscosity measurements were carried out at 

20.0°C. Note that the viscosities of the complex fluids themselves was not determined and 

that viscosity is a function of temperature.  

 



10 Appendices  219 

10.3 Determining of the Equilibrium Phase Behaviour 

 

 Throughout this thesis, determination of the phase behaviour was restricted to the 

identification of the upper phase boundary of the lamellar phase and the two phase boundaries 

of the L3-phase. The resulting phase diagrams are given in section 2 and their numerical 

values can be found in the appropriate tables of section 11. In all cases the same procedure 

was employed, i.e. the boundaries were determined visually in water bath experiments. 

For this purpose, samples were fully submerged in a transparent ~10 litre tank, where 

temperature was controlled to within ±0.02 via a thermostat. Phase boundaries could then be 

identified by finding two neighbouring phases with a certain temperature interval between 

them and then subsequently dividing this interval by two, until only one of the phases 

remained to be observed. The L3-phase could be distinguished with relative ease through its 

lucidity, since the two phase coexistence regions situated at higher and lower temperatures are 

considerably more turbid upon formation. Identification of the upper Lα boundary proved to 

be more difficult, as both the pure lamellar phase and an L3/Lα mixture close to that boundary 

are very cloudy. In these cases, samples were generally allowed to equilibrate for ~1h or more 

to observe the onset of macroscopic phase separation, i.e. droplet formation. In addition 

crossed polarisers were used in recognising the birefringent lamellar phase and the streaming 

birefingent sponge phase. 

Note that due to the increasingly slow transition kinetics, it becomes ever more 

difficult and time consuming to determine phase boundaries at low bilayer volume fraction. 

Also, when dealing with samples of the type and composition in question, experience showed 

that it is an absolute prerequisite for the well sealed test-tubes to be fully submersed in the 

temperature regulating water, and furthermore, that the air space above the liquid meniscus 

must be kept as minimal as possible. If this later condition is not met, the phase behaviour is 

not reproducible, i.e. the phase boundaries of the L3-phase are found at higher as well as 

lower temperatures (several tenths of °C). 

 



220   10 Appendices 

 

10.4 2H-NMR Experiments 
 

 The 2H-NMR investigations were performed on two different occasions at Lund 

University, Sweden. Preliminary experiments were carried out on a Bruker DMX-200 

spectrometer at the Department of Physical Chemistry 1. Further experiments were executed 

at a later date on a Varian 360 spectrometer of the Department of Biophysical Chemistry. This 

section begins with a general description of the hardware and operation (from a technical 

perspective) of NMR spectrometers. A section giving an explanation of the 90° single pulse 

sequence follows and further on experimental specifics are presented. Lastly, details 

concerning data processing are clarified. 

 

10.4.1 The NMR Apparatus 

 

Fig. 10.4.1(1) depicts the essential components of an NMR spectrometer 

schematically. 

 

 
 
Fig. 10.4.1(1): schematic representation of an NMR spectrometer with its main components. The arrows denote 
the directions of signal/information transmittal. Further components, which are necessary to perform more 
complicated experiments (e.g. those necessary for creating a gradient in the magnetic field) and the 
field-frequency lock circuitry, have been omitted. 
 

The magnet: The heart of an NMR spectrometer is its superconducting electromagnet, 

which produces the powerful (several Tesla), nearly homogenous, and quite stable magnetic 

field B
v

. It is fashioned of special material wire wound into a coil, which exhibits its 

superconducting properties at very low temperatures. Thus, it is immersed in liquid helium 

(4.2K) and contained within a Dewar vessel, which in turn is located inside a second Dewar 

vessel containing liquid nitrogen (77.4K). The latter Dewar acts as a thermal buffer to the 
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surrounding ambient temperature (~293K). A strong current flows inside the coil virtually 

without resistance, giving rise to B
v

. 

The shim coils: The magnetic field however is not perfect, i.e. it contains minor spatial 

inhomogeneities, which occur due to magnet design, materials in the probe, variations in the 

thickness of the sample tube, sample permeability, and ferromagnetic materials around the 

magnet. The shim coils correct these inhomogeneities, by producing small magnetic fields 

opposing the defects. The magnetic imperfections exist in a variety of functional forms 

(linear, parabolic, etc.) and appropriate arrangements of shim coils, all with the appropriate 

amount of current, are required to counter them. Thus, there are up to 20 different parameters 

which need to be optimised to attain a more homogenous magnetic field. The optimum shim 

current settings are found by either minimizing the linewidth, maximizing the size of the FID, 

or maximizing the signal from the field lock (see below). Finally, the sample is located in the 

very centre of the magnet bore and it is generally spun with approximately 15Hz to further 

reduce magnetic field inhomogeneity. 

In addition, the static field B
v

is not sufficiently stable for high-resolution NMR 

(furthermore it decays slowly in strength over time). This is countered by an electronic 

device, which is known as a field-frequency lock. Its circuitry is not depicted in fig. 10.4.1(1). 

Essentially, a second NMR experiment is performed continuously and automatically by the 

spectrometer at all times. Deuterium is usually present in high concentrations in NMR 

experiments, as deuterated solvents are commonly utilised. Thus, the resonance frequency of 

deuterium is determined, by exciting the nuclei with appropriate r.f. radiation and, via a 

feedback loop between a correcting coil and the phase sensitive detector, B
v

 is constantly 

corrected/stabilised.  

The probe: The probe of an NMR device contains the r.f. coils (Helmholtz coils), that 

generate 1B
v

, which rotates the bulk magnetisation M
v

(e.g. into the xy-plane). These same 

coils also detect the transverse components of the magnetisation as they precess in the 

xy-plane, as these induce a weak (10-9-10-5 V) electromotive force within the coils. The probe 

also includes the temperature controlling circuitry. Sample temperature is regulated by a 

stream of cooled or heated air, which flushes around the sample tube, and is monitored by a 

thermocouple within the air stream. 

The r.f. signal modulation and signal detection: the r.f. source is a very stable crystal 

oscillator or synthesiser unit, which continuously produces a signal of sine form. All 

frequencies of the spectrometer are derived from it. The gate unit controls amplitude, phase, 

and width of the signal, which are indirectly controlled by the pulse programmer, which 
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switches the phase and turns the r.f. signal on and off. Naturally, all parameters are set by the 

operator via the computer. The initially weak signal from the gate unit is amplified from milli 

Watts to tens or even hundreds of Watts. Usually, rectangular pulses are created, but other 

shapes (e.g. Gaussian) can be produced as well. The latter however requires a so called linear 

amplifier. After the transmitter pulse has been applied the FID can be detected in the form of 

induced electromotive forces in the r.f. coils. Following amplification, the signals are 

transferred to the phase sensitive detector via a receiver. This detector requires a reference 

frequency, which is derived from the r.f. source, in order to assure phase coherence. Finally, 

the signals from the detector are passed to the analogue-to-digital converter or simply digitiser 

and then stored in the computer. 

 

10.4.2 The 90° Pulse Sequence 

 

All the NMR experiments presented in this thesis required the same simple pulse 

sequence. It contains only a single 90° pulse and is represented in fig. 10.4.2(1).  

 

 

 

Fig. 10.4.2(1): the general pulse sequence used for all NMR experiments of this thesis, with exciting pulse, FID, 
and delay times. Note that only a schematic description is given and that the time axis is not to scale.  
 

The sequence begins with a rectangular 90° pulse, emitted along the x-axis of the 

laboratory frame, P1. As a result, the bulk magnetisation M
v

is forced onto the y-axis and its 

transversal component subsequently precesses in the xy-plane with the Larmor frequency νL 

(section fundamentals). As the probe circuitry needs to recover from the effects of the strong 

excitation pulse, the electromagnetic force induced in the receiver coils is not registered until 

a pre-scan delay time Dps has passed. This delay is on the order of 200µs. Afterwards, the 

FID, which decreases exponentially with T2
* (section 7.1.4), is detected during the acquisition 

time tac. 
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In many experiments, the signal to noise ratio is not satisfactory after Fourier 

transforming a single FID. However, this ratio can be arbitrarily improved simply by 

repeating a given NMR experiment a number of times (one speaks of multiple scans or 

cycles) and letting the intensities of the individual FIDs sum up before performing the Fourier 

transformation. This is possible, because a FID is an interferogram anyhow and thus the 

signals of several FIDs of the same steady state sample interfere positively, while their 

respective noise tends to interfere negatively. However, before a second pulse, i.e. a second 

cycle, can be applied, the sample spins should return to their thermal equilibrium distribution 

according to Boltzmann (eq. 7.1.2(3)), otherwise saturation will occur after the system has 

been subjected to a series of pulses (see section 7.1.4). As one approaches saturation, the FID 

signal intensity decreases continuously, so that the advantage of using multiple cycles is lost. 

Consequently, a relaxation delay DRelax is needed after the acquisition time. This delay should 

amount to ≥ 5T1. However, the occurrence of saturation is not a critical problem in modern 

pulse NMR spectroscopy, since the signals obtained after Fourier transformation are only 

affected with respect to their integral and not regarding their linewidth (as the steady state 

solutions of the Bloch equations imply (eq. 7.1.4(1)). 

The described sequence is the simplest possible and known as a single pulse 

experiment, as only one pulse is used per cycle. It basically contains only two important 

variable parameters (if one excludes Dps, for which a default value is given by the 

spectrometer manufacturer, and Drelax, since saturation is not truly an issue. This is especially 

true, if the number of scans per spectrum is low). The life-span of the pulse P1 determines 

how far the vector of the magnetisation is flipped towards the xy-plane, i.e. the angle of the 

pulse (section 7.1.3). This angle can be optimised to attain the 90°-value by means of a simple 

experiment, where the pulse life-span is varied empirically, and is usually of the order of 

10µs. But in case of single pulse experiments, even the angle of the pulse is not overly 

significant, as a deviation from the 90° optimum simply leads to a signal of lower intensity. 

However, with respect to the acquisition time tac, it is essential that this time period is 

sufficiently lengthy for the FID to decay fully, since truncation of the FID leads to highly 

undesirable artefacts in the frequency spectrum (a sinc-component). An excessively long 

acquisition time on the other hand has no ill effects, if one disregards the increase of gathered 

data and corresponding consumption of computer memory. 

The following relation exists between the acquisition time tac, the number of data 

points obtained in the time domain Ntd, and the width of the spectrum in the frequency domain 

Wsp.  
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dw
dwtdac W

t
tNt =⋅=        eq. 10.4.2(1) 

 

where tdw is the dwell time. It corresponds to the time period between the acquisition time and 

the width of the data points of the FID and it is usually determined indirectly by the operator, 

when (s)he selects the acquisition time and the width of the frequency spectrum to be 

investigated (usually several thousand Hertz). 

 

10.4.3 Preliminary 2H-NMR Experiments 

 

 The initial 2H-NMR experiments were performed on a Bruker DMX-200 

spectrometer. The 200 value states that the resonance frequency of protons is located at 

200MHz and accordingly the magnetic field possesses a magnitude of ~4.7T. Consequently, 

the Larmor frequency νL of deuterium is situated therefore at 30.7 MHz, as gI(D) = 0.85745. 

The relationship between the magnetic field strength and the resonance frequency of a nucleus 

can be calculated with eq. 7.1.2(5).  

The investigations focused on three component samples consisting of D2O, n-decane, 

and C12E5. The surfactant to oil plus surfactant volume ratio was kept constant at ωb = 0.45, 

while the bilayer volume fraction φB+C was varied (φB+C = 0.05, 0.06, and 0.07). L3-to-Lα and 

Lα-to-L3 phase transitions were induced by abruptly changing the temperature of the air flow 

streaming around the sample tube. Therefore, each sample remained within the spectrometer 

for the entire duration of an experiment and did not have to be disturbed in any way. 

Accordingly, reduction of magnetic field inhomogeneities through spinning of the samples 

was not an option, as the phase transitions were to be studied in the absence of any non-

equilibrium forces. The magnitude of the temperature jump ∆T, which represents the driving 

force of the transitions, was also altered.  

Sample Preparation and Insertion into the Spectrometer 

 

Prior to the NMR experiments, the upper phase boundary of the lamellar phase and 

phase boundaries of the L3-phase of each sample were determined visually via water bath 

experiments (section 10.2). In the NMR experiments, a minimal air space above the sample 
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liquid proved to be of particular importance, because the use of full length (approx. 20cm) 

NMR-tubes of 10mm diameter turned out to be futile. In those cases, droplets of unknown 

composition condensed on the glass wall above the sample, due to the existence of a 

temperature gradient along the length of the tube. In retrospect, this gradient should not have 

been unanticipated, since the temperature of the studied fluid is simply controlled by a stream 

of heated air coming from underneath the sample tube. The phase behaviour of such samples 

phase was generally shifted to higher temperatures, indicating that the droplets were of higher 

than average oil content. 

In order to counter the described effects, the samples were flame sealed approx. 2cm 

above the liquid meniscus. This however posed a new problem, because NMR samples need 

to be situated in a special fixture before being lowered down into the NMR apparatus using a 

long string. The fixture ensures that a sample is centred within the magnet, but requires 

sample tubes to be in the excess of 12cm in length. The dilemma was solved temporarily by 

flame sealing the samples in glass tubes of approx. 8mm diameter and inserting those in 

standard length, 10mm wide precision NMR tubes. The minute space between the two tubes 

was filled with water (H2O) for better thermal conduction (fig. 10.4.3(1)). 

 

 

Fig. 10.4.3(1): sample containment for preliminary NMR experiments. Samples are flame sealed in test-tubes of 
approx. 8mm diameter and then placed within tubes of 10mm radius. Excess space (extremely exaggerated in the 
illustration) is filled with H2O for improved thermal conduction. 
 

For a phase transition experiment, a sample of the set-up above was first made to 

attain the desired initial state (e.g. the L3-state) by submersing the whole arrangement in an 

external water bath. After drying of the outer tube, the configuration was then introduced into 

the spectrometer, which had been previously adjusted to the temperature corresponding to the 

initial state. The sample was subsequently left to equilibrate for tens of minutes, while 
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repeated, short, visual checks ensured that it remained in the required one phase region. Once 

it was certain that the temperature inside the magnet was accurate (the display of the 

spectrometer listed a temperature which was offset from the actual one in a non-constant 

manner), manual shimming, i.e. homogenisation of the magnetic field through the variation of 

20 parameters, could commence. 

 

Shimming 

 

Shimming is achieved by iteratively optimising the results of consecutively performed 

90°-pulse experiments (described above). In the isotropic L3-phase, the result of such an 

experiment, after Fourier transformation of the FID, is a single peak at the 2H-resonance 

frequency of the 2H2O (section 7.2.1). In general, the method of choice was to maximise the 

intensity of the registered peak, while simultaneously maintaining/attaining its greatest 

possible symmetry. This second condition was of higher priority, as soon as good line widths 

(e.g. <5Hz) were achieved. The continuous repetition of the pulse experiment and subsequent 

Fourier transformation of the FID occurs automatically in the described situation. In 

unfortunate cases, the shimming procedure took more than two hours. Likewise, removal of a 

sample from the spectrometer sometimes led to the complete loss of magnetic field 

homogeneity, even if said sample was reintroduced only seconds later. 

 

Spectra Acquisition, Time Keeping and Time Resolution 

 

An actual NMR phase transition experiment could commence once shimming was 

completed. However, the only essential difference to the afore described shimming procedure 

lies in a superior signal to noise ration of the acquired spectra, i.e. again a 90°-pulse 

experiment was performed and accordingly a single peak was registered as long as the sample 

remained in its L3 state. At an early stage of the investigations, 24 cycles were conducted to 

receive a single spectrum. This number was later reduced to four, when it became obvious 

that the signal to noise ratio was still excellent with this setting. Accordingly, the time needed 

to receive a single spectrum was reduced. Of course when observing a changing, non-steady 

system, only an average of the states existing during that period is recoded, so that a minimal 

spectra acquisition time is preferable in those cases. The experiments with four scans took 

only 13s, so that with respect to the long duration of sponge to lamellar transitions (tens of 

minutes), the results can be considered as moments in time in which an almost steady state is 
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observed. It is important to note, that the total time needed to acquire a spectrum tsac can not 

simply be calculated as the sum of the individual time segments of the pulse sequence 

multiplied by the number of cycles. This is due to software routines between the individual 

scans which require significant time of their own. Thus, for exact time keeping, the 

experimental determination of tac was necessary. 

A 200 MHz spectrometer is relatively weak when compared to modern, state of the art 

spectrometers, which operate in the 600 or even 800 MHz range (for protons), and 

additionally deuterium nuclei generate a comparatively weak magnetic moment (γ(2H)/ γ(1H) 

= 0.154), thus resulting in a respectively low sample magnetisation M
v

( M
v

(2H) / M
v

 (1H) 

= 0.063, when considering the same number of atomic nuclei; eq. 7.1.2(4)). Nevertheless, 

good time resolution could be achieved, due to the large amount of deuterated sample 

material present, e.g. the water is fully deuterated and 99.9% pure and constitutes ~94 % of 

the sample by volume. 

 

The Phase Transition Experiment 

 

When a phase transition was induced through change of the spectrometer temperature, 

it was monitored by consecutively recording 2H-NMR spectra, each being the result of the 

same number of scans. In order to reduce the amount of data gathered, an additional delay 

time was often introduced after the receipt of each spectrum. The total number of spectra to 

record had to be determined prior to the start of the experiment. Thus, the transition times had 

to be estimated beforehand and the additional delay time chosen accordingly. However, the 

recording of spectra could often be aborted prematurely, when the target spectrum (for the 

Lα-phase a doublet) was deemed to be unchanging. After completion of a temperature jump 

experiment, the samples were quickly examined visually in order to determine if the desired 

one phase region was truly obtained. Crossed polarisers were used to help in identifying the 

lamellar phase. Sometimes, in order to maintain the magnetic field shimmed, the visual 

inspection was neglected and a second temperature jump (the exact inverse of the first one) 

was conducted immediately.  

The launch of the spectra acquisition program was synchronised with the initiation of 

the temperature change, so that the time axis of the phase transition experiments is determined 

directly through the sequential number of the spectra. The acquisition time values in the 

experiments ranged from 1.2 to 1.5s and the width of the frequency domain spectrum from 
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5000 to 2000 Hz. Obviously, the spectra presented in section 7.2.6 represent only a selection 

of the recorded frequency data, but the excluded regions are devoid of any signal. 

The Rate of Temperature Equilibration 

 

The experiments require the kinetics of the temperature variation to be significantly 

faster than the objective kinetics of the phase transition. The former were determined through 

use of a thermocouple, which was placed within pure water (H2O) of average sample volume. 

Thermocouples of the type T were employed. Their sensor consists of copper and constantan, 

the latter being an alloy of copper and nickel (Cu55Ni45), and cover a temperature range from 

-200°C to 350°C. They have a moderately good output of ~43µV/°C and in this case an 

accuracy of ±0.1°C. The output and consequently the accuracy of a thermocouple is affected 

by strong magnetic fields. Thus, temperature measured in this way in the NMR apparatus 

might be offset from the actual temperature. Furthermore, even the determination of 

temperature differences (intervals) may not be accurate. Due to these considerations, 

temperature intervals calculated from the display temperature of the spectrometer are the basis 

of the results of this thesis. 
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Fig. 10.4.3(2): exemplary heating and cooling kinetics. Temperature equilibrium is reached in approx. 200s. The 
error of the registering thermocouple corresponds to ±0.1°C.  
 

In order to accelerate the rate of temperature equilibration, at the beginning of a jump, 

the air stream temperature was set to reach a temperature up to 2°C below/above the concrete 

target temperature. However, care was taken to ensure that the actual temperature of the air 

stream (measured by a temperature sensor of the spectrometer) never dropped below or rose 
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above the target temperature. As soon as the actual temperature approached the vicinity of the 

target temperature, the air stream temperature was set to the actual target temperature, which 

would be attained shortly thereafter. Result for both heating and cooling are present in fig. 

10.4.3(2). Temperature equilibration is attained at approx. 200s. A more comprehensive 

analysis of the heating and cooling kinetics, relevant for the bulk of the experiments, is 

presented in the next section. 

 

10.4.4 Established 2H-NMR Experiments 

 

 The second set of experiments was performed on an NMR spectrometer with the 

following components/characteristics: The magnet was a 360MHz widebore Oxford magnet 

with Oxford shim coil and an 18-shim shim power supply from Oxford. The probe stack was 

a modified Nicolet and the temperature controller a Stellar VTC90. The spectrometer itself 

was a modified Varian Unity Plus 400MHz with a two channels and deuterium lock. The 

controlling computer was a Sun Ultra 10 with Solaris 8 operating system. 

 

Experimental Improvements 

 

The only essential difference in hardware (with respect to the performed experiments), 

when compared to the preliminary investigations, was the magnet type, i.e. its field strength. 

Since the resonance frequency of protons is located at 360MHz, the magnetic field 

accordingly possesses a magnitude of ~8.5T and the Larmor frequency νL of deuterium is 

situated at 55.2 MHz. Sample containment was improved upon, by resorting to flame sealing 

the test fluid in 10mm NMR tubes and connecting these to a full length tube of the same kind 

using superglue (fig. 10.4.4(1)). Due to the use of precision NMR tubes, gluing of a straight 

connection became feasible. 

Through the presence of a higher field strength and increased sample volume, spectra of 

excellent signal to noise ratios could be obtained using merely a single cycle. In this manner, 

the time resolution was increased to ~2s. This ensured snap-shot like spectra, i.e. spectra 

corresponding to a single state, in even the fastest of the studied transitions (approx. 600s for 

completion). Additionally, using 10mm tubes maximised the sample volume to glass surface 

area ratio. This is significant as nucleation of the Lα-phase was to be studied in the bulk, i.e. 

nucleation on the glass walls had to be reduced to a minimum. In all other respects, the 
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transitions from sponge to lamellar phase and vice versa are in accordance with the 

description given in section 10.4.3.  

 

 

 

Fig. 10.4.4(1): improved sample containment. The sample liquid is flame sealed in a 10mm precision NMR 
glued accurately in line with another, full-length tube of the same kind. 
 

The Rate of Temperature Equilibration 

 

Akin to the preliminary experiments, the kinetics of temperature equilibration were 

determined using a thermocouple placed within an amount of H2O corresponding to an 

average sample volume. Initially, the rate of temperature equilibration was determined for the 

case, where the temperature of the air stream is simply set to the target temperature. 10mm 

NMR tubes are used. In fig. 10.4.4(2a and 3a) the results of such experiments with varying 

amplitudes of the temperature jump ∆T are plotted. In the respective b) figures, the data was 

normalised, which results in reducing the plots to a single curve. The normalised data was 

then fitted using the least squares method and a three parameter exponential function 

 

( )bxeayy −−+= 10         eq. 10.4.4(1) 

 

where y and x correspond to ∆T/∆Tmax and t respectively and y0, a and b are constants. 

Additionally, the restriction y0 + a = 1 (for a positive change of temperature) or –1 (for a 

negative change of temperature) was employed. Thus, the heating and cooling process follows 

an exponential evolution and its time constant τ = 1/b is seemingly independent of ∆T. 
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Temperature equilibration occurs after ~450s. The starting temperature of the negative jumps 

and the final temperature of the positive ones corresponded to T ≈ 37.3°C, i.e. a temperature 

where the system in question is in the middle of the L3-phase when φB+C = 0.06. 
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   a)           b) 

Fig. 10.4.4(2): a) illustration of the heating kinetics of H2O in a 10mm tube when the temperature of the air 
stream is set to the target temperature. ∆T = 1.0 (empty), 1.7 (grey) and 2.7°C (black circles) b) the data of figure 
a, normalised by dividing each value by the (maximum) final value of the appropriate curve. 
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   a)           b) 

Fig. 10.4.4(3): a) illustration of the cooling kinetics of H2O in a 10mm tube when the temperature of the air 
stream is set to the target temperature. ∆T = -1.05 (empty), -1.85 (grey) and -2.85°C (black circles) b) the data of 
figure a, normalised by dividing each value by the absolute of the final (maximum) value of the appropriate 
curve. 
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In order to increase the speed of the temperature equilibration times, the temperature 

regulating air stream was overheated (for positive temperature jumps) or undercooled (for 

negative temperature jumps) past the target temperature, for an exactly defined and controlled 

increment of time. This time is depended upon the amplitude of the actual temperature jump 

being performed and it is summarised in the table below. The degree of overheating/ 

undercooling was set to 2.0°C beyond the target temperature. However, the air stream 

temperature did not necessarily reach this extreme value, especially if the overheat/undercool 

time was low. Additional experiments with the thermocouple next to the wall, showed that the 

samples themselves are not overheated/undercooled. Nine experiments of the heating kinetics 

and eight of the cooling kinetics were performed, using varying amplitudes of the temperature 

jumps and overheating/undercooling times (fig. 10.4.4(4, 5)). 

 

∆∆∆∆T [°C] t [s] 

0.8 40 

0.9 to 1.1 55 

1.3 60 

1.5 71 

1.7 to 2.0 90 

 
Tab. 10.4.4(1): times used to overheat/undercool the air stream by setting the temperature 2.0°C past the target 
temperature as function of the amplitude of the actual temperature jump. Times are identical for L3-to-Lα and Lα-
to-L3 transitions. 

t [s]

0 100 200 300 400 500 600

∆∆ ∆∆
T

 [
°C

]

0.0

0.5

1.0

1.5

2.0

2.5

t [s]

0 100 200 300 400 500 600

∆∆ ∆∆
T

/ ∆∆ ∆∆
T

m
ax

0.0

0.2

0.4

0.6

0.8

1.0

1.2

ττττ = 64s

 

   a)           b) 

Fig. 10.4.4(4): a) heating kinetics of H2O of average sample volume in a 10mm NMR tube. The air stream 
temperature was set to surpass the target temperature by 2°C for a specific amount of time (tab. 10.4.4(1)). b) the 
normalised data of figure a. The thermocouple has an error of ±0.1°C.  
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   a)           b) 

Fig. 10.4.4(5): a) cooling kinetics of H2O of average sample volume in a 10mm NMR tube. The air stream 
temperature was set to surpass the target temperature by 2°C for a specific amount of time (see table above). b) 
the normalised data of figure a. The thermocouple has an error of ±0.1°C. 
 

Fits to the normalised data of fig. 10.4.4(4 and 5), akin to those of fig. 10.4.4(2 and 3), 

show that there is a significant increase in equilibration speed, when using the 

overheating/undercooling method. Although the equilibration behaviour can not truly be 

described by an exponential any longer, the plotted lines serve as a guide and it is clear that 

temperature equilibration is reached around 200s, when one considers the error of the 

thermocouple (±0.1°C). Thus, the heating and cooling kinetics of the 360MHz spectrometer, 

basically coincide with those determined for the 200MHz spectrometer.  

Details of the Experiments Separating Nucleation from Growth 

 

The experiments in question were performed on the 360MHz spectrometer. Care was 

taken throughout the sample handling processes, to keep sample perturbation through shaking 

at a minimum. Also, the time required for transferring a sample between heating blocks 

(transition between segment III and IV) and between the ‘hot block’ and the spectrometer 

(transition between segment IV and V) was very small, ~1s in the former case and ~5s in the 

latter. Thus, effects on the temperature profile are minimal and can be neglected. 

The heating blocks themselves, had 10mm bore holes, thereby providing excellent 

contact between the sample tube and the temperature regulating metal. Initial use of water 

baths as temperature regulating units proved to be impracticable, as samples needed to be 
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dried before being returned to the spectrometer (transition between segment IV and V). This 

turned out to cause too much perturbation, take too long and simply effect temperature too 

greatly. Likewise, it became necessary to implement a ‘hot block’, since otherwise the time 

for altering the minimum temperature to the target temperature requires ~200s in the 

spectrometer (even when this process is accelerated through overheating the air stream, see 

above). 

Extensive tests were performed to optimise the residence time of the sample in each of 

the segments (II-IV). The temperature of H2O, corresponding to average sample volume, was 

measured in a 10mm NMR tube with a thermocouple both at the wall and its core. Special 

care was taken to ensure that in the most critical part of the experiment, i.e. the rapid sample 

cooling in air at room temperature, the sample temperature at the glass wall did not drop 

below the desired minimum. 

 

10.4.5 Algorithms 

 

Below follows code written for ‘user defined’ equations as part of the ‘Regression Wizard’ of 

the SigmaPlot program, version 9.0: 

 

1) Sum of three Lorentzians fit  

Equation  
f=(a/(1+((x-x0)/b)^2))+(c/(1+((x-m0)/d)^2))+(e/(1+((x-n0)/g)^2)) 
fit f to y 
 

Variables 
x = col(1) ' {{prevmin: 0.000000}} {{prevmax: 10.000000}} 
y = col(2) 
'Automatic Initial Parameter Estimate Functions 
peaksign(q)=if(total(q)>q[1]; 1; -1) 
xatymin(q;r)=xatymax(q;max(r)-r) 
 

Initial Parameters (values are from of a specific fit) 
a = if(peaksign(y)>0; max(y); min(y)) ''Auto {{previous: 0.0750611}} 
b = fwhm(x;abs(y))/2 ''Auto {{previous: 2.03943}} 
x0 = if(peaksign(y)>0; xatymax(x;y); xatymin(x;y)) ''Auto {{previous: 119.834}} 
 
c = if(peaksign(y)>0; max(y); min(y)) ''Auto {{previous: 0.0172524}} 
d = fwhm(x;abs(y))/2 ''Auto {{previous: 3}} 
m0 = if(peaksign(y)>0; xatymax(x;y); xatymin(x;y)) ''Auto {{previous: 127.935}} 
 
e = if(peaksign(y)>0; max(y); min(y)) ''Auto {{previous: 0.072157}} 
g = fwhm(x;abs(y))/2 ''Auto {{previous: 2.02497}} 
n0 = if(peaksign(y)>0; xatymax(x;y); xatymin(x;y)) ''Auto {{previous: 137.884}} 
 

Constraints (values are examples of a specific fit) 
b>0 
d>0 
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g>0 
b<4.1*g 
g<4.1*b 
a<4.1*e 
e<4.1*a 
 
m0>126 
m0<129 
n0>135 
n0<160 
x0>104 
x0<125 
 
b>1 
b<4 
d>0.5 
d<5 
g>1 
g<4 
 
a>0.003 
c>0 
e>0.003 
 
c<a 
c<e 
 

2) Modified McConnell equation (eq. 7.3.2(2)) 
 

Equation  
AA=x 
BB=TZ 
 
f=Inten*(((6.2832*(AA-BA))^2)*1/BB+((1/BB^2)+(2*P/BB)+(((6.2832*BD)^2)/4))*(1/BB+2*P)) 
/(((6.2832*(AA-BA))^2-(1/BB^2)-(2*P/BB)-((6.2832*BD)^2)/4)^2+4*(6.2832*(AA-BA))^2*((1/BB)+P)^2) 
fit f to y 
 
Variables 
x = col(1) ' {{prevmin: 0.000000}} {{prevmax: 10.000000}} 
y = col(2) 
'Automatic Initial Parameter Estimate Functions 
peaksign(q)=if(total(q)>q[1]; 1; -1) 
xatymin(q;r)=xatymax(q;max(r)-r) 
 
Initial Parameters (values are from of a specific fit)
P = fwhm(x;abs(y))/2 ''Auto {{previous: 17}} 
TZ = fwhm(x;abs(y))/2 ''Auto {{previous: 0.1977}} 
Inten = if(peaksign(y)>0; max(y); min(y)) ''Auto {{previous: 1.96419}} 
BA = if(peaksign(y)>0; xatymax(x;y); xatymin(x;y)) ''Auto {{previous: 113.967}} 
BD = if(peaksign(y)>0; xatymax(x;y); xatymin(x;y)) ''Auto {{previous: 8.79637}} 
 
Constraints (values are examples of a specific fit) 
P>0.000000000001 
P>100 
TZ>0.025 
TZ<0.3 
 
Inten>1 
 
BA>113 
BA<115 
BD>3 
BD<15 
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10.5 SANS Experiments 

 

The SANS experiments were performed on two different occasions at the D11 

instrument of the Institut Laue-Langevin (ILL) in Grenoble, France. These are referred to as 

the first and second set of experiments. During the first set, samples with D2O as the 

hydrophilic component and φB+C = 0.05, 0.06, and 0.07 of both bulk and film contrast were 

studied, while during the second the φB+C =  0.06 bulk contrast experiments were repeated and 

samples of higher bilayer volume fraction (φB+C = 0.09 und 0.195) and higher viscosities 

(D2O+sucrose) were investigated in bulk contrast. Sample preparation occurred just as 

described in section 10.2. 

 

10.5.1 Experimental Setup 
 

 
Fig. 10.5.1(1): the beam line of the D11 instrument (from ref.122)  

 

Fast neutrons of high energy and short wavelength are produced via nuclear fission in 

the reactor. Before these particles can be used to perform SANS experiments they must be 

slowed considerably in order to be of shorter wavelength. This process is termed moderation 

and occurs by letting the neutrons pass through a ‘cold source’ of liquid D2, where they lose 

kinetic energy via inelastic scattering. Afterwards, the beam is monochromated, i.e. only 

neutrons of a select velocity and thus wavelength pass a helical slot velocity selector (from 

Dornier, ∆λ/λ=0.09). For all of the experiments λ = 6Å. The neutrons are then collimated by a 

series of moveable glass guides. Depending on the type of divergence needed, guides can be 

inserted at different distances from the sample. The neutrons then pass through the sample, 
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where they are scattered, before reaching the evacuated detector tube, at whose end a 2D 

neutron detector is located. This is a 3He gas detector (from Cerca) and consists of 64x64 

elements of 1cm2 each (detector dead time = 0.85µs). The investigated q-range can be altered 

by changing the sample to detector distance (see section 8.2). 

The sample fluid is contained in a quartz cell of 1mm optical length, which in turn is 

located in a metal cylinder, with a small bore for the incident neutrons on one side and a 

larger one for the scattered ones on the other. Apertures of various sizes can be used to limit 

the diameter of the incident beam (see below). The temperature of the cylinder is controlled to 

within (at least) ±0.05°C by letting water of the appropriate temperature stream around it. The 

whole cell is mounted on a support to ensure alignment with the neutron beam. 

 

 
 

Fig. 10.5.1(2): left: schematic depiction of home-build cellholder, where temperature control occurs through a 
water cycle. The sample is located in a rectangular quartz cell (centre), which in turn is placed in a metal 
cylinder for good thermal conductivity (grey). The incident neutrons enter the cell from the right. right: photo of 
actual metal cylinder (viewed from downstream) and quartz cell. 
 

10.5.2 SANS Experimental Procedure 
 

Thermal neutrons of wavelength λ=6Å and sample-to-detector distances of dsd=1.1m, 

4.5m, 16m and 34m resulted in covering a q-range of approx. 0.001 Å-1 to 0.3 Å-1. The 

neutron beam was collimated by inserting a glass guide at the appropriate guide-to-sample 

distance (in case of bulk contrast samples dgs=8m, 16.5m, 16.5m and 34m respective to the 

sample-to-detector distances given prior, while in case of film contrast samples dgs=5.5 m, 

8.0m, 16.5m and 34m ). 
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Sample solutions were transferred form 10ml test tubes with pipettes to Hellma cells 

of synthetic quartz (SUPRASIL) of the QS and QX type with 1mm internal neutron path 

length after heating them to their isotropic L3 state in a water bath. Special care needed to be 

taken to avoid phase separation and thus the possibility to alter φB+C during the fast transfers. 

During the first set of experiments the cells had an internal width of 9mm, thus making the 

use of an aperture of diameter da=5mm necessary, while during the second this width equalled 

18mm, therefore enabling the use of an aperture of da=10mm. 

This study focuses primarily on monitoring the transition processes between the L3 

and Lα phases. (However, SANS spectra of the respective equilibrium states were also 

recorded.). These transitions were induced by altering the temperature of water, which 

streamed through the cell holder, and thus the one of the sample. Temperature equilibration 

times were on the order of 150s to 250s depending on the amount of the temperature change 

(∆T = 1.5 to 3.0°C) and therefore fast enough to not significantly interfere with the phase 

transition kinetics. Through visual inspection of the initial and final state, it was confirmed 

that the samples were in the desired one phase region. 

The phase transition kinetics were monitored for bulk contrast samples at dsd=34.0m 

(giving insight into the 0.0016Å < q < 0.0177Å region), while for the film contrast samples 

the sample-to-detector distance was alternated back and forth between dsd=4.5m and 1.1m 

(0.0125Å < q < 0.3303Å). Exempt from this was the case of the φB+C  = 0.195 bulk sample, 

where dsd=16.0m (0.0038Å<q<0.0234Å). In order to maximise the time resolution in the TR-

SANS experiments, one requires a neutron flux as high as possible and so, the ILL reactor 

was chosen. In the first set of experiments, spectra with tolerable signal to noise ratios for the 

bulk contrast samples could be obtained every 120s, as the detector counts per second (cps) 

varied between 3700 and 4100cps. Therefore, moderate to good time resolution was achieved 

when regarding processes of time scales from 1000s to 3000s (known from previous NMR 

experiments). Spectra for film contrast samples were obtained every 50s (dsd=1.1m) and 90s 

(dsd=4.5m), as the cps were respectively higher, but altering the detector distance took approx. 

100s. In the second set, due to using a larger aperture, good signal to noise ratios were 

achieved when using 120s detection intervals for the φB+C= 0.05, 0.06, and 0.07 samples and 

counts did not drop below 10000cps. For the φB+C= 0.09 and 0.195 samples the intervals could 

be reduced to 30s and 10s respectively. In the later case, the use of an attenuator became 

necessary in order to prevent detector overflow. 
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10.5.3 Data Processing 

 

In case of isotropic scattering, reduction of the two-dimensional datasets to one-

dimensional ones could be achieved by radially averaging the raw data detector counts over 

all angles with ILL software (rnils). The data was then converted to absolute scale via the 

procedure described in section 8.4 (ILL software: spolly). Scattering data for water in the 

dsd=16.0m and 34.0m cases was extrapolated from the dsd=4.5m result. In case of anisotropic 

2D data sets reduction to 1D was more complex. The data of each detector element was first 

converted to absolute value as described above (ILL software: anpoly) and only then radially 

averaged by regarding sectors where the scattering appeared to be largely isotropic (ILL 

software: areg). 

 

10.5.4 Algorithm 

 

Below follows code of the ‘Regression Wizard’ of the SigmaPlot program, version 9.0, which 

fits a plane to a 3D distribution of values. This code was modified through certain constraints 

and could then be used to determine the linear combination of 2D detector data.  

 

Linear combination 
 

Equation  
f=a*x+b*y 
fit f to z 
 
Variables 
x = col(1) ' {{prevmin: 0.000000}} {{prevmax: 10.000000}} 
y = col(2) ' {{prevmin: 0.000000}} {{prevmax: 5.000000}} 
z = col(3) 
'Automatic Initial Parameter Estimates 
F(q;r)=ape(q;r;1;0;1) 
 
Initial Parameters (values are from of a specific fit) 
a = F(x;z)[2] ''Auto {{previous: 0.138396}} 
b = F(y;z)[2] ''Auto {{previous: 0.861604}} 
 
Constraints (values are examples of a specific fit) 
a>0 
a<1 
b>0 
b<1 
a+b=1 
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11. Tables 
 
 

The following abbreviations are used in the ‘comment’ columns or table headers to 

identify samples or experiments: 

- PE = ‘preliminary experiments’, this refers to NMR experiments that were carried out on the 

Bruker DMX-200 spectrometer during the first stay in Lund.  

- EE = established experiments, this refers to NMR experiments that were carried out on the 

Varian 360 spectrometer during the second stay in Lund. Note that all established experiments 

have an experiment number (FT_xx). 

- FC = ‘film contrast’, refers to SANS samples of film contrast composition. Note that the 

mass given in the ‘n-decane’ column refers to fully deuterated n-decane (C10D22). 

- BC = ‘bulk contrast’, refers to SANS samples of bulk contrast composition.  

- VD2 and VD5 are used to describe sample compositions, i.e. the respective stock solution 

(see components and stock solutions below) was employed when the sample was produced. 

Note that the mass given in the ‘D2O’ column refers to the mass of the appropriate 

D2O/sucrose mixture. 

- ηηηηD2O/S = ηηηη0·2.261 and ηηηη D2O/S = ηηηη0·4.320 are employed to indicate experiments which were 

carried out using samples with increased viscosity of the D2O component. The former 

denotation indicated the use of stock solution VD2, the latter VD5.  

 
 
 
 
11.1 Components and Stock Solutions 
 
 
Tab. T1: densities ρ and molar masses M of components employed (n.r. = not required). 
 
 

 

 ρρρρ [g/cm3] M [g/mol] 

H2O 0.998 18.016 
D2O 1.105 20.028 

n-decane 0.730 142.29 
n-decane (D22) 0.845 164.42 

C12E5 0.967 406.61 
Sucrose n.r. 342.3 

   
    D2O ηηηη = 2.828cP 1.1923 n.r. 
    D2O ηηηη = 5.404cP 1.2379 n.r. 

H2O ηηηη = 2.5cP 1.1048 n.r. 
H2O ηηηη = 5.0cP 1.1620 n.r. 
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Tab. T2: composition of sucrose stock solutions. x corresponds to the sucrose molar fraction. 
 

Name Comment m (H2O) [g] m(sucrose) [g] ρρρρ [g/cm3] ηηηη [cP] x(sucrose) 

VH2 H2O η = 2.5cP 40.0120 13.5235 1.1048 2.5 0.0175 

VH5 H2O η = 5.0cP 34.9990 20.6796 1.1620 5.0 0.0302 

VD2 D2O η = 2.828cP 20.2976 6.0630 1.1923 2.828 0.0172 

VD5 D2O η = 5.404cP 10.3741 5.3498 1.2379 5.404 0.0293 

 
 
Tab. T3: stock solutions of n-decane/C12E5. Note that stock solution STL3F was prepared using fully deuterated 
n-decane (C10D22). ψ correspond to the surfactant mass fraction. 
 

Name m (C12E5) [g] m (n-decane) [g] ρρρρ (decane) [g/cm3] ωωωωb ψψψψ (C12E5) 

STL1 0.2229 0.2046 0.73 0.4513 0.521 
STL2 2.0165 1.8621 0.73 0.4498 0.520 

   STL3F 0.7372 0.7859 0.845 0.4505 0.484 
STL4 0.7415 0.6845 0.73 0.4499 0.520 
STL5 1.4229 1.3150 0.73 0.4496 0.520 

 
 
 
 
 
11.2 Phase Diagrams 
 

In tables T4, the data points of the phase boundaries of fig. 2.3(1) and fig. 2.3(2) are 

given. Phase boundaries for the systems of D2O with increased viscosity are given in the 

SANS section (Tab. T16). 

 
 
Tab. T4.1:::: phase boundaries of the D2O – n-decane – C12E5 system 
 

φφφφB+C Lαααα/L3+Lα α α α [°C] L3+Lαααα/L3 [°C] L3/L1’+L3 [°C] 

0.0401 36.20 36.70 37.10 
0.0499 36.25 36.90 37.25 
0.0599 36.30 37.10 37.50 
0.0704 − 37.40 37.80 
0.0804 36.65 37.52 37.79 
0.0897 − 37.70 38.00 
0.1005 − 37.80 38.06 
0.1096 36.52 37.88 38.19 
0.1201 36.96 37.99 38.39 
0.1390 37.07 38.42 38.70 
0.1952 − 39.00 39.40 
0.1961 37.65 38.99 39.39 
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Tab. T4.2: Uhrmeister46 phase boundaries for the H2O/NaCl – n-decane – C12E5 system minus 0.6°C 
 

φφφφB+C Lαααα/L3+Lα α α α [°C] L3+Lαααα/L3 [°C] L3/L1’+L3 [°C] 

0.0881 − 37.78 38.12 
0.1169 − 38.02 38.51 
0.1457 − 38.40 38.89 
0.1741 − 38.65 39.17 
0.2023 − 39.07 39.71 

 
 
Tab. T4.3: phase boundaries of the H2O – n-decane – C12E5 system 
 

φφφφB+C Lαααα/L3+Lαααα[°C] L3+Lαααα/L3 [°C] L3/L1’+L3 [°C] 

0.0603 38.26 39.16 38.96 
0.0801 38.75 39.66 39.45 

 
 
Tab. T4.4: phase boundaries of the H2O/sucrose – n-decane – C12E5 system (VH2, x=0.0175) 
 

φφφφB+C Lαααα/L3+Lαααα[°C] L3+Lαααα/L3 [°C] L3/L1’+L3 [°C] 

0.0500 29.49 29.85 30.16 
0.0600 29.56 30.15 30.31 
0.0700 29.49 30.30 30.46 
0.0800 29.56 30.37 30.55 
0.0998 29.75 30.45 31.43 

 
Tab. T4.5: phase boundaries of the H2O/sucrose – n-decane – C12E5 system (VH5, x=0.0302) 
 

φφφφB+C Lαααα/L3+Lα α α α [°C] L3+Lαααα/L3 [°C] L3/L1’+L3 [°C] 

0.0597 23.07 23.17 23.26 

0.0805 23.17 23.57 23.76 
0.1001 23.36 23.96 24.16 

 
 
 
11.3 Preliminary NMR Experiments 
 
 
Tab. T5: compositions and phase boundaries of samples used in the preliminary 2H-NMR experiments (Bruker 
DMX-200 spectrometer). Samples were prepared with STL1. 
 

φφφφB+C Lαααα/L3+Lαααα[°C] L3+Lαααα/L3 [°C] L3/L1’+L3 [°C] m (D2O)[g] m(n-decane) [g] m(C12E5) [g]

0.0502 36.20 36.95 37.30 1.7867 0.0341 0.0371 
0.0601 36.40 37.25 37.65 1.7770 0.0410 0.0447 
0.0702 36.40 37.30 37.90 1.7571 0.0478 0.0521 
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Tables T10: positive temperature jump experiments performed in the established 2H-NMR 
experiments. ‘T2* for P=0’corresponds to the effective time constant of the transverse 
relaxation determined from the fits of the modified McConnell equation to the steady state 
lamellar phase doublet. 
 
Tab. T10.1: positive temperature jump experiments undertaken with the φB+C = 0.06 sample. 
 

Exp. No. Ti [°C] Tf [°C] ∆∆∆∆ T [°C] coalescence time [s] T2* for P=0 

FT_05 31.7 33.4 1.7 291 0.1870 
FT_07 31.4 33.4 2.0 368 − 
FT_09 32.5 33.4 0.9 273 0.1842 
FT_11 32.5 33.4 0.9 338 0.1903 
FT_14 32.6 33.5 0.9 228 0.1612 
FT_18 32.4 33.5 1.1 265 0.1758 
FT_21 32.2 33.5 1.3 288 0.1698 
FT_23 32.0 33.5 1.5 313 0.1750 
FT_25 32.0 33.5 1.5 265 0.1977 
FT_28 32.8 33.6 0.8 240 0.1758 
FT_30 32.8 33.6 0.8 215 0.1642 
FT_38 32.6 33.6 1.0 192 − 
FT_41 32.6 33.6 1.0 209 − 

 
Tab. T10.2: positive temperature jump experiments undertaken with the φB+C = 0.05 sample. 
 

Exp. No. Ti [°C] Tf [°C] ∆∆∆∆ T [°C] coalescence time [s] T2* for P=0 

FT_44 32.2 33.1 0.9 182 0.1491 
FT_46 32.0 33.1 1.1 292 0.1566 
FT_49 32.1 33.1 1.0 212 0.1464 
FT_55 31.6 33.1 1.5 242 0.1592 
FT_58 32.1 33.1 1.0 302 − 

 
Tab. T10.3: positive temperature jump experiments undertaken with the φB+C = 0.06, ηD2O/S =η0·2.261 (VD2) 
sample. 
 

Exp. No. Ti [°C] Tf [°C] ∆∆∆∆ T [°C] coalescence time [s] T2* for P=0 

FT_79 24.3 26.2 1.9 260 0.0612 
FT_81 25.1 26.2 1.1 212 0.0603 
FT_83 24.7 26.2 1.5 252 0.0620 

 
Tab. T11: details of temperature jumps, where the nucleation and the growth phase were decoupled 
(φB+C = 0.06). 
 

Exp. No. Ti [°C] Tf [°C] ∆∆∆∆ T [°C] ττττ [s] ∆∆∆∆Tmin [°C] ∆ν∆ν∆ν∆νQ,L [Hz] T2* (Lαααα) [s] 

FT_36 33.6 32.6 -1.0 950 -2.0 13.48 0.1609 

FT_37 33.6 32.6 -1.0 1280 -1.5 13.51 0.1588 

FT_39 33.6 32.6 -1.0 1420 -1.5 13.66 0.1514 
FT_40 33.6 32.6 -1.0 750 -2.0 13.27 0.1615 
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Tab. T12: agreement between the time of the TPM and the relaxation time constant τ 
 

Exp. No. ττττ [s] TPM [s] ττττ / TPM 

FT_03 720 683 1.054 
FT_04 550 515 1.068 
FT_08 1720 1683 1.022 
FT_10 1000 962 1.040 
FT_12 510 454 1.123 
FT_13 2270 2194 1.035 
FT_16 1430 1351 1.058 
FT_17 1170 1089 1.074 
FT_20 1120 1062 1.055 
FT_22 650 602.5 1.079 
FT_24 700 682.5 1.026 
FT_29 2400 2193 1.094 
FT_31 2916 2702 1.079 
FT_32 1850 1762 1.050 
FT_33 1700 1602.5 1.061 
FT_48 2280 2103 1.084 
FT_54 1150 1083 1.062 

 
 
Tab. T13: the relaxation time constants τ, resulting from simulations of the KJMA equation to the developments 
of the lamellar phase volume fraction ϕ, match the τ-value determined from a least square fit very well. 
 

Exp. No. ∆∆∆∆T [°C] KJMA αααα (fit) ττττ (fit) [s] ττττ/ ττττ (fit) 

FT_03 -1.7 2.739 742 0.97 
FT_04 -1.7 2.370 574 0.96 
FT_08 -0.9 4.146 1728 1.00 
FT_10 -0.9 2.487 1005 1.00 
FT_12 -1.9 3.366 520 0.98 
FT_13 -0.9 4.789 2274 1.00 
FT_16 -1.1 3.937 1433 1.00 
FT_17 -1.1 3.457 1182 0.99 
FT_20 -1.3 3.656 1134 0.99 
FT_22 -1.5 2.669 675 0.96 
FT_24 -1.5 2.806 742 0.94 
FT_29 -0.8 3.681 2369 1.01 
FT_31 -0.8 4.029 2908 1.00 
FT_32 -1.0 3.867 1877 0.99 
FT_33 -1.0 3.425 1723 0.99 
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11.5 General NMR Tables 
 
Tab. T14: average quadrupolar splittings of the equilibrium lamellar phases 
 

Comment φφφφB+C ∆ν∆ν∆ν∆νQ,L [Hz] error ± [Hz] 

PE 0.0502 10.87 0.2 
PE 0.0601 13.17 0.2 
PE 0.0702 15.73 0.2 
EE 0.0499 10.70 0.12 
EE 0.0599 13.69 0.15 
EE 0.0700 15.82 0.2 
EE 0.0795 17.11 0.2 

EE, ηηηηD2O/S = ηηηη0000·2.261 0.0598 15.36 0.2 

 
 
 
Tab. T15: n corresponds to the number of MAPA D2O molecules per surfactant molecule and Sqn is an order 
parameter. ∆νQ(max) is the quadrupolar splitting which would result in the lamellar phase if only MAPA D2O 
would be present. The quantities given below are calculated using n = 5.75, and χ = 255kHz. 
 

Comment φφφφB+C ∆ν∆ν∆ν∆νQ,L [Hz] n⋅⋅⋅⋅Sqn Sqn ∆ν∆ν∆ν∆νQ(max) [Hz] 

PE 0.0502 10.87 0.056 0.0097 1847 
PE 0.0601 13.17 0.056 0.0097 1849 
PE 0.0702 15.73 0.056 0.0098 1872 

      
EE 0.0499 10.70 0.055 0.0096 1836 
EE 0.0599 13.69 0.058 0.0101 1936 
EE 0.0700 15.82 0.057 0.0099 1893 
EE 0.0795 17.11 0.054 0.0093 1785 
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Tab. T19:  scattering lengths b of various isotopes 
 

 1H 2H (D) 12C 16O 

b [10-15m] -3.741 6.671 6.6511 5.803 

 
Tab. T20:  scattering length densities ρs of the components employed 
 

 ρρρρs⋅⋅⋅⋅10-10 [cm-2] 

D2O 6.3895 
n-decane (H22) -0.4879 
n-decane (D22) 6.5999 

C12E5 0.1297 

 
Tab. T21: fit parameters of the film contrast spectra fits for the equilibrium sponge (L3) and lamellar phase (Lα), 
for the three samples studied (∆ρ = 6.47⋅10-6 Å-2, ac=48Å2, vc=698Å3). For the same system, Uhrmeister46 
determined ε = 24.3, t = 5.85 and σ = 7.3. 
 

 L3 Lαααα L3 Lαααα L3 Lαααα 

φφφφB+C 0.0500 0.0500 0.0608 0.0608 0.0707 0.0707 
φφφφC,i 0.0225 0.0225 0.0274 0.0274 0.0318 0.0318 
f 0.60 0.55 0.60 0.60 0.60 0.45 
t 5.9 6.2 5.9 5.9 5.9 5.9 
εεεε    25.6 25.6 25.6 25.6 25.6 25.6 
σσσσ    7.1 6.9 7.0 7.0 7.2 7.2 

Iincoh 0.072 0.070 0.072 0.072 0.080 0.080 

 
Tab. T22:  NMR completion times for negative temperature jump experiments 
 

Comment φφφφB+C ∆∆∆∆T [°C] t completion [s] error ± [s] 

PE 0.0502 -1.5 1840 200 
PE 0.0601 -1.5 1480 100 

FT_54 0.0499 -1.5 2100 200 
FT_22 0.0599 -1.5 1200 100 
FT_24 0.0599 -1.5 1200 100 
FT_77 0.0598 -2.0 2300 250 
FT_82 0.0598 -1.5 4500 500 

 
Tab. T23:  NMR completion times for positive temperature jump experiments 
 

Comment φφφφB+C ∆∆∆∆T [°C] t completion [s] error ± [s] 

PE 0.0601 1.5 600 100 
FT_55 0.0499 1.5 1000 200 
FT_25 0.0599 1.5 877 100 
FT_83 0.0598 1.5 1200 200 
FT_79 0.0598 2.0 1200 100 
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