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1 Introduction

Binary surfactant/water and ternary surfactant/cosurfactant/water systems

can self-assemble into a wide variety of liquid crystalline structures, which

can be used for many di�erent applications [1�3]. These structures can be

investigated via NMR spectroscopy, which is a noninvasive and very versatile

method. The critical micellar concentration (cmc), for example, can be deter-

mined via the change of the chemical shift which results from the change of the

chemical environment of the alkyl chains of the surfactants from hydrophilic

to hydrophobic [4�6]. Furthermore, phase transitions from the micellar region

to a lyotropic liquid crystalline mesophase can be observed via proton NMR

since the transition leads to a strong line broadening of the signals, resulting

from the reduced mobility of the molecules [7]. Hence, NMR spectroscopy is

a powerful tool to investigate surfactant systems.

At high surfactant concentrations of surfactant/water systems very viscous

samples can be produced. Furthermore, gel-like emulsions can be made of

surfactant, fatty alcohol and water mixtures even at low concentrations. For

this purpose, often fatty alcohols with chain lengths longer than 12 are used as

cosurfactant. Such emulsions �nd applications in pharmaceutical, cosmetical

and personal care, laundry and food products [1�3, 8�11]. They are mixed at

temperatures above the melting point of the alcohols and then cooled down

below the chain melting temperature of the alcohols. Below the chain melting

temperature, the alkyl chains of the alcohol are crystalline and enhance the

stability of the emulsion.

For many concentrated gel forming systems in the lamellar phase region it
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1 Introduction

was found that the structure consists of uni- or multilamellar vesicles instead of

extended planar lamellae [8,12�17]. The vesicles are formed due to mechanical

strain during sample preparation and are in the most cases thermodynamically

not stable [17]. The shear-induced formation of multilamellar vesicles and the

relation between vesicle size and shear rate were �rst investigated in detail by

Roux [12].

As mentioned before, even highly diluted aqueous emulsions containing sur-

factant and fatty alcohol are able to form gel-like samples. For the system

consisting of cetyl alcohol, sodium dodecyl sulfate and water, which is investi-

gated in this PhD thesis, gel-like samples were found for water concentrations

higher than 90 wt. % [2].

As for a lot of colloidal systems, the processing parameters such as tem-

perature and shear rate have an in�uence on the structure of the emulsion,

which can be investigated by rheo-NMR spectroscopy. With this method,

the in�uence of shear forces on the phase structure and molecular dynamics

can be investigated [18�21]. Several soft matter systems were investigated in

situ under shear. As a nucleus for rheo-NMR, deuterium is preferred due to

its sensitivity towards changes of the orientation of the molecules [22]. One

disadvantage is the limitation to deuterated systems. Up to now, proton rheo-

NMR is rarely used [23�25]. From this type of NMR information about the

dynamic state of the alkyl chains of the surfactant and alcohol molecules may

be determined. In the case of crystalline or glass-like chains, proton NMR will

not yield any narrow signals of high intensity while mobile chains will provide

sharp liquid like peaks.

In the following chapter 2 of this PhD thesis, the basics of aqueous surfac-

tant systems as well as surfactant/cosurfactant systems and the methods used

are explained. Chapter 3 is about the investigation of the micellization and

the micellar region of the binary sodium dodecyl sulfate/water (SDS/D2O)
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system in a broad concentration range (0.007 to 35 wt. % SDS) via proton

NMR spectroscopy. In addition to the changes of the chemical shift and the

line width, a concentration dependency of the splitting of the α-CH2 and CH3

groups of the alkyl chains was found. At concentrations close to the phase tran-

sition from the micellar region to a lyotropic liquid crystalline mesophase the

splitting shows a strong temperature dependence. To verify this unexpected

pretransitional e�ect a second system, namely, cetyltrimethylammonium bro-

mide/water (CTAB/D2O) was investigated. In chapter 4 the results of the

dilute gel-forming system SDS/CA/D2O are presented. A series of samples

with a constant water content of 97 wt. % and a varying ratio of SDS to CA

was studied by di�erential scanning calorimetry, proton NMR spectroscopy,

cryogenic transmission electron microscopy, very small angle neutron scatter-

ing, small angle X-ray scattering, pulsed �eld gradient NMR spectroscopy,

rheology and 13C solid state NMR spectroscopy. Furthermore, the in�uence

of the alcohol chain length and three di�erent ways of sample preparation are

investigated. In chapter 5 the construction of the rf coil and the shear cell

for the construction of a proton rheo-NMR probe are described. Furthermore,

�rst measurements with this new probe are presented.
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2 Fundamentals

2.1 Basics of aqueous surfactant and surfactant/

cosurfactant systems

2.1.1 Surfactant solutions

Surfactants are amphiphilic molecules which possess a polar head group and

a non-polar chain. They are subdivided into anionic, cationic and nonionic

surfactants depending on their head group moiety. In �gure 2.1 a typical

surfactant of each type is shown. Compound 1, an anionic surfactant, is called

sodium dodecyl sulfate (abbreviated as SDS) and represents the group of the

alkyl sulfates. Cetyltrimethylammonium bromide (compound 2, abbreviated

as CTAB) is a cationic surfactant. A typical group of nonionic surfactants are

poly(oxyethylene) alkyl ether compounds like dodecylhexaoxyethylene glycol

monoether (compound 3, abbreviated as C12E6).

The amphiphilic nature of the surfactants leads to their self-assembly. In

water at low surfactant concentrations, the hydrocarbon chains are in the mid-

dle of the assembled aggregates and form a liquid-like hydrocarbon core while

the polar headgroups create a hydrophilic surface which shields the hydropho-

bic area from water contact [26�28]. Such aggregates, consisting of 50 up to

several hundred molecules, are called micelles and are one of the main types

of amphiphilic structures. For the micellization a minimum surfactant con-

centration, called critical micellar concentration (abbreviated as cmc), must

be reached [26, 27, 29, 30]. A further requirement for the micellization is the

21
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Figure 2.1: Surfactant structures of sodium dodecyl sulfate (SDS, 1),
cetyltrimethylammonium bromide (CTAB, 2) and dodecyl-
hexaoxyethylene glycol monoether (C12E6, 3).

ability of the alkyl chains to occupy the core of a micelle as completely as

possible [26,31]. The micellar shape can be for example spherical, elliptical or

rod-like and depends on the surfactant properties like attractive and repulsive

forces as well as the molecular geometry [26,27,31].

Above the cmc the formation of many small micelles is entropically favored

in contrast to the growth of a few large micelles. According to general as-

sumptions, the micelles aggregate in a spherical shape before they grow with

increasing concentration of surfactant. The size of the spherical micelles is

limited by the length of the hydrophobic chain of the surfactants. As a con-

sequence of the increasing number of molecules in a micelle the shape of the

aggregates has to change. Otherwise cavities would develop and the stability

of the micelles would decrease. For a rough prediction of the shape of the

aggregates the packing parameter P (eq. 2.1) can be used. It is calculated by

dividing the volume of the hydrophobic part V by the product of the minimal

occupied interfacial area of the head group A and length of the hydrophobic

chain in the micelle core l [26, 30, 32]:

P =
V

A · l
(2.1)
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Packing parameters smaller than one are typical for micellar (water-soluble

micelles) structures. Planar extended bilayers, large vesicles and �exible bi-

layer structures often have a packing parameter of one and inverse micelles

(oil-soluble micelles) a packing parameter which is higher than one.

With increasing surfactant concentration the number and size of micelles in-

crease. The interactions between the micellar surfaces are repulsive, resulting,

for example, from electrostatic forces. The only possibility to maximise the

spatial separation between the micelles getting closer to one another with in-

creasing concentration is to change shape and size [26]. The resulting periodic

structures are called mesophases or lyotropic liquid crystals. The structures

of the lyotropic liquid crystals are in�uenced by the surfactant molecule, sol-

vent, temperature and additives. Two typical liquid crystalline structures are

shown in �gure 2.2. When exceeding a threshold concentration of surfactant

the micelles which prefer to build up disc-like aggregates will aggregate as a

lamellar phase. This type of mesophase obtains a one dimensional positional

order. Rod-like aggregates will create a hexagonal phase, which has a two

dimensional hexagonal lattice with an orientational order of the rods and a

long-range positional order [27, 28].

2.1.2 In�uence of the exchange of H2O by D2O on the cmc

In this thesis di�erent aqueous surfactant systems are investigated via 1H NMR

spectroscopy. To reduce the signal intensity of the solvent, H2O is replaced by

D2O. This exchange has an in�uence on the phase boundaries.

Also, the exchange has an in�uence on the critical micellar concentration.

Mukerjee found in 1966, for example, that the cmc of SDS is reduced from

8.27 mM in H2O to 8.05 mM in D2O [33]. In an article published by Berr [34],

the same behavior (reduction of the cmc of SDS from 8.20 mM in H2O to

7.60 mM in D2O) is described. Berr found the same e�ect for CTAB. For
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this surfactant the cmc is reduced from 1.00 mM in H2O to 0.82 mM in D2O.

Besides the in�uence on the cmc, there is also an in�uence on the aggregation

number of the micelles, which is higher in D2O than in H2O [34].

Figure 2.2: Illustration of the lamellar and hexagonal lyotropic liquid crys-
talline structures.

A typical property of amphiphilic aggregates is the ability to solubilize for-

eign molecules or to incorporate them into their structure. If the foreign

molecule is amphiphilic and not able to build up micelles because of its poor

hydrophilicity, it is called cosurfactant. In the case of mismatching packing

parameters of cosurfactant and surfactant, the incorporation of the cosurfac-

tant into the structure of the aggregates will in�uence shape and curvature of

the aggregates [27]. Amaral, for example, found a transition from the nematic

cylindrical phase to a nematic disc-like phase by adding decanol to the binary

systems C10H21SO4Na/water and C12H25SO4Na/water [35].
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2.2 Pulsed gradient spin echo NMR (PGSE NMR)

For the determination of the self-di�usion coe�cients of free and hindered

water, 1H PGSE NMR experiments can be performed. For this purpose, the

Hahn echo experiment is modi�ed by the addition of pulsed gradients. Such

experiments go back to Stejskal and Tanner in 1965 [36,37]. The pulse sequence

which I used is shown in �gure 2.3. It consists of a spin echo experiment with

two trapezoidal gradient pulses inserted in the evolution delays.

Figure 2.3: Schematic representation of the pulsed gradient spin echo se-
quence used.

τ is the time between the 90° and 180° pulse as shown in �gure 2.3, ∆ the

temporal distance between the gradient pulses, δ the duration of the gradient

as shown in �gure 2.3, ε is the rise and fall time of the gradients, g the strength

of the gradient, and 2τ the time between 90° pulse and the echo.

In �gure 2.4 the pulsed �eld gradient spin echo experiment is presented in a

very simpli�ed way. The rotation of four magnetization vectors with the same

x and y coordinates but di�erent z coordinates is shown in the rotating frame.

Relaxation processes are neglected. The magnetic �eld gradients are applied

in z direction.

At �rst the PGSE experiment is explained for the case of no di�usion. The

magnetizations are tilted from the z axis to the xy plane by a 90° pulse. Now

the rotation of the magnetization, which depends on the strength of the mag-

netic �eld, can be detected. In a homogeneous magnetic �eld all the magne-
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tization vectors rotate with the same frequency, the Larmor frequency. This

rotation is shown in the �rst two columns.

During the �rst magnetic �eld gradient pulse, the total strength of the mag-

netic �eld depends on the spatial position. Hence, the rotation frequency

depends on the position of the molecules, which is illustrated by di�erent col-

ors. As a consequence the magnetizations rotate with di�erent frequencies

and start to defocus over time (magnetization vectors from di�erent positions

are phase shifted with respect to each other). At the end of the gradient the

vectors rotate again with the same Larmor frequency but remain defocused.

The next two columns show the phase of the magnetization vectors before

and after the 180° pulse is applied. After the 180° pulse, the second magnetic

�eld gradient with the same settings as the �rst gradient is applied. During

the gradient the magnetization vectors refocus. The aligned magnetization

vectors yield a maximum magnetization.

Figure 2.4: Schematic representation of the pulsed �eld gradient spin echo.

In the case of di�usion, the situation up to the end of the �rst gradient is

the same. If the molecules change their positions between the �rst and the

second gradient, they cannot refocus during the second gradient. The e�ect

of di�usion of the molecules is shown for simplicity in the column before the

second gradient. As a consequence the magnetization decreases and the signal

intensity decreases, too.
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During the evaluation process of the experimental results of the self-di�usion

coe�cients of water, the integrated water signals are determined as a function

of the gradient strength g. In the case of only one di�usion coe�cient (free

water), the echo intensity is described by [38]

I = I0exp(−γ2Dg2
{
δ2 (∆− δ/3) +B

}
). (2.2)

γ is the gyromagnetic ratio of protons, D is the di�usion coe�cient of the

studied molecule, B depends on the shape of the gradient pulses and I0 is the

signal intensity in the absence of di�usion. For B = 0 equation 2.2 describes a

PGSE sequence with rectangular gradients [38�40]. For a pulse sequence with

trapezoidal gradients parameter B is de�ned by

B =
ε3

30
− δε2

6
. (2.3)

Equation 2.4 describes the case in which more than one di�usion coe�cient

exists:

I = A1 · ebD1 + A2 · ebD2 + . . .+ An · ebDn (2.4)

b = −γ2g2
{
δ2 (∆− δ/3) +B

}
(2.5)

Dn are the di�erent di�usion coe�cients and An their fractions. Parameter b

(eq. 2.5) is de�ned by the experimental settings.

The observed di�usion coe�cients depend on the size of the embedding

geometries with a radius R and the di�usion time ∆. The dependency is

shown in �gure 2.5 for di�erent time scales ξ = D∆/R2. For short time scales,

the molecule does not di�use far enough to feel the restriction. For ξ ≈ 1, some

of the molecules feel the restriction and an apparent di�usion coe�cient, which

depends on the di�usion time ∆ is detected. In the case of long time scales,

all molecules feel the restriction. Hence, the displacement is independent of

∆ [39].
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Figure 2.5: Schematic illustration of restricted di�usion for di�erent time
scales.
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2.3 Rheology

2.3.1 Rotating experiments

Properties like �ow behavior and viscosity of liquids, dispersions and emul-

sions are typically investigated via rheological methods. In this section the

fundamental rheological parameters of rotating experiments will be de�ned.

Imagine two plates with a liquid between them (as shown in �gure 2.6). The

upper plate with the shear area A is moved via the shear force F and the

resulting velocity v is measured. The lower plate is �xed and therefore its

velocity is zero (v = 0). By this process the liquid between the plates with the

distance h will be sheared. Requirements, which are necessary for the exact

measurement/calculation of the rheological parameters, are a laminar �ow and

the adhesion of the liquid to the plates. In other words, there shall not be any

vortexes within the �ow and the liquid shall not slip along the plates [41].

Figure 2.6: Schematic illustration of the shear process of a liquid between two
plates.
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The applied shear stress τ (unit: 1 Pa = 1 N/m2) is de�ned by

τ =
F

A
(2.6)

and the shear rate γ̇ (unit: 1/s) by the in�nitesimal change of the velocity

change dv per laminar �ow layer of in�nitesimal thickness dh.

γ̇ =
dv
dh

(2.7)

Within the shear gap h the velocity decreases linearly. Therefore, the shear

rate is constant all over the gap h.

The dynamic shear viscosity η (unit: 1 Pas = 1 N s/m2), abbreviated as

viscosity, of an ideal viscous �uid at a constant temperature is de�ned by

equation

η =
τ

γ̇
. (2.8)

The applied (shear) deformation (γ, unit: %) is de�ned by the quotient of

displacement s and the plate distance h (see �g. 2.6 bottom).

γ =
s

h
. (2.9)

To be able to perform continuous measurements for an arbitrary time, rotat-

ing instead of linear measuring systems are used. One of them is the couette

geometry consisting of an outer and an inner cylinder with a gap between

them. One of the cylinders is moved relative to the other. If the gap be-

tween the walls of the cylinders is small enough the shear unit can be treated

as a two-plate system in good approximation. In this case, shear stress and

shear rate are approximately constant and equations 2.6 to 2.9 are valid. The

maximum gap width, for which the equations can be used in industrial labs, is

de�ned by DIN EN ISO 3219 of October 1994. According to this standard, the
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maximum allowed ratio (δcc)max between the external (Re) and inner radius

(Ri) is

(δcc)max =

(
Re

Ri

)
max

= 1.0847. (2.10)

In the case of a concentric cylinder geometry with a broad gap the velocity

depends more strongly on the radius leading to a nonlinear velocity distribu-

tion. Hence, the shear rate is no longer constant and the above equations do

not apply.

Figure 2.7 shows two cylindrical geometries with the maximum distance for

a small gap according to the DIN norm and a geometry with a wide gap.

Figure 2.7: Pro�les of two cylindrical measuring systems with a small and a
wide gap.

The shear rate within the small gap is de�ned by [41]:

γ̇cc =
(1 + δ2cc)
(δ2cc − 1)

ω. (2.11)

Here ω (unit: rad/s) is the angular velocity. The relation between rotational

speed in turns per minute n (unit: 1/min) and angular velocity is de�ned by

ω =
(2πn) min

60 s
. (2.12)

Another common measuring system is the cone-plate system, which is schemat-

ically shown in �gure 2.8. According to the ISO 3219 standard, the cone angle

α has to be between one and four degree and the radius R between 10 mm

and 100 mm.
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Figure 2.8: Schematic illustration of a cone-plate geometry.

The shear rate within the gap of the cone/plate geometry is de�ned [41] by

γ̇cp =
ω

tanα
. (2.13)

A combination of the couette and cone/plate geometry, like the Mooney-

Ewart measuring system (shown in �g. 2.9), has the advantage of reducing end

e�ects. The aim of this geometry is to achieve the same averaged shear rate

within the annular and conic gap (γ̇ = γ̇cc = γ̇cp). The resulting construction

requirements are given by equation 2.14 and 2.15 [41].

α = (δ2cc − 1)/(1 + δ2cc) (2.14)

δ2cc = (α + 1)/(1− α) (2.15)

Figure 2.9: Schematic illustration of a Mooney-Ewart geometry.
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2.3.2 Oscillating experiments

For oscillating rheological experiments rotationally symmetric shear cells like

plate-plate or cone-plate geometries are used. During the experiment the upper

plate with the shear area A is de�ected by an angle ϕ by the shear force F

while the lower plate is �xed. Two typical oscillating experiments are the

amplitude sweep and the frequency sweep. During the amplitude sweep, the

frequency of the oscillation is kept constant (ω = const.) and the amplitude of

the deformation is changed. In the case of a frequency sweep, the amplitude

of the deformation is kept constant (γA = const.) and the angular frequency

is variable. In both cases, the sample is strained periodically,

γ (t) = γA · sinωt (2.16)

and the resulting shear stress is measured. The stress also follows a sine curve

but it is shifted by a phase angle δ:

τ (t) = τA · sin (ωt+ δ) . (2.17)

The quotient of τ (t) and γ (t) de�nes the shear modulus of oscillating ex-

periments.

G =
τ(t)

γ(t)
(2.18)

G∗ describes the viscoelastic behavior of a sample and consists of the storage

modulus G′ (elastic part) and the loss modulus G′′ (viscous part). The sum of

these parts can be illustrated by a vector diagram (�gure 2.10) and is desribed

mathematically by equation 2.19.

|G∗| =
√

(G′)2 + (G′′)2 (2.19)
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Figure 2.10: Vector diagram of G∗.

G′ stands for the energy of deformation which is stored during the shearing

process. This stored energy acts as the driving force during the process of

recovering the initial structure and is not dissipated. G′′ represents the energy

which gets lost during the shearing process. This energy is used for the change

of the structure of the sample or becomes transfered to the environment [41].

The ratio between the lost and stored deformation energy is called loss factor

or damping factor and is de�ned as:

tan δ = G′′/G′. (2.20)

The loss factor yields information about the viscoelastic deformation behavior.

The complex viscosity is de�ned by

η =
τ(t)

γ̇(t)
. (2.21)
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2.4 Characteristic parameters of 1H NMR spectra

2.4.1 Chemical shift

The chemical shift depends strongly on the external magnetic �eld B0, which

induces circulations in the electron cloud of chemical bonds. Thus, a magnetic

moment is created which is oriented in the opposite direction of the excitation

�eld. As a consequence, the local magnetic �eld at the center of a proton is

reduced. This is described by

Blocal = B0(1− σ) (2.22)

with the screening constant σ of the respective proton. The electronegativity

of the adjacent atoms or groups have an in�uence on the chemical shift. In the

case of electron-withdrawing groups like -Cl, -OH or -CN the electron density of

the chemical bond is decreased. As a consequence the diamagnetic screening is

decreased and the chemical shift of the a�ected proton is increased. Moreover,

mesomeric e�ects can in�uence the chemical shift, too. Since no unsaturated

or aromatic compounds are used, this e�ect is not discussed here.

Besides the intramolecular e�ects, the screening constant is also in�uenced

by intermolecular e�ects. In the case of a close approach of solvent and solute

molecule the electron cloud of a proton can be distorted by Van-der-Waals

forces. This e�ect normally in�uences the chemical shift by up to 0.3 ppm [42].

Furthermore, an amphiphilic molecule, dissolved in a dielectric solvent, induces

in its environment an electric �eld. This electric �eld changes the shielding of

the protons of the molecule. In general, the in�uence of the electric �eld on

the shielding is high for protons close to the polar group and decreases with

larger distances. This e�ect exhibits an angular dependency and in�uences

the chemical shift by up to ±1 ppm [42]. Besides, there are other interactions

such as hydrogen bonds between the polar head of the dissolved molecule and
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the solvent which can in�uence the chemical shift by up to 0.5 ppm [42].

2.4.2 Line width

For the relaxation of the magnetization vector two relaxation processes exist.

They are described by the spin-lattice relaxation time T1 and the spin-spin

relaxation time T2. Normally, the in�uence of the spin-lattice relaxation on

the line width is below 0.1 Hz [43]. Hence, the observed line width of liquid

samples, like micellar solutions, is caused by spin-spin relaxation processes.

The line width ∆, shown in �gure 2.11, is de�ned by equation 2.23. The

apparent relaxation rate 1/T ∗2 , derived from the measured line width, consists

of the spin-spin relaxation rate 1/T2 and a term taking the magnetic �eld

inhomogeneity ∆B0 into account.

Figure 2.11: De�nition of the line width of a Lorentz signal.

∆ =
2

T ∗2
(2.23)

1

T ∗2
=
γ∆B0

2
+

1

T2
(2.24)
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2.4.3 Spin-spin coupling constant

The coupling between protons over three chemical bonds (3JHH) is called

vicinal coupling. This coupling was described mathematically by Karplus [42,

44, 45]. He showed that the J values yield detailed information about the

dihedral angle between the coupled protons (see �g. 2.12). The magnitude of

the J coupling in Hz depends on the dihedral angle and has maximal values

for angles of 0° and 180°. For a torsion angle close to 90° a minimum can be

found.

Figure 2.12: Dependency of the 3JHH coupling constant in Hz on the dihedral
angle between the coupled protons. This graphic is taken from
[46].
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2.5 Scattering methods

Small-angle X-ray scattering (SAXS) experiments are commonly performed

for the investigation of periodic distances of crystals, macromolecular solu-

tions or colloidal dispersions [31, 47]. In partially ordered systems the SAXS

experiments can deliver structural information for repeating distances up to

150 nm [47]. During the experiment, the X-ray beam is di�racted by the elec-

trons of the sample. The re�ected photons of the X-ray beam interfere. From

the interference, which is described by the Bragg equation

2d sinθ = n λ, (2.25)

the repeat distances of periodic structures can be determined. In equation

2.25 d is the repeat distance, θ the glancing angle, λ the wavelength and n any

integer. The schematic Bragg re�ection is shown in �gure 2.13.

Figure 2.13: Schematic illustration of Bragg re�ection.

The absolute value of the scattering vector |Q| is de�ned by

Q =
4πsinθ
λ

. (2.26)

To be able to investigate larger distances by small angle scattering tech-

niques, small angle neutron scattering (SANS) can be used. In this case,

neutrons are scattered by elastic collisions with the nuclei of the sample.
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3 Investigation of aqueous surfactant solutions

by 1H NMR spectroscopy

In this chapter the binary surfactant system SDS/D2O is studied in detail

via proton NMR spectroscopy. The concentration dependent in�uence of the

micellization and the micellar growth on the chemical shift, line width and

splitting of the α-CH2 and CH3 groups of the alkyl chain are investigated.

The splittings of the two groups show a non expected behavior. In order to

�nd out if this unusual behavior is typical only for the aqueous SDS system,

the splittings of a second aqueous surfactant system (CTAB/D2O) are inves-

tigated.
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3.1 System SDS/D2O

3.1.1 Phase diagram of the SDS/water system

A detailed phase diagram of SDS in H2O was determined by Kékiche� et al. in

the late 80s via DSC measurements [48]. The cmc of the SDS/D2O system

was reported as 7.6 mM [34] which corresponds to 0.2 wt. % SDS. Figure 3.1

shows the phase diagram according to [48]. The part of the diagram, which was

investigated during my research via 1H NMR spectroscopy in the temperature

range from 30 °C to 55 °C, is marked.

Figure 3.1: Phase diagram of the SDS/water system taken from [48]. The
investigated concentration and temperature range is highlighted.
The dotted line, which is added at 35 wt. %, represents the con-
centration at which the �rst hexagonal signal could be obtained by
2H NMR spectroscopy for the SDS/D2O system.

For the investigated temperatures, the micellar phase exists, according to the

phase diagram, from 0 to 39.4 wt. %. With increasing concentration of SDS

transitions into a two phase region, which exists from 39.4 to 42.3 wt. %
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3.1 System SDS/D2O

consisting of a micellar and a hexagonal phase, and into a hexagonal phase,

above 42.3 wt. % SDS, follow. The remaining phases and phase transitions at

higher SDS concentrations were not investigated.

Due to the known in�uence of the exchange of H2O by D2O on surfactant so-

lutions, as well as possible contaminations of the chemicals used, small changes

of the phase boundaries are expected. Therefore, the samples above 20 wt. %

were investigated by deuterium NMR in order to determine the phase tran-

sition concentrations. The deuterium NMR spectra obtained are shown in

�gure 3.2. Below 35 wt. % SDS the 2H NMR spectra show for all investigated

samples an isotropic signal which is characteristic for the micellar phase. At

35 wt. % SDS a doublet, which is characteristic for the hexagonal phase, was

detected in addition to the isotropic singlet.

Figure 3.2: Deuterium NMR spectra of D2O, 30 wt. % and 35 wt. % SDS at
55 °C.

If the molar ratio of SDS to water at the transition concentration to the two

phase region is equal for H2O and D2O, the transition concentration expected
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3 Investigation of aqueous surfactant solutions by 1H NMR

for the system with D2O is 36.9 wt. %. Experimentally, the transition was

found between 30 and 35 wt. % SDS. The upper concentration of this range is

shown in the phase diagram as a dotted line at 35 wt. % SDS.

3.1.2 Peak assignment of the 1H NMR spectrum of a micellar

sample

Figure 3.3 shows a 1H NMR spectrum of a micellar sample (3 wt. % SDS

in D2O at 30 °C) with peak assignment. The proton NMR spectra of SDS

exhibit four signals, which are assigned to the α-CH2, β-CH2, CH3 group and

to the rest of the alkyl chain [49, 50]. In the micellar region, where the SDS

molecules are very agile, the shape of the α-CH2 signal is a symmetric triplet

while the CH3 signal is slightly asymmetric. The β-CH2 group can be seen as

a multiplett. The other CH2 groups of the alkyl chain have nearly the same

chemical shift. As a consequence, only one additional peak can be detected.

Figure 3.3: 1H NMR spectrum of 3 wt. % SDS at 30 °C with peak assignment.

42



3.1 System SDS/D2O

3.1.3 Chemical shift study

Figure 3.4 shows the α-CH2 and CH3 signals of SDS at di�erent concentrations

at 30 °C. The concentration dependent shift of the signals is conspicuous and

can be used for the determination of the cmc [4, 5].

Figure 3.4: Concentration dependent chemical shift of the α-CH2 and CH3

signal of 3 wt. % SDS at 30 °C.

The behavior of the chemical shift of the SDS/D2O system was already

investigated by Kumar et. al [5] and Barhoum et. al [6]. They subtracted

the chemical shift of the methyl group from the chemical shift of the α-CH2

group (δ(α-CH2) − δ(CH3)) and plotted the di�erences versus the concentra-

tion. From the publication of Kumar et. al [5], the data of the chemical shift

di�erences were read out manually and are shown in �gure 3.5 in addition to

the ones obtained for the investigated samples. For the determination of the

di�erence, both signals were �tted by three Lorentzian lines. The chemical

shifts of the centered �tted Lorentzian lines were used for the calculation of
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3 Investigation of aqueous surfactant solutions by 1H NMR

the chemical shift di�erence. It can be seen that the literature values could

be reproduced well. The small deviations from the literature are due to the

di�erent temperatures and the manual read out process of the literature data.

Below the cmc, the chemical shifts of the individual signals do not vary.

Hence, the di�erence of the chemical shifts is nearly constant. After the micel-

lization the chemical environment of the surfactant molecules changes. For the

SDS/D2O system the change leads to a decrease of the di�erence of the α-CH2-

and CH3-signal. Based on this change, the cmc of the SDS/D2O system can

be determined. The disadvantage of this way of data presentation is, that the

illustration provides no information about the changes of the chemical shifts

of the individual α-CH2- and CH3-signals.

Figure 3.5: Concentration dependent di�erence (δ(α−CH2)− δ(CH3)) of the
chemical shift of the α-CH2 and CH3 signals. The black symbols
are literature values taken from [5].
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3.1 System SDS/D2O

To get more detailed information, the relative change of the chemical shifts

∆δ of each peak must be considered. To calculate ∆δ the initial chemical

shift of the signals at 0.007 wt. % is subtracted from the chemical shift at the

particular concentration. The results are shown in �gure 3.6.

Figure 3.6: Concentration dependent change of the relative chemical shift.
∆δ is calculated by subtracting the chemical shift of the �rst con-
centration from the remaining concentrations for the α-CH2 and
the CH3 signals.

From 0.007 wt. % SDS to the cmc (0.2 wt. % SDS), nearly no change of ∆δ

is observed. Above the cmc up to 1.04 wt. %, the α-CH2 signal is shifted to

lower and the CH3 signal to higher ppm. In other words, the change of the

chemical shift of the two signals proceeds in opposite directions. At 1.04 wt. %,

there is a shallow minimum of ∆δ of the α-CH2 signal. From 1.99 to 30 wt. %

SDS, both signals are shifted in the same direction and the chemical shifts

increase strongly. At 35 wt. % both signals are shifted back to lower ppm and

the values of ∆δ decrease.

Starting at the cmc micelles are formed. This leads to a change in the
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3 Investigation of aqueous surfactant solutions by 1H NMR

chemical environment of the molecules in the micelles. In the case of the CH3

groups the chemical environment changes from hydrophilic to hydrophobic. As

a consequence the chemical shift of the surfactants changes. About the di�erent

direction of the change of the chemical shift of the α-CH2 and CH3 signal from

the cmc to 1.04 wt. % no information could be found in the literature.

The minimum of ∆δ of α-CH2 between 1 and 2 wt. % SDS correlates to

the known transition of the micellar shape from spherical to quasi-spherical or

ellipsoidal. According to the literature this transition takes place between 1.3

and 2.1 wt. % SDS [49] (determined via spin-spin relaxation rates).

Up to now, no information could be found in the literature for the decrease

of ∆δ of the α-CH2 groups from the cmc to the minimum. This decrease as

well as the increase above 2 wt. % SDS probably result from conformational

changes at the α-CH2 groups (the conformational changes will be discussed in

detail in chapter 3.1.5).

Between 30 and 35 wt. % SDS a phase transition from the isotropic to a two

phase region consisting of a micellar and a hexagonal phase takes place. For

the sample located in the two phase region, a decrease of ∆δ of both groups

was observed.

3.1.4 Line width analysis

Another characteristic property of the NMR spectra is the line width at half

height, which gives information about the relaxation times of the molecules.

The NMR signals of the alkyl chain and α-CH2 groups at di�erent concentra-

tions are shown in �gure 3.7. The line width of the center peak of the α-CH2

triplet is obtained by �tting it by three Lorentzian lines.

Figure 3.8 shows the line width of the alkyl chain (C3-C11) and the line

width of the center peak of the α-CH2 signal at 30 °C. Below the cmc the line

width of the alkyl chain is constant. With increasing concentration of SDS,
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3.1 System SDS/D2O

Figure 3.7: Line broadening of the alkyl chain and α-CH2 signals with in-
creasing surfactant concentration at 30°C.

starting at the cmc, the line width increases steadily up to 20 wt. %. From

there it increases strongly.

The line width of the center signal of the α-CH2 signal shows only a slight

increase in its value from 0.007 to 20 wt. % SDS. Above 20 wt. % the line

width increases strongly, too. At 35 wt. % SDS the triplet is broadened so

much that only a singlet is detected. The center peak cannot be �tted exactly.

For that reason the data point is missing.

Since the alkyl chain signal is composed of nine hydrocarbon groups, which

have quite similar but still di�erent chemical shifts, the signal of the alkyl

chain is a superposition of the single signals. Hence, its line width is broader

than the line width of the α-CH2 signal.

The moderate increase of the line widths from the cmc to 20 wt. % might

be caused by micellar growth. For large micelles, whose shape di�ers from

spherical, the free rotation is reduced leading to a line broadening. The strong

line broadening starting at 25 wt. % SDS is typical for concentrations close
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3 Investigation of aqueous surfactant solutions by 1H NMR

Figure 3.8: Line width of the alkyl chain and the center peak of the α-CH2

signal at 30 °C.

and at phase transitions [7].

3.1.5 Investigation of the splittings of the α-CH2- and CH3-signal

Figure 3.9 shows the splittings of the α-CH2 group at di�erent temperatures

versus the mass fraction of SDS. To obtain the value of the splittings the

triplet of αSDS is �tted by three Lorentzian lines. Half the distance between

the positions of the �tted outer peaks represents the value of the splitting in

Hz.

For the interpretation of the splittings it must be considered, that the mea-

sured values are weighted and averaged values over the splittings of each α-CH2

or CH3 group in the volume contributing to the proton NMR signal. The ob-

served splittings of each group can be approximately calculated by

J = xf · Jf + xm · Jm (3.1)
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3.1 System SDS/D2O

Figure 3.9: Magnitude of the splitting of the α-CH2 signal plotted versus the
mass fraction of SDS.

where xf is the mole fraction of the free surfactant molecules and xm the

mole fraction of the surfactant molecules located in the micelles (xm = 1 −

xf ). Jf is taken as the average of the splittings below the cmc and Jm is

obtained by extrapolating the splitting to 100 wt. % SDS. The calculated

values of the splitting are shown as a solid line in �gure 3.9. The deviations

from the calculated curve probably result from the in�uence of changes of the

micellar shape on the value of the splitting, which were not considered by the

calculation.

At concentrations below the cmc xm will be zero. Hence, the plotted values of

the splittings are an average over all conformations of free surfactant molecules

in water. At these concentrations, most of the surfactants will be present in a

partly coiled state to reduce the water-hydrocarbon contact [51]. Furthermore

entropy e�ects should prefer the coiled conformation instead of an all trans

conformation [51]. Therefore, the molecules below the cmc will favor gauche
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3 Investigation of aqueous surfactant solutions by 1H NMR

conformations.

At concentrations higher than the cmc, the value of the splitting will result

from a weighted average of the conformations of the α-CH2 group of free sur-

factants and surfactants which are located in micelles. Within the micelles,

the molecules get stretched. Hence, trans conformations of the chains become

more probable than for the free molecules. This also leads to a higher prob-

ability of trans positions of vicinal protons. According to Karplus [44, 45],

the trans positions of protons yield higher splitting values than gauche posi-

tions (see chapter 2.4.3). Therefore an increase of the splitting at the cmc is

expected, which is indeed observed.

At 20 wt. % SDS the value of the splitting reaches its maximal value for the

micellar region. At this concentration, approximately 99 % of the surfactant

molecules are present in the micelles. At concentrations of 25 and 30 wt. % SDS

there is a distinct temperature dependence of the coupling constant, becoming

more pronounced with increasing concentration.

Figure 3.10 shows the temperature dependency of the α-CH2 signals of

30 wt. % SDS at 30, 40 and 55 °C. The measured triplet is shown in black, the

�t in cyan and the individual Lorentz peaks of the �t in green, red and blue.

It can be seen that the �t accuracy decreases with increasing temperature.

At 35 wt. % SDS, the sample is already in the two phase region consisting of

a micellar and a hexagonal fraction. The observed α-CH2 signal is broadened

so much that the splitting is not resolved, and a broad singlet is detected.

In �gure 3.11 the splitting of the CH3 group is shown. To determine the

value of the splitting, the asymmetric triplet (see �gure 3.3) is �tted by three

Lorentzian lines. Its value is de�ned by the distance between the center peak

and the peak at lower frequency.

It can be seen that the splitting is nearly constant up to 20 wt. % SDS. The

larger errors at 0.007 wt. % SDS result from a reduced scan number leading
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3.1 System SDS/D2O

Figure 3.10: Temperature dependance of the α-CH2 signal of 30 wt. % SDS
at 30, 40 and 55 °C.

to more noise. Starting at 25 wt. % SDS a temperature dependence of the

splitting values can be seen. For 35 wt. % SDS only a broad signal without

�ne structure is detected.

For the temperature dependent reduction of the splittings of the α-CH2 and

CH3 group there is up to now no clear explanation. If the change of the splitting

would be caused only by conformational changes, the structure of the micellar

aggregates would have to undergo a conspicuous change. This change can not

be assumed since the micelles are ellipsoidal at circa 2 wt. % and grow with

increasing concentration probably to rodlike aggregates. The combination of

these aggregates to a hexagonal phase should cause nearly no conformational

changes and therefore no change of the splitting. Furthermore, the mentioned
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3 Investigation of aqueous surfactant solutions by 1H NMR

Figure 3.11: Magnitude of the left splitting of the CH3 signal plotted versus
the mass fraction of SDS.

changes of the micellar shape should not a�ect splitting.

A temperature dependency of the 1J(13C 1H) coupling constant was already

observed in the late 1970's for plastic phases of oriented solids like t-butyl

chloride. This compound was investigated in two di�erent solid states and

in the liquid phase. It was shown that the decrease of the coupling constant

1J(13C 1H) with increasing temperature is an artifact resulting from a rapid

proton spin exchange within the solid phases [52].

Since the change of the splitting is temperature dependent, it could be cor-

related to the relaxation time T2, which becomes shorter for decreasing tem-

peratures. In the case of an increased order of the aggregates close to the

phase transition, the dipolar coupling could be increased. The in�uence of

this coupling could be decreased by averaging it at higher motions, which is

the case at higher temperatures. If the values of the dipolar couplings have

the opposite sign than the values of the J coupling constant a decrease of the
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observed splitting could be explained.

To check whether the temperature dependent change of the coupling con-

stant is only a phenomenon of the SDS/D2O system the CTAB/D2O system

will be investigated, too.
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3.2 System CTAB/D2O

Figure 3.12 shows the phase diagram of aqueous CTAB according to Clawson,

Holland and Alam [53]. They investigated the concentration range from 16

to 36 wt. % CTAB in H2O via NMR spectroscopy with spin-1 nuclei (2H

and 14N). In the concentration range from 0 to 16 wt. % the system consists

of a micellar isotropic phase for the temperatures shown [54]. I, N , and H

denote the isotropic, nematic and hexagonal phases. The dashed lines of the

boundaries of the N/H and I/N/H regions are not well de�ned. The crosses

represent experimentally determined values from reference [53]. The cmc of

the CTAB/D2O system is 0.82 mM [34] corresponding to 0.027 wt. % CTAB.

The transition from spherical to rod-like aggregates was found by Auvray via

X-ray scattering to take place at 25 ◦C at concentrations below 12 wt. %

CTAB for the CTAB/H2O System [54]. The sequence of structures found by

Clawson et al. starts with spherical micelles which change to rodlike micelles at

circa 10 wt. % CTAB. Then a nematic liquid crystalline phase (circa 25 wt. %

CTAB) and a hexagonal LC phase (> 30 wt. % CTAB) follow. Again, H2O is

replaced by D2O in the studies presented here.

Figure 3.12: Phase diagram of the binary system CTAB/D2O. The concen-
tration range from 16 to circa 30.5 wt. % CTAB is taken and
complemented according to reference [53].
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A typical micellar 1H NMR spectrum (5 wt. % CTAB at 30 °C) with peak

assignment is shown in �gure 3.13. It can be di�erentiated between the CH3

signals of the headgroup (1), α-CH2 (2), β-CH2 (3), a short part of the chain

(4), the major part of the chain (5) and the end CH3 group (6) of the surfactant

[55]. The form of the α-CH2 signal is traditionally attributed to the 14N-1H

coupling in addition to the 1H-1H coupling to the β-CH2 [55]. Another possible

explanation has been presented by Cheng. He makes the restricted rotation

around the Cα�Cβ axis next to the polar head group responsible for the form

of the α-CH2 signal. From this a chemical nonequivalence of the two protons

results [56].

Figure 3.13: 1H NMR spectrum of 5 wt. % CTAB at 30 ◦C with peak
assignment.

Figure 3.14 shows the change of the chemical shift of the α-CH2 and CH3

signal as a function of concentration. For the calculation of the relative change,

the chemical shift of the respective signal at 0.003 wt. % was substracted from

the one of the other concentrations. Below the cmc (0.027 wt. %) the chemical

55



3 Investigation of aqueous surfactant solutions by 1H NMR

shift is nearly constant. Above the cmc the chemical shifts of both groups

increase until they reach a nearly constant value. For the CH3 group this

occurs already at a concentration of 0.2 wt. % CTAB. This behavior implies

that there is no or only a little change in the chemical environment of the CH3

group from 0.2 to 5 wt. %. The change of the chemical shift of the α-CH2

group increases up to 2 wt. % and remains constant up to 5 wt. %.

Figure 3.14: Relative change of the chemical shift of the α-CH2 and CH3

group of CTAB at 30 °C.

The values of ∆δ of the α-CH2 group at concentrations higher than 10 wt. %

CTAB contain a large error. From 10 to 12 wt. % CTAB a transition of the

micellar shape from spherical to rod-like takes place leading to an increase of

∆δ. The transition has a strong in�uence on the viscosity of the samples. The

�ow behavior of the samples up to 10 wt. % CTAB is comparable with water

while the samples at concentrations of 12, 15 and 20 wt. % CTAB are gel-like.

This change leads to a line broadening of the proton NMR signals. Starting at

12 wt. % the α-CH2 and CH3 signals at 30 °C can only be detected as broad
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3.2 System CTAB/D2O

singlets. Figure 3.15 shows the concentration dependent change of the line

shape of the CH3 signals.

Figure 3.15: CH3 signal of CTAB at di�erent concentrations at 30 °C.

Figure 3.16 shows the di�erence of the chemical shift of the α-CH2 and

CH3 signal for di�erent CTAB concentrations. Below the cmc the di�erence

is nearly constant resulting from the constant chemical shifts of the signals.

Above the cmc up to 5 wt. % CTAB the value of the di�erence increases.

The increase is due to the increasing chemical shift of the α-CH2 signal and

the nearly constant shift of the CH3 signal from 0.2 to 5 wt. % CTAB. Above

10 wt. % CTAB the chemical shift of the methyl group increases more strongly

than the one of the α-CH2 leading to a decreasing di�erence of the chemical

shifts.

Figure 3.17 shows the line width at half height of the CH3 groups located

on the ammonium of the surfactant, the alkyl chain as well as the CH3 group

at the end of the alkyl chain. The line widths were obtained in analogy to the
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3 Investigation of aqueous surfactant solutions by 1H NMR

Figure 3.16: Di�erence of the α-CH2 and CH3 groups of CTAB at 30 °C.

ones of the SDS/D2O system. Below the cmc, especially below 0.02 wt. %,

the �t of the lineshape is very inaccurate due to the bad signal-to-noise ratio

which results from the low concentration of surfactant. For that reason the

line width below the cmc is not representative.

Starting at the cmc the line width of the alkyl chain signals increases slightly

up to 10 wt. % CTAB. The increase of the linewidth could result from the

reduced mobility of the alkyl chains due to the growth of the micelles. Above

10 wt. % the signals become so broad, that they overlap and cannot be �tted.

Hence, their linewidths cannot be distinguished.

The line width of the methyl group of the alkyl chain shows the same be-

havior. Only the signal of the methyl groups located at the ammonium can be

�tted at higher concentrations, since they deliver a singlet. Its line width in-

creases slightly up to 2 wt. % CTAB, a little more from 2 wt. % to 10 wt. % and

strongly from 12 wt. % to 20 wt. %. The strong increase is due to the increased

viscosity of the samples leading to a decreased motion of the aggregates.
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Figure 3.17: Line width of the alkyl chain signals (top) and the methyl group
signals (bottom) at 30°C.
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Additionally to the chemical shift and line width the splittings of the CH3

signal were investigated, too. Due to the complex shape of the α-CH2 signal its

splittings could not be distinguished. The values of the splittings of the CH3

signal were determined in the same way as the ones of the SDS/D2O system.

The results are shown in �gure 3.18. Below the cmc, the calculation of the

splitting is in�uenced strongly by the bad accuracy of the �t. As a consequence

the splitting below the cmc is quite inaccurate.

From the cmc to 2 wt. % CTAB the splitting could be determined with good

accuracy. Its value is, like the splitting of the CH3 signal of SDS, constant over

a wide concentration range.

Figure 3.18: Splitting of the CH3 signal of CTAB at di�erent temperatures.

Starting at 5 wt. % CTAB a temperature dependence of the splitting can be

seen. To enhance the visibility of the temperature dependency the splittings

of the concentrations of 5, 10, 12 and 15 wt. % CTAB are plotted versus

the temperature in �gure 3.19. The in�uence of the temperature increases
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with increasing concentration. The value of the splitting of 5 wt. % at 30 °C

is slightly lower than the ones of the other temperatures. At 10 wt. % a

clear deviation from the splittings at other temperatures can be seen. At

concentrations higher than 10 wt. % the splitting could not be calculated due

to the resolution of the signal (see �g. 3.15). The same behavior occurs for

the splitting at 35 °C. Its value decreases tendentially from 5 to 10 wt. % and

more distinctly from 10 to 12 wt. % until it cannot be distinguished due to

the bad resolution of the signal at 15 wt. %. The splitting at 40 °C shows

an analogous behavior. Only the splittings at 55 °C seem to be temperature

independent. At 20 wt. % CTAB no �ne structure could be detected for all

temperatures.

Figure 3.19: Splitting of CH3 signal of CTAB versus the temperature for con-
centrations of 5, 10, 12 and 15 wt. % CTAB.

It is very unlikely that the temperature dependent change of the values of

the splitting results from conformational changes of the methyl groups due to

the change of the micellar shape from spherical to rodlike. There is a strong
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increase in viscosity leading to a decreased relaxation time T2. The decreased

motion of the micellar aggregates leads again to less e�ective averaging of the

dipolar coupling. By increasing the temperature, the in�uence of the dipolar

coupling decreases and the observed splitting, too.

The investigation of the CTAB/D2O system shows, that the transition of the

micellar shape from spherical to rod-like has a strong in�uence on the proton

NMR spectra. The resolution of the spectra (�g. 3.15), for example, decreases.

Furthermore there occurs a change of the relative chemical shift (�g. 3.14) and

an increase of the line width at half height of the CH3 groups (�g. 3.17). Due

to the broadening of the NMR signals above 12 wt. %, it is not reasonable to

investigate further samples at higher CTAB concentrations (>20 wt. %) via

proton NMR spectroscopy. Again, a temperature dependency of the splittiing

of CH3 group was found.
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3.3 Conclusions

In this chapter the in�uence of the micellization and the micellar growth on

the chemical shift, on the splittings of α-CH2 and CH3 groups of the alkyl

chain, and on the line width were studied by proton NMR spectroscopy for

the SDS/D2O and CTAB/D2O systems.

For the CTAB/D2O system the values of the change of the chemical shift

∆δ of α-CH2 and CH3 signals increased from the cmc with increasing con-

centration. In the case of the SDS/D2O system, the value of ∆δ of the CH3

group increased steadily, starting from the cmc, while ∆δ of the α-CH2 group

decreased. At 1.04 wt. % ∆δ of the α-CH2 group had a minimum. From

1.04 wt. %, ∆δ increased steadily with increasing surfactant concentration.

The increase of the chemical shift of the CH3 group results from the change

of the chemical environment. The change of the chemical shift of the α-CH2

group probably results from conformational changes.

Furthermore, the splittings of the α-CH2 and CH3 groups were investigated.

For the splitting of the α-CH2 signal of the SDS/D2O system a concentration

dependency was found. This could be explained well by a change of conforma-

tions, which changes a�ects the value of the splitting (according to Karplus).

Additionally, a temperature dependence of the splitting occurred for the α-

CH2 and CH3 groups of both systems at concentrations close to the phase

transition from the micellar region to a lyotropic liquid crystalline mesophase.

This dependency seemed to be not related to a change of the J coupling but

to a direct dipole-dipole coupling caused by an increasing order of the larger

aggregates and/or an increasing viscosity of the samples.
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4 Aqueous gel forming ternary systems

containing surfactant and fatty alcohol

In this chapter, a series of samples with a constant amount of water of 97 wt. %

and a varying ratio of sodium dodecyl sulfate to cetyl alcohol with a total mass

fraction of 3 wt. % are investigated. The focus lies on the determination of the

structure of emulsions which are able to form gels. Additionally, attempts are

made to determine correlations between structure and emulsion properties.

The in�uence of small changes of the processing parameters as well as the

in�uence of the alkyl chain length of the alcohol on the emulsion properties

are investigated, too.
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4.1 System

For the investigation of the ternary system consisting of cetyl alcohol (CA)/

sodium dodecyl sulfate (SDS)/water, a series of samples is examined. The

phase diagram (according to [2]) is shown in �gure 4.1. The investigated

samples are marked by crosses in the phase diagram. The water content of the

samples is kept constant at 97 wt. % while the ratio of SDS to CA is varied.

The gel-phase region exists, according to the literature, for samples with a

molar ratio of CA/SDS greater than one [2, 57]. In the case of lower ratios,

the samples are either mixtures of the gel phase and alcohol crystals, which is

called coagel, or micellar solutions [2,57]. In order to reduce the 1H NMR signal

of water in the spectra of the J series, D2O was used for sample preparation.

The exchange of H2O by D2O as well as contaminations of the used chemicals

can have an in�uence on the phase behavior and the phase boundaries. Hence,

the actual phase boundaries can di�er from those shown in the phase diagram.

The assignment of the investigated samples to the appropriate phases will be

discussed in the following chapters.

For the sample preparation the desired amounts of surfactant, alcohol and

water were weighed into vials with a height of 55 mm, a diameter of 27 mm and

a wall thickness of 3 mm. The three components were mixed with a magnetic

stirrer using a stirring cross with a length of 10 mm at 70 ◦C at a stirring

rate of 1000 rpm for 24 hours. After mixing, the samples were stored at room

temperature. Table 4.1 lists the composition of the J series in weight percent.

The mass fraction γ of the samples is de�ned as

γ =
mSDS

mSDS +mCA
(4.1)

where mSDS and mCA are the masses of SDS and CA, respectively.
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Figure 4.1: Phase diagram of SDS/CA/water in the highly diluted area [2]
with samples of the series labeled "J".

Table 4.1: Sample information of the J series.

Sample J0 J1 J2 J3 J4 J5
SDS [wt. %] 0.0 0.3 0.5 0.7 0.9 1.2
CA [wt. %] 3.0 2.7 2.5 2.3 2.1 1.8
D2O [wt. %] 97.0 97.0 97.0 97.0 97.0 97.0

γ 0.00 0.10 0.17 0.23 0.30 0.40
n(CA)/n(SDS) - 10.70 5.97 3.89 2.77 1.78

Sample J6 J7 J8 J9 J10
SDS [wt. %] 1.5 1.8 2.1 2.8 3.00
CA [wt. %] 1.5 1.2 0.9 0.2 0.00
D2O [wt. %] 97.0 97.0 97.0 97.0 97.0

γ 0.50 0.60 0.70 0.93 1.00
n(CA)/n(SDS) 1.19 0.79 0.51 0.09 0.00
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4.2 Macroscopic appearance

In �gure 4.2 photographs of the samples J1 (high CA content) to J10 (pure

SDS) are shown. The pictures were taken 50 days after sample preparation.

There are large di�erences in the macroscopic appearance of the samples. Sam-

ple J0 is an unstable dispersion of alcohol, separating into a D2O phase with

white solid alcohol �oating on the surface (not shown in �g. 4.2). The samples

J1 to J8 show either a complete (J1�J6) or partial (J7�J8) white shimmering

turbidity. The shimmering property is an indication of periodic structures in

the range of the wavelength of light. Sample J1 is highly viscous and gel-like

with a high percentage of non-dissolved solids. The viscosity decreases with

increasing amount of SDS. Sample J5 has only a slightly increased viscosity

compared to the solvent. One week after the preparation, the samples J7�J8

phase separate into a clear phase and a white one of lower density. The frac-

tion of the clear phase increases from sample J7 to J8. Samples J9 and J10

are clear and colorless solutions. After shaking sample J9 exhibits streaming

birefringence.

Figure 4.2: Samples J1 (left) to J10 (right) 50 days after preparation.
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4.3 DSC

The thermograms of the samples J0 to J10 and of the pure solids (SDS and

CA) were recorded at a heating rate of 5 K/min in the temperature range from

20 °C to 70 °C. From each prepared stock mixture three DSC samples were

taken, which were measured four times. The measurements were performed

between one day and ten days after the sample preparation. The peaks of

the �rst measurement of a pan show nearly the same shape as the ones of

the following measurements. But their peak temperature is in contrast to the

second up to fourth measurement of the same pan not reproducible and up

to 4 °C lower. For that reason, the �rst of the four measurements has not

been included in the analysis of the signals. From the heating curves the peak

temperature of the signals were determined (as described in appendix 7.2.1)

and the results averaged. In �gure 4.3, the peak temperatures are plotted

against the mass fraction γ. The standard deviation of the averaged peak

temperatures is below 0.5 °C and smaller than the size of the symbols.

Solid CA with a purity of 95 % shows two signals in the investigated tem-

perature range (see �gure 7.18). The �rst is located at 41.5 °C and is assigned

to the transition from the orthorhombic (β) to the hexagonal (α) crystal form.

The second signal is at 48.7 °C and corresponds to the melting point of the

crystalline alcohol. In �gure 4.3 both values are shown by dotted lines. The

peak assignment is according to the literature [2, 58].

Goetz and El-Aasser investigated CA with a purity of 99 % at 2 K/min. For

the peak temperatures of the β−α transition they found a temperature of 42 °C

and for the melting point a temperature of 53 °C [2]. Additionally, a number of

other values has been reported in the literature [58�62]. They were obtained via

di�erent methods (di�erential scanning calorimetry [58], di�erential thermal

analysis [59], equilibrium spreading pressure [60], microscopy (heating) [61],

glass capillary [62]) and vary from 39.5 °C to 44.6 °C for the β − α transition
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and from 47 °C to 53 °C for the melting point.

Figure 4.3: Peak temperatures of the DSC signals of the J series. The dotted
lines represent the melting point (48.7 °C) and β − α transition
(41.5 °C) temperature of pure CA.

From the literature [2,58,63] it is known that the addition of water to pure

CA increases the temperature range in which the hexagonal crystal form exists

and decreases the β − α transition temperature. It is also known that the

addition of mixtures of SDS and water to CA lower the transition temperature

below room temperature [2]. This behavior can clearly be seen in �gure 4.3.

All samples containing SDS in addition to water and CA show no peak above

20 °C for the β−α transition. In the case of J0 (97 wt. % of D2O and 3 wt. %

of CA) there is a β − α transition signal, whose peak temperature (33.34 °C)

is signi�cantly lower than that one of the pure alcohol (41.5 °C).

After the addition of water to CA (sample J0) the melting point of cetyl al-

cohol increases from 48.7 °C to 53.5 °C. This e�ect is already known in the liter-

ature. An increase of the melting point to a temperature between 50.8 °C [59]
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and 52.1 °C [62]. This can be explained by consideration of the crystalline

structure of cetyl alcohol. α crystals can accommodate water molecules be-

tween the planes of the alcohol OH groups, thus creating additional hydrogen

bonds [58]. This leads to a swelling of the α form and as a consequence to

a change in the molecular arrangement of the crystalline form. To melt the

hydrated alcohol more heat is required to break the hydrogen-bonded network.

Furthermore it is known that the addition of water to an alcohol mixture

consisting of 1-hexadecanol (CA) and 1-octadecanol in a ratio of 3:2 leads to

an increase of the melting point from 47.5 °C to 54 °C (determined by DSC

cooling measurements) [58]. This could also in�uence the melting point of J0

since the main impurity of cetyl alcohol is 1-octadecanol [58].

With increasing amount of SDS and decreasing amount of CA the melting

temperature decreases until the melting peak disappears completely. Unfortu-

nately, it could not be determined if the melting point corresponds to pure CA

or CA with small amounts of SDS. The slope of the peak temperatures indi-

cates that the signal corresponds to pure CA while the slope of the enthalpies

(�gure 7.19) indicates that the signal refers to mixed crystals. The melting

point disappears above γ = 0.7 when a ratio of SDS to CA is reached which

is su�cient to solubilize the non water-soluble cetyl alcohol. In this case, the

compounds are completely dissolved and no melting point signal is detected.

Goetz and El-Aasser investigated mixtures consisting of CA and SDS that

contained no water. They found that the composition of the mixtures had

nearly no in�uence on the β−α transition but a strong in�uence on the melting

point, which increased by almost 20 °C in a sample consisting of 24 wt. % SDS

and 76 wt. % CA. They concluded that mixed crystals of SDS and CA are

formed only above the β − α transition.

The thermograms of the samples located in the gel region measured by

Goetz and El-Aasser showed only one increased melting point signal at ap-
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proximately 70 °C. This peak is attributed to mixed crystals [2]. This type of

signal (although at lower temperatures) was found for the samples J1 to J5.

In the case of samples J1 and J3 an additional signal whose melting temper-

ature corresponds approximately to the melting temperature of pure CA was

found. This additional peak can be explained either by a ripening process,

since the samples were measured up to ten days after the preparation, or to

a less e�ective sample preparation than the one used by Goetz and El-Aasser.

Since the precipitated white solids were not investigated separately it cannot

be determined if they are composed of pure CA or CA with small amounts of

SDS.

Based on the DSC results, the samples can be assigned roughly to the phases

of the ternary phase diagram. Samples J10 and J9 are pure micellar solutions

without alcohol crystals. J1 to J4 are clearly located in the gel phase. For the

samples J5 to J8 the assignment is more di�cult. Sample J5 could be in the

gel but also in the coagel region. The DSC curves of sample J5 deliver very

broad signals with a small intensity. Additionally, the melting temperature

of the mixed crystals is very low. Hence, the sample seems to be within the

transition region from gel to coagel. Samples J6 to J8 seem to be in the micellar

region with additional crystals.
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4.4 1H NMR spectroscopy

During the heating and cooling process in the temperature range from 30 to

70 °C, all samples were examined via 1H NMR spectroscopy. The temperature

was changed in steps of 5 °C. Information about the instruments used are given

in chapter 7.2. All 1H NMR spectra of the ternary system SDS/CA/D2O show

a temperature-dependent change in the chemical shift. Figure 4.4 illustrates

the temperature dependence of sample J10 for a temperature cycle from 30

to 70 °C and back. It can be seen that the line shapes of the signals are

reproducible and the change of the chemical shift is reversible.

Figure 4.4: Temperature dependent shift of 1H NMR signals of sample J10
(3 wt. % SDS).
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Due to the reversibility, it can be concluded that the samples do not undergo

permanent temperature dependent changes. The change of the chemical shift

is due to the temperature dependence of the resonance frequency of HDO [64],

which is used as lock signal.

For the analysis of the lineshapes of the 1H NMR signals the spectra are

plotted in �gures 4.5 and 4.6 at 30 °C and 70 °C, respectively. The signal

intensities of the spectra were normalized by dividing them by the maximum

intensities of the alkyl chain signals. Sample J0 (3 wt. % CA) is not shown

because the alcohol did not dissolve in water and thus no NMR signal could be

detected. In the appendix (section 7.4.2.1) enlarged signals, except the alkyl

chain signal, are shown. The chemical shift of the water signal (not shown)

at 30 °C and 70 °C is set to a constant value for all temperatures leading to

a change of the chemical shifts of the other signals, since they are referred to

the temperature-dependent resonance shift of water.

The signals of the α- and β-CH2 groups of SDS and the α-CH2 signals of CA

at 30 °C, starting at J10 for the SDS signal and at J9 for the CA signal, are well

resolved and have a �ne structure. With increasing amount of cetyl alcohol,

the signals broaden until they cannot be detected without an intensive zoom at

sample J5 for SDS and at J4 for CA. Starting with sample J9 the β-CH2 signals

of CA are broadened and cannot be seen anymore at sample J4. The signal

of the CH3 group of SDS behaves like the αSDS signal with the di�erence

that it remains visible at all sample compositions. The CH3 group of CA

behaves like the αCA signal. In relation to the water signal (not shown), the

alkyl chain signals of CA and SDS decrease in its peak height with increasing

amount of alcohol. As a consequence of the decreasing signal intensity and the

normalization of the spectra, the noise of the measurements becomes visible.

In the gel region (J1�J4) the alkyl chain signal is strongly reduced. Especially

the alkyl signal of J1 is a superposition of a narrow peak and a very broad
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Figure 4.5: 1H NMR spectra of the samples J1 to J10 at 30 °C.

signal. In the coagel region the narrow part of the alkyl chain signal becomes

broader. The signal shape suggests that there are at least two signals which

are not completely resolved. With increasing amount of SDS, the alkyl chain

signal becomes narrower (J7�J10).

The comparison of the spectra leads to the conclusion that only the spectra

of the samples J10 and J9 show J multiplets of SDS. Comparison with the DSC

results shows a correlation. The samples J10 and J9 are the only samples which

do not show a melting point (see �g. 4.3). This means that the components are

completely dissolved. The other samples contain a solid fraction which melts

at temperatures higher than 40 °C.

Like the signals of the α- and β-CH2 groups at 30 °C, the α- and β-CH2

groups at 70 °C (�gure 4.6) starting at J10, are well resolved and have a �ne

structure. With increasing amount of cetyl alcohol the signals broaden until

75



4 SDS/CA/D2O system

they can not be detected for samples J6 and J5. From sample J4, the α-

and β-CH2 signals of cetyl alcohol reappear but are broadened. No signi�cant

di�erence in the behavior of the CH3 groups at 30 °C and 70 °C is observed.

The alkyl chain signal in the micellar region is rather narrow. With increasing

amount of CA, the signal becomes broader (coagel region). In the gel region

the width of the alkyl chain signal decreases with decreasing viscosity (J1 to

J4).

Figure 4.6: 1H NMR spectra of the samples J1 to J10 at 70 °C.

The di�erences in the signal shapes can be explained by di�erent relaxation

times, which depend on molecular dynamics. Fast isotropic motion results in

long T2, which corresponds to high resolution and sharp peaks (see chapter

2.4.2). It occurs, for example, for molecularly dispersed molecules or small mi-

celles. The broadening of the signals due to addition of cetyl alcohol indicates

a decreasing mobility of the molecules as a consequence of the growth of the

76



4.4 1H NMR spectroscopy

aggregates. If the amount of cetyl alcohol in the SDS/CA/D2O-System, with

CA having a smaller head group than SDS, is increased, the radius of curvature

increases. As a consequence, the small spherical micelles change their shape

to elliptical or cylindrical micelles [65], which can grow to extended lamellae.

The molecules of the larger aggregates with a reduced motion have a short T2,

so that the signals get broadened.

Based on the proton NMR spectra, a more exact assignment of the samples

to the regions of the phase diagram can be made. The spectra of J1 to J4

con�rm the assignment of the samples to the gel region and the ones of the

samples J10 and J9 to the micellar region. According to the spectra of J5 and

J6, both samples can be assigned to the coagel region. The samples J7 and J8

are micellar solutions with additional crystals.

From the NMR spectra, more information than just the assignment of the

samples to di�erent phases of a phase diagram can be obtained. The inten-

sity of characteristic signals can be determined and compared to the one of

reference samples with known concentration. The deviation between the sig-

nal intensities of sample and reference corresponds to the undissolved amount

of the investigated compound. This was tried for the alcohol and surfactant

signals, but it became apparent, that this method does not work in this case.

To determine the fractions of mobile SDS and CA, the integrals of the α-

signals of the proton spectra were calculated. To obtain the reference signal

intensities of the samples with the maximum concentration, the integrals of

the α-CH2 signal of SDS in D2O and of 1-hexadecanol in fully deuterated

tetrachloroethane were determined and normalized to 1. Since the signals of

the α-CH2 groups of SDS and CA, respectively, results from the summation

of all groups in the investigated volume, with each group yielding the same

contribution to the total signal, the normalized intensity of the α-CH2 signals

expected for completely dissolved and mobile molecules is a linear function
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of the composition given by γ. The measured integrals of the α-CH2 signals

of the samples J1 to J10 are also normalized to the corresponding reference

intensity. This was done for the investigated temperatures of 30, 55 and 70 °C.

The measured normalized integrals of the α-CH2 groups of SDS and CA

at 30 °C are shown in �gure 4.7 a) in addition to the theoretical intensities

(CA: black line, SDS: red line). It can be seen that the optically clear micellar

samples J10 and J9 almost show the expected behavior in contrast to the

turbid samples J8 to J5, which di�er strongly. The gel samples J4�J1 provide

no signal. By raising the temperature to 55 °C (�g. 4.7 b)) the deviation

of the signals of the α-CH2 groups of SDS from the expected value increases

while the deviation of the α-CA signal decreases. Since the temperature of

55 °C is above the melting point of pure cetyl alcohol, J1 to J4 provide signals,

too. By further rise of the temperature to 70 °C (�g. 4.7 c)) the values of the

normalized integrals of the samples J10�J5 are similar to the ones at 55 °C. This

can be explained by the DSC results: 55 °C is already above the melting points,

which could be detected for the samples J10 to J5. The signal intensities of

the gel samples increase strongly. The reference intensities are hardly reached.

The deviation from the reference intensity increases with decreasing amount

of solids, which were present before the heating process.

To illustrate the lack of signal intensity in a more descriptive way, �gure 4.8

shows the percentage deviation of the integrals of αCA from the reference in-

tensities at 70 °C. The hatched bars represent the normalized reference values.

At a weight fraction of 1.0 the sample contains no alcohol, hence, no alcohol

signal can be detected. At γ = 0.0, the sample is composed of 97 wt. % D2O

and 3 wt. % CA, which means that the intensity of the integral is maximal.

The deviation of sample J9 (γ = 0.93) is within the error range so that a

maximal value can be expected.
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Figure 4.7: Integrals of the α-CH2 signals of SDS (red symbols) and CA
(black symbols) of the J series at di�erent temperatures (a) 30 °C,
b) 55 °C, c) 70 °C). The diagonals represent the reference inten-
sities of the integrals. The error of the data points amounts to
±0.5.
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A possible explanation for the missing signal intensity even at 70 °C is the

ageing of the samples which leads to solid amounts which are precipitated over

time. The highest amount of solids can be found in sample J1 and decreases

with increasing amount of SDS. In the spectrometer, the samples are heated

to 70 °C where all solids should be molten. The lack of signal intensity could

be explained by a temperature within the sample di�ering from the expected

temperature and being below the melting point of the mixed crystals. Further-

more, it must be considered that the alcohol molecules of the molten crystals

have the lowest density of the three components and will be found therefore

mainly in the upper volume of the sample. As a consequence, the active volume

from which the signal is detected is not representative for the whole sample.

Figure 4.8: Percentage deviation of the αCA integrals from the expected sig-
nals at 70 °C.

The samples, which consist of micelles and crystals (J8 and J7), phase sep-

arate visually into a clear and a turbid phase, leading to an alcohol-rich and
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an alcohol-poor region. To illustrate the phase separation in the investigated

region the samples were photographed in the depth measuring device of Bruker

at 70 °C. The black bar of the 5/8 mm receive coils represents the region of

the NMR tube which is measured (�gure 4.9).

Figure 4.9: Samples of the J series photographed at 70 °C in the depth mea-
suring device of Bruker. The black bar of the 5/8 mm receive coil
represents the position of the volume which is measured by the
NMR spectrometer.

Before measuring the samples, they were shaken by a vortex mixer. The

determined signal intensities of the mixtures show a large deviation from the

reference intensities. In addition to the mixture of sample J8, the clear and the

turbid phase were separated and NMR spectra of the two parts were measured.

The calculated ratio of the α-signal integrals (αSDS : αCA) is 12.7 : 1 for the

clear and 2.9 : 1 for the turbid part. The mixture has a ratio of 3.6 : 1.

The clear part of sample J8 takes circa 40 % of the whole sample volume.

Calculating the ratio of the mixture from the ratios of the separated fractions

(0.4 ·12.7+0.6 ·3.6) yields 6.82 : 1, which di�ers clearly from the measured one.

Possible explanations for the deviaton of the ratios might be that the two parts

were separated at a time at which the phase separation was not completed or

concentration gradients within the separated parts were present.

It can be concluded, that it was not possible to determine the mobile fraction

of surfactant and fatty alcohol of the investigated emulsions by the explained

method due to phase separation, coexisting phases or inhomogeneous distri-
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bution of the molecules. Despite, it could be shown that there is a large tem-

perature dependent increase of the mobile fraction of the alcohol signal of the

gel samples which is in agreement with the results of the DSC measurements.
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4.5 Cryo-TEM

To get a visual impression of the structures of the aggregates, cryo-TEM pic-

tures were captured. In �gure 4.10 one of eighteen cryo-TEM pictures of gel

sample J3 is shown. The contrast and brightness of the cryo-TEM picture

were modi�ed in order to make the structures recognizable in the printed im-

age. Furthermore, the contours of the aggregates have been traced using image

analysis software (Photoshop) are shown in the lower �gure. The cryo-TEM

pictures show unilamellar, multilamellar and multivesicular vesicles (UV, MV,

MVV). Additionally, larger plate-like structures, which extend over several mi-

crometers, can be seen. The platelets can result from vesicles with diameters

exceeding the sample thickness of about 1 µm, which have collapsed during

sample preparation. All aggregates show dark boundary lines with a thickness

of less than 10 nm.
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Figure 4.10: Top: Cryo-TEM image of the gel sample J3. Bottom: Repro-
duction of the structures seen by cryo-TEM using Photoshop.
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All eighteen pictures have been analyzed statistically. The results are shown

in �gures 4.11 to 4.13 and summarized in table 4.2. The abundance of the

di�erent vesicle types (UV, MV, MVV) shows a ratio of 638 : 239 : 26 or

1.00 : 0.37 : 0.04 (�g. 4.11 a)). For the 239 multilamellar vesicles, the number

of bilayers of each vesicle were counted. In �gure 4.11 b) the ratio between

vesicles with two, three, four, �ve and six bilayers is illustrated. The total

number of this ratio is 161 : 50 : 26 : 0 : 2, normalization delivers proportions

of 1.00 : 0.31 : 0.16 : 0.00 : 0.01.

Figure 4.11: Statistical evaluation of the vesicles: type and number of bilayers
in the case of MVs.

Figure 4.12 shows the distribution of the vesicle diameters of the di�erent

vesicle types. The most frequent UV diameters are between 200 and 400 nm

(�g. 4.12 top), and the most abundant MV diameters between 300 and 500 nm

(�g. 4.12 middle). The MVV show most frequently diameters between 500 and
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700 nm (�g. 4.12 bottom). The average diameters of uni- and multilamellar

vesicles are 0.33 and 0.43 µm, respectively. Multivesicular vesicles are even

larger with an average diameter of 0.65 µm. The average overall diameter is

0.368 µm.

Figure 4.12: Distribution of the vesicle diameters. Top: unilamellar vesicles;
Middle: multilamellar vesicles; Bottom: multivesicular vesicles.

For the 239 multilamellar vesicles the distances between adjacent bilayers

were analyzed. The results are shown in �gure 4.13. The most frequent dis-
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tance is between 20 and 59 nm and the average distance is 61.14 nm.

Figure 4.13: Distance between two adjacent bilayers in multilamellar vesicles.

Table 4.2: Results of the quantitative analysis of the cryo-TEM pictures of
sample J3.

vesicle type total number ratio average diameter
UV 638 1.00 0.33 µm
MV 239 0.37 0.43 µm
MVV 26 0.04 0.65 µm

Average diameter of all vesicles 0.368 µm
Average distance between two adjacent bilayers of a MV 61.14 nm

In �gure 4.14, a cryo-TEM picture of sample J9 is shown which shows pre-

dominantly �at long aggregates with a length of several µm and a width of

about 0.4�1.2 µm. These structures sometimes show Bragg re�ections of crys-

talline regions at some orientations (not shown in �g. 4.14). Since no aggregates

could be detected by optical microscopy and light di�raction the temperature

behavior of the sample below 20 °C was investigated. This was done to �nd out

at which temperature crystals are formed. Figure 4.15 shows the photographs

which were taken.
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Figure 4.14: Top: Cryo-TEM image of the gel sample J9. Bottom: Repro-
duction of the structures seen by cryo-TEM using image analysis
software.
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After one hour at 10 °C the sample became slightly turbid. Over a storage

time of nine hours �rst crystals could be detected with the naked eye. The

amount of crystals increased (11 h) and they are deposited at the bottom of

the vial (25 h). After 25 h at 10 °C the sample was stored at 20 °C. It can

be seen that 10 h at 20 °C are not su�cient for dissolving the precipitated

crystals. Even after 69 h at 20 °C there is still a phase separation between a

clear and a milky phase.

Figure 4.15: Temperature dependent macroscopic appearance of sample J9.

The precipitation of crystals results from storing the sample below the Kra�t

temperature. The exact value of the Kra�t temperature was not determined.

The exposure of the samples to temperatures of 10 °C less for an extended

time probably occurred during the shipping of the samples in winter from

Paderborn to Berlin by Deutsche Post. Since the operator of the cryo-TEM

instrument did not know that the sample should be clear and homogeneous,

he could have measured the sample with precipitated crystals. In this case,

the observed �at, long aggregates with Bragg re�ections, which are typical for

crystals, could be explained.

Figure 4.16 shows one of the cryo-TEM images of the coagel sample J6.

Deformed and broken vesicles as well as plate-like structures can be detected.
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Figure 4.16: Top: Cryo-TEM image of the gel sample J6. Bottom: Repro-
duction of the structures seen by cryo-TEM using image analysis
software.
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The distribution of the unilamellar vesicle diameters of the coagel sample

shown in �gure 4.17 is comparable to the one of sample J3. The ratio of uni-

to multilamellar vesicles increases nearly by a factor of �ve to 1 : 0.075. The

ratio of the number of vesicles with two or three bilayers decreases to 1 : 0.13.

No multivesicular vesicles could be detected. The results of the cryo-TEM

analysis are listed in table 4.3. The obtained diameters and ratios have to

be interpreted carefully since the cryo-TEM pictures of sample J6 have a lot

of dark shadows at the center of the vesicles. Hence, it is possible that some

layers could not be detected and included in the analysis.

Figure 4.17: Diameter distribution of unilamellar vesicles of sample J6.

Table 4.3: Results of the quantitative analysis of the cryo-TEM pictures of
sample J6.

vesicle type total number ratio average diameter
UV 332 1 0.302 µm
MV 25 0.075 0.454 µm

UV+MV 357 0.338 µm
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4.6 SANS

For the determination of the structures of the aggregates of the J series V-

SANS experiments (very small angle neutron scattering [66]) were performed.

In �gure 4.18 the scattering curves of the gel samples J1�J4 can be seen. To

enhance the correlation peaks at higher Q values the scattering curves are

shown in �gure 4.19 in a Kratky plot.

At smaller Q values the scattering curves show a Q−2 behavior. This occurs

for vesicular structures, if the thickness of the bilayer is much smaller than the

radius of the D2O core of the vesicle [67]. As a consequence, the scattering

of the shell becomes identical to the scattering of an extended sheet [67]. At

Q values larger than 0.18 nm−1 the scattering curves of sample J1 and J2

start to drop o� with a slope smaller than Q−4. This slope indicates that the

interface between the bilayer and D2O is rough, since the Q data do not follow

the Porod power law, which is characteristic for sharp interfaces [67�69]. The

range of the Q−2 behavior is limited at high Q values by the overall diameter

of the vesicles and varies inversely with it [67].

All gel samples show a pronounced shoulder between 0.07 and 0.22 nm−1

which can be interpreted as a smeared correlation peak caused by periodic

lamellar structures. The resolution of this peak is in�uenced by the number of

regularly stacked scattering planes. Another factor, which in�uences the shape

of the lamellar correlation peak is the size distribution of the lamellar distances

in a vesicle since di�erent lamellar distances result in correlation peaks with

di�erent peak positions. Looking at the cryo-TEM picture (�gure 4.10) and

the analysis (�gure 4.13) of sample J3 con�rms that such a distribution of

lamellar distances could also be a cause for the broad correlation peaks. In

the case of J3 the lamellar correlation peak corresponds to a periodic distance

of 39.3 nm. This size is consistent with the lamellae distances determined by

the cryo-TEM analysis.
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Figure 4.18: V-SANS scattering curves of the gel samples.

There is no obvious trend in position or shape of the correlation peak. This

may be due to the fact that the structure of the samples depends on the

mechanical in�uences during the sample preparation. The applied protocol

of sample preparation does not ensure a homogeneous mechanical strain all

over the sample volume in the vial. For this reason the size and shape of the

aggregates cannot be controlled. As a consequence there are strong �uctuations

of the structure from sample to sample and no information on a relationship

between sample composition and the distance of the lamellae in a vesicle can

be deduced.

In addition to the lamellar correlation peak, a very weak shoulder can be

seen between 0.9 · 10−2 and 2.5 · 10−2 nm−1 in �gures 4.18 and 4.19. This Q

range corresponds to distances between 0.25 and 0.67 µm. The position of

the shoulder may match the most frequent vesicle diameters of the diameter

distribution. For sample J3 this assumption is consistent with the results of
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Figure 4.19: Kratky plot of the scattering curves of the gel samples.

the cryo-TEM analysis (see �gure 4.12).

A third correlation can be seen close to the beginning of the scattering

curves. It is between 1.8 · 10−3 and 2.6 · 10−3 nm−1 indicating distances on the

micrometer length scale between 2.42 and 3.49 µm. This signal could match

the distances between the centers of the vesicles. According to the cryo-TEM

pictures of sample J3 a typical distance between two vesicles is circa 1 µm. The

deviations of the distances between the aggregates of the cryo-TEM pictures

from the ones determined by V-SANS could result from the sample preparation

for the cryo-TEM measurements. During that, a large amount of solvent is

removed by the blotting procedure. As a consequence the distances between

the vesicles decrease.

94



4.7 SAXS

4.7 SAXS

To detect even smaller structures of the J series, small and wide angle X-

ray scattering (SAXS, WAXS) experiments were performed at room tempera-

ture. Unfortunately, the WAXS experiments of samples J2, J3 and J9 showed

only the background signal of the sample holder. This is probably due to

the fact, that only a thin �lm could be measured by the di�ractometer. As

a consequence, there are, due to the high water content of 97 wt. %, not

enough crystals which would contribute to the WAXS signal. In contrast to

the WAXS measurements, the SAXS experiments worked well. Before measur-

ing the phase separated samples, they were mixed by shaking them by hand.

Each sample of the J series was measured three times by SAXS. The data

obtained were reproducible. Figure 4.20 shows one of the measured scattering

curves for each of the gel samples J1 to J4 at room temperature. The scattering

curves of samples J5 to J10 are shown in chapter 7.4.3. The average peak

positions are shown in �gure 4.21. The standard deviation of most peaks is

smaller than the size of the symbols. In the other cases error bars are added.

2θ is twice the glancing angle (see chapter 2.5). It can be seen that all samples

which contain SDS and CA show at least two peaks (black and blue symbols).

The �rst peak at lower Q values is quite broad and often shows a shoulder. The

peak positions obey the relationship of 1:2. This ratio is typical for lamellar

structures [3, 31, 70]. The periodic distance d between the scattering planes is

calculated by using the Bragg equation (eq. 2.25). The results are shown in

table 4.4.

From the cryo-TEM pictures of sample J3 it is known that only the bound-

ary lines of the aggregates, with a thickness smaller than 10 nm, are in the

appropriate size range of the distances found. Additionally, micelles as well

as alcohol crystals, which were not detected by cryo-TEM, could be in this

dimension.
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Table 4.4: Spacing between the scattering planes calculated by the Bragg
equation.

γ 0.10 0.17 0.23 0.30
d(n=1) [nm] 4.45 ± 0.02 4.51 ± 0.08 4.63 ± 0.22 4.46 ± 0.01
d(n=2) [nm] 4.14 ± 0.19 4.41 ± 0.01 4.43 ± 0.02 4.39 ± 0.03

γ 0.40 0.50 0.60 0.70
d(n=1) [nm] 4.75 ± 0.02 4.19 ± 0.05 4.05 ± 0.03 3.93 ± 0.04
d(n=2) [nm] 4.36 ± 0.40 4.04 ± 0.04 3.99 ± 0.03 3.94 ± 0.02

γ 0.93 1.00
d(n=1) [nm] 3.89 ± 0.01 3.88 ± 0.04
d(n=2) [nm] 3.89 ± 0.02 3.91 ± 0.02

The thickness of two extended CA molecules is around 4.5 nm [3]. This size

is consistent with the determined periods of the alcohol rich samples. With

increasing amount of SDS (C12 alkyl chain) and decreasing amount of CA (C16

alkyl chain) the measured distances decrease. For sample J10 (3 wt. % in D2O)

the calculated bilayer thickness is circa twice the elongated SDS length, which

is approximately 1.9 nm [71].

At room temperature samples J1 to J8 contain crystals, according to the

DSC results. The measured distances and the lamellar structure probably

correspond to the crystals. The additional signals of sample J7 and J8 give

evidence of two crystalline species and are consistent with the phase separation

of the samples.

A possible explanation for the presence of peaks in the clear micellar samples

J9 and J10 might be ageing of the samples or evaporation of the solvent during

the measuring process.
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Figure 4.20: SAXS scattering curves of gel samples J1 to J4 at room
temperature.

Figure 4.21: Peak positions of the SAXS signals.
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4.8 1H di�usion NMR

The di�usion NMR measurements were carried out on a 200 MHz NMR spec-

trometer at a temperature of 30 °C. A pulsed-gradient spin echo sequence with

trapezoidal magnetic �eld gradients was used as described in chapter 2.2. The

gradient strength g was increased from zero to the maximum value in 32 steps.

For each of the 32 spectra 16 scans were accumulated. The variables τ , ∆, δ

and ε of a series of measurements were speci�ed before the measurement and

kept constant for the series. For analyzing the Fourier transformed spectra

they were exported from TopSpin and imported into Origin 8G. The water

signals were integrated using Origin 8G. The integrals of a series of measure-

ments have been normalized to the integral with the highest value.

Figure 4.22 shows the 32 1H spectra of sample J10 for di�erent gradient

strengths at a constant ∆. The signal intensity of the HDO signal, which de-

cays much faster than the surfactant signals, is enlarged. For the quantitative

analysis the integrals of the HDO signal were determined.

Figure 4.22: 1H NMR measurement on sample J10 for ∆ = 50.
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In �gure 4.23 one of the data sets of sample J10 and its �t are shown.

Obviously, the data show a monoexponential decay which implies that only

one di�usion coe�cient exists. The accuracy of the �t is quite good as it is for

all other monoexponential data sets, too.

Figure 4.23: Integrals of the water signal of sample J10 for di�erent values
of b as de�ned by equation 2.5 with linear (left) and logarithmic
intensity scale (right).

The proton NMR spectra of sample J1 are shown in �gure 4.24. Due to the

high viscosity and therefore the low mobility of the aggregates, only the HDO

signal was detected. The experimental data of gel sample J1 (�g. 4.25) clearly

di�ers from the monoexponential behavior. For �tting the data the existence of

two di�usion coe�cients was assumed. One represents the di�usion coe�cient

of free water and the other one of water which is trapped in or between vesicles.

The accuracy of the biexponential �ts is worse than the monoexponential �ts

but it increases with decreasing amount of cetyl alcohol.

In �gure 4.26 the measured di�usion coe�cients of all samples for di�erent

times ∆ are illustrated. For the samples with only one di�usion coe�cient

the values of the di�usion coe�cient are independent of ∆ which is typical

for free di�usion. The di�usion coe�cients of the samples in the micellar

region are consistent with the literature value of pure HDO which is between

2.14 · 10−9 and 2.43 · 10−9 m2s−1 at 25 °C [72]. With increasing amount of CA

the coe�cient decreases due to the occurrence of larger aggregates like alcohol
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Figure 4.24: 1H di�usion NMR spectra of sample J1 for di�erent experimen-
tal settings (values of b).

Figure 4.25: Integrals of the water signal of sample J1 for di�erent values of
b as de�ned by equation 2.5 with linear (left) and logarithmic
intensity scale (right).

crystals for the samples J8�J7 or vesicular structures for samples J6�J1 which

hinder the di�usion of the free water.

In the gel and coagel region, there are two di�usion coe�cients, which di�er

signi�cantly from each other in their value. The faster one corresponds to the

self di�usion coe�cient of free water. The deviation from the reference value

of the free water di�usion coe�cient may be due to the poor �t accuracy.

The slower di�usion coe�cient corresponds to the di�usion of restricted water

embedded in con�ning structures. In this case the distance traveled by the

di�using species depends on size and shape of the con�ning geometry and the

measured apparent di�usion coe�cient may depend on the time between the
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gradients. In the experiments performed the di�usion time was changed in a

range in which not every water molecule di�uses far enough to feel the e�ects

of restriction. For that reason, the di�usion coe�cient depends on ∆ [39].

In the case of sample J6 it is di�cult to say if there are two di�usion co-

e�cients or not. According to the cryo-TEM pictures, the sample contains

vesicular structures. But in comparison to the gel structures the vesicles are

smaller and often broken. Hence, the amount of restricted water is smaller.

The biexponential �t delivers di�usion coe�cients which are very close to each

other (with a di�erence between 3 and 6 %) and the fraction of slowly di�using

water is very low. Furthermore, it is possible to �t the experimental data in a

monoexponential way.

Figure 4.26: Di�usion coe�cients of free and restricted water for the samples
of the J series for di�erent di�usion times.

In �gure 4.27 the fraction of the free and restricted water molecules is illus-

trated. Starting at J1 the amount of restricted water decreases with decreasing

amount of cetyl alcohol. That means that the size of the vesicles or the num-

101



4 SDS/CA/D2O system

ber of vesicles decreases with decreasing amount of alcohol since the amount

of trapped water decreases. Furthermore, it could be the case that the vesicles

are �lled with solids (dark areas in the center of the vesicles of the cryo-TEM

image of sample J6).

Figure 4.27: Fractions of free and trapped water distinguished via exponential
�ts.
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4.9 Rheology

To get information about the mechanical properties of the samples rheological

measurements were performed. For samples J1�J8 an amplitude sweep exper-

iment was performed at 30 °C in order to �nd the linear viscoelastic regime.

The deformation was changed from 0.01 to 15 % at an angular frequency of

ω = 10 Hz. Before the actual measurement the sample was presheared with

a shear rate of 1 s−1 for 5 minutes. The preshearing is necessary to create

a uniform starting situation since the samples underwent di�erent shearing

forces during the �lling of the shear cell. Figure 4.28 shows a typical data set

from sample J1. The behavior of the elastic modulus (G′), the loss modulus

(G′′) and the loss tangent or damping factor (tanδ) can be seen. The linear

viscoelastic regime is marked by the dotted rectangle.

Figure 4.28: Amplitude sweep of sample J1 at 30 °C.

The amplitude sweep measurements of samples J2 and J6, which were not

presheared, show an increase of G′ and G′′ at the beginning of the experiment
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before they reach a constant value (see �gures 7.42 and 7.46 in chapter 7.4.5).

For all investigated samples the value of G′ was larger than G′′ in the linear

viscoelastic range. This implies that the stored energy dominates over the

dissipated energy, which is a typical property of a viscoelastic gel [41]. Outside

of the linear viscoelastic regime the mechanical stress is high enough to change

the structure of the samples irreversibly. In this case the elastic modulus

decreases. The critical deformation can be de�ned as the intersection of the

G′ and G′′ curves (tan δ = G′′/G′ = 1) [3, 41] and is denoted by the arrow in

�gure 4.28 for sample J1.

The critical deformation data are listed in table 4.5. They decrease ten-

dentially with increasing amount of SDS. Sample J4 is the only one that does

not follow this trend. No information could be found for its high critical de-

formation. Since only one amplitude sweep experiment was performed for

each sample, the denoted errors represent the distance between the critical

deformation and the adjacent data points of the measurement data. Since a

decrease of the cross over point indicates a decrease in the elastic properties of

a material [3] the elasticity of the samples will decrease with increasing SDS.

Table 4.5: Critical deformation (tan δ = G′′/G′ = 1).

Sample Crit. deformation [%]
J1 8.47 ± 1.55
J2 10.97 ± 3.00
J3 9.32 ± 2.50
J4 14.70 ± 5.00
J5 8.29 ± 1.00
J6 4.06 ± 0.60
J7 3.16 ± 0.60
J8 2.15 ± 0.60

In �gure 4.29 the linear viscoelastic range of samples J1�J8 is illustrated.

Because of the low density of measured data points the upper and lower limit of

the end of the linear viscoelastic range are shown. The exact value is between

them. It is obvious that the range of the linear viscoelastic region decreases
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with increasing amount of SDS.

Figure 4.29: Linear viscoelastic range at 30 °C. The red circles represent the
upper limit and the black squares the lower limit of the limit of
the linear viscoelastic range.

The results of the amplitude sweep measurements show that the extension

of the linear viscoeleastic region and the required deformation for breaking the

network structure are higher for low SDS amounts. Hence, network structures

of samples with more SDS would break down much more easily upon exposure

to mechanical stress like vibrations.

Frequency sweep experiments were performed for samples J1 to J6. Each

of the samples was measured three times. The deformations used are listed in

table 4.6. For each measurement a new sample was brought onto the plate of

the cone-and-plate geometry. Before running the frequency sweep the samples

were presheared for 5 min at a shear rate of 1 s−1.

The values of G′, G′′ and the complex viscosity η∗ averaged over the three

measurements of sample J1 are shown in �gure 4.30. The error bars represent
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Table 4.6: Deformation values used for the frequency sweep measurements.

Sample J1 J2 J3 J4 J5 J6
Deformation [%] 0.3 0.2 0.2 0.2 0.1 0.1

the standard deviations of the data points. It can be seen that the values

of G′ are higher than the ones of G′′ and that both moduli increase slightly

with increasing frequency. The complex viscosity decreases with increasing

frequency, which is typical for a viscoelastic solid [73]. At angular frequencies

above 200 s−1 the inaccuracy of the measured data points increases since these

frequencies are close to the limit of the instrument. The behavior of the G′

and G′′ modulus, as well as the behavior of the complex viscosity η∗, of sample

J1 can be observed for the samples J2 to J6, too. The gels show only a weak

dependency on the frequency. This behavior is typically for solid-like materials.

Hence, the gels behave like viscoelastic solids.

Figure 4.30: Frequency sweep of sample J1 at 30 °C.
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To compare the elastic modulus of the samples J1 to J5, frequency sweep

experiments were carried out again three times for a deformation of 0.2 %.

The experimental data were averaged. Figure 4.31 shows the values of the

elastic modulus of the samples at di�erent angular frequencies. The G′ values

of sample J1 and J2 are nearly the same. From J2 to J4 there is a slight

decrease of G′ indicating a loss in the rigidity of the samples, whereas sample

J5 shows higher G′ again.

Figure 4.31: G′ modulus at di�erent angular frequencies against the mass
fraction γ.

107



4 SDS/CA/D2O system

4.10 Investigation of sample ageing via 13C NMR

experiments

The ageing of the gel samples of the J series could be detected visually after 2 to

3 weeks. This ripening process is already known for lyotropic liquid crystalline

systems containing fatty alcohols, surfactants and water [2, 74]. According

to [74] the process can start directly after the sample preparation.

For the investigation of the ripening process, sample J1 was measured re-

peatedly over a period of 50 days at constant conditions by 13C-CP MAS NMR

spectroscopy. The cross polarization (CP) requires that the observed carbon

nuclei have a non-vanishing dipolar coupling with protons. For the investi-

gated sample, this is only the case for solid components which may result from

poor mixing or precipitation due to ageing.

Figure 4.32 shows the 13C NMR spectra which were recorded by a 13C-

CP MAS experiment at a rotation frequency of 1 kHz. It is assumed that

the alkyl chains exist in crystalline aggregates with an all-trans conformation.

In this case, the chemical shift of the methyl groups of the alkyl chains is,

according to [75], 33.4 ppm. For that reason, the alkyl chain signal is set to

that chemical shift. It can be seen in �gure 4.32 that there is an increase of

the signal intensities of the solid components during the ripening process.

The relative signal intensity of the alkyl chain over time is shown in �g-

ure 4.33. The signal intensity increases steadily from the day of preparation to

the 16th day after preparation. Then, the intensity increases strongly between

day 16 and 20. From day 20 to 50 the solid fraction shows nearly no further

increase.
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Figure 4.32: 13C-CP MAS NMR spectra recorded at a rotation frequency of
1 kHz directly after the preparation, as well as 14 days and 29
days after the sample preparation. The stars indicate spinning
sidebands.

Figure 4.33: Time-dependent change of the signal intensities of the main peak
of the alkyl chains.
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4.11 In�uence of processing parameters

For the investigation of the in�uence of processing parameters, the samples

of the J series were prepared in di�erent ways. The stirring rate was reduced

from 1000 rpm to 800 rpm for one and 500 rpm for another series of samples.

For a third series the solid compounds were heated to 70 °C in closed vials.

During this process they were mixed with a stirring rate of 100 rpm. Then the

melt was cooled down to room temperature. This melting and cooling process

was performed three times before water was added to the solids. After the

addition of water, the mixture was stirred for 24 hours at 70 °C at 1000 rpm.

All samples of the three series were investigated via 1H NMR spectroscopy.

Unfortunately, the samples prepared in new ways delivered the same signal

shapes and signal intensities as the samples of the J series. Since nothing

changed in the NMR spectra, no further measurements were performed.
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4.12 In�uence of the alcohol chain length

The alcohol chain length was changed from 16 (cetyl alcohol, CA) to 14

(myristyl alcohol, MA) to investigate the chain length in�uence on the emul-

sion properties. The samples were prepared in the same way as the samples of

the J series and the same sample compositions were used (see table 4.7). Due

to the lower molar mass of MA, the molar ratio of alcohol to SDS changes. In

particular for the lower samples of the series n(MA)/n(SDS) is considerably

larger than n(CA)/n(SDS).

Table 4.7: Sample information of the J14 series.

Sample J14-1 J14-2 J14-3 J14-4 J14-5
SDS [wt. %] 0.3 0.5 0.7 0.9 1.2
MA [wt. %] 2.7 2.5 2.3 2.1 1.8
D2O [wt. %] 97.0 97.0 97.0 97.0 97.0

γ 0.10 0.17 0.23 0.30 0.40
n(MA)/n(SDS) 12.10 6.75 4.40 3.13 2.02

Sample J14-6 J14-7 J14-8 J14-9 J14-10
SDS [wt. %] 1.5 1.8 2.1 2.8 3.00
MA [wt. %] 1.5 1.2 0.9 0.2 0.00
D2O [wt. %] 97.0 97.0 97.0 97.0 97.0

γ 0.50 0.60 0.70 0.93 1.00
n(MA)/n(SDS) 1.34 0.89 0.58 0.10 0.00

The micellar samples J14-10 and J14-9 are clear and homogeneous. J14-8

shows a phase separation into a clear and turbid phase while samples J14-7

to J14-1 are completely turbid. Samples J14-1 to J14-4 show a signi�cantly

higher viscosity than the gel samples of the J series. This is probably due to

the higher amount of alcohol molecules.

All samples of the J14 series were investigated via DSC. The experiments

were performed in same way as the ones of the J series (chapter 4.3). The

results are shown in �gure 4.34. The standard deviation of the averaged values

is smaller than the used symbol size.

The results are analogous to the DSC results of the J series. The di�erences
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are the lower peak temperatures for the melting points of the mixed crystals

and myristyl alcohol as well as the shape of the heating curve of pure MA,

which shows only one broad peak at 38.6 °C in the temperature range from

20 °C to 70 °C (added as dotted line to �gure 4.34). The DSC curves of pure

MA are shown in �gure 7.20. Again, it could not be determined if the lower

melting point corresponds to pure alcohol or alcohol with small amounts of

SDS.

Figure 4.34: Peak temperature of the DSC signals of the J14 series.

According to the literature [76, 77], the alkyl chain of 1-tetradecanol exists

from 13 °C to 30 °C in the orthorombic (β) state. Above 39 °C the alcohol is

molten. Between 30 °C and 39 °C there are di�erent conformational changes of

the alkyl chain: orthorhombic to monoclinic (β−γ) at 33 °C, orthorhombic to

hexagonal (β − α) at 38.2 °C and monoclinic to hexagonal (γ − α) at 38.5 °C.

The reason for the missing β−γ transition signal of the investigated alcohol

sample may be its small enthalpy (1.8 kJ/mol) and/or impurities of the alcohol.
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The broad peak of the DSC curve is due to the resolution of the instrument

and probably corresponds to the melting signal of MA (38 °C according to the

data sheet), the β − α transition and the γ − α transition.

The 1H NMR spectra of the J14 series at 30 °C are shown in �gure 4.35.

The spectra of the micellar and coagel samples look like the spectra of the

respective samples of the J series (J14-10 like J10, J14-9 like J9, J14-8 like J8,

J14-7 like J7, J14-6 like J5). The gel samples of the J14 series show signi�cantly

broader peaks with less signal intensity than the peaks of the gel samples of

the J series. The peak broadening con�rms the visual impression of a higher

viscosity of the J14 gels. Probably, the higher viscosity is due to the better

chain length matching of surfactant and alcohol, which increases the stability

of the aggregates [3, 78].

With increasing temperature, the resolution and the signal intensities of

the NMR spectra of the J14 series increase as in the case for the J series.

The chemical shift of the water signal (not shown) at 30 °C and 55 °C is not

constant for all spectra leading to a change of the chemical shifts of the other

signals, since they are referred to the chemical shift of water. The signals of

the spectra of the J14 series are shown in more detail in chapter 7.4.2.2.
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Figure 4.35: 1H NMR spectra of the J14 series at 30 °C and 55 °C.
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Based on DSC and NMR results the samples of the J14 series can be assigned

to the micellar, coagel and gel region. Samples J14-10 and J14-9 are located in

the micellar region according to the sharp resolved NMR signals and absence of

DSC signals. J14-8 and J14-7 are in the micellar region with additional alcohol

crystals. The NMR spectra of these samples still have a high resolution but

show no �ne structure for the SDS signals. The DSC curves show a melting

point signal of myristyl alcohol. The DSC curve of sample J14-6 shows a low

melting point peak but no high one for mixed crystals. The occurrance of this

peak has been found to be characteristic for the gel region. The NMR spectrum

shows a broad alkyl chain signal indicating at least two not completely resolved

signals on top of a very broad one. Therefore, sample J14-6 is assigned to the

coagel region. The NMR spectra of samples J14-5 to J14-1 yield very broad

signals with low intensity and the DSC curves show the melting point signal

of mixed crystals at high temperature. Hence, the samples are assigned to the

gel region.
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4.13 Conclusions and Outlook

By use of 1H NMR spectroscopy and di�erential scanning calorimetry, and

according to the macroscopic appearance, the samples of the J series could be

assigned to the gel, coagel and micellar region of the phase diagram of Goetz

and El-Aasser.

Samples J10 and J9 are in the micellar region. They are clear and homoge-

neous, show no DSC peaks and well resolved NMR signals with well resolved

J multiplets. J8 and J7 seem to be micellar solutions when freshly prepared,

but show DSC signals, which refer approximately to the melting temperature

of CA. The samples phase separate within one week after preparation into a

clear and a turbid phase. Below the melting point these samples show NMR

signals without �ne structure. Above the melting point the spectrum of J8

looks like the spectra of J10 and J9 while the NMR signals of J7 show only a

partial �ne structure. Samples J6 and J5 are completely turbid and located

within the coagel region consisting of a mixture of the gel phase and crystals.

The NMR spectra are very broad and the signal shapes suggest that there

are two not completely resolved signals. Both samples have a melting peak

signal in the DSC curves corresponding to CA or CA with small amounts of

SDS. Additionally to this peak, sample J5 shows a peak due to the melting

of mixed crystals consisting of SDS and CA. The gel samples J1 to J4 show

DSC signals for the melting of mixed crystals and some of them, depending on

the age of the sample, a melting point of CA. The samples show a shimmering

white turbidity, indicating periodic structures in the range of the wavelength

of light. In the NMR spectra at 30 °C they deliver only broad signals with low

intensities for the alkyl chain and the CH3 group of SDS. Above the melting

temperature of the mixed crystals, the signal intensity is much higher, the line

width smaller and more NMR signals can be detected.

The structure of gel sample J3 was visualized via cryogenic transmission
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electron microscopy. The pictures show unilamellar, multilamellar and mul-

tivesicular vesicles (UV, MV, MVV). The averaged diameters of the vesicle

types are 0.33 µm, 0.43 µm and 0.65 µm for UV, MV and MVV, respectively.

The average overall diameter is 0.65 µm and the average distance between two

adjacent bilayers of a MV is 61.14 nm. The ratio between the abundance of

the vesicle types in total numbers is 638 : 239 : 26.

The coagel J6 shows deformed and broken vesicles as well as plate-like struc-

tures. The average diameters are 0.30 µm and 0.45 µm for UV and MV, re-

spectively. No MVV could be found. The average overall diameter is 0.34 µm.

The scattering curves of the very small angle neutron scattering experiments

of the gel samples J1 to J4 show a Q−2 behavior, which is typical for vesicular

structures, whose layers are much smaller than the radius of the core of the

vesicle. They show a correlation peak, caused by lamellar structures, which

con�rms the distance between two adjacent bilayers of the multilamellar vesi-

cles distinguished by cryo TEM analysis. Additionally, a broad shoulder can

be seen in the scattering curves referring to the diameter distribution of the

vesicles.

The vesicular structures could be con�rmed via di�usion NMR spectroscopy,

too. The gel and coagel samples yield two di�usion coe�cients referring to the

isotropic motion of free water and the restricted motion of water molecules

trapped in vesicles. The amount of water trapped in vesicles decreases with

increasing amount of SDS. That means, that the size of the vesicles or the

number of vesicles decreases. Samples J7 to J10 show only the self di�usion

coe�cient of water.

The rheological amplitude sweep experiments show for samples J1 to J8 that

the elastic modulus G′ is larger than the loss modulus G′′ within the linear

viscoelastic range. Hence, the stored energy dominates over the dissipated

energy. This behavior is typical for viscoelastic solids or gels. The deformation
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4 SDS/CA/D2O system

at which G′ and G′′ have the same value decreases with increasing amount of

SDS indicating a decrease in the elastic properties.

Additionally, frequency sweep experiments were performed for the gel sam-

ples J1 to J4 and the coagel samples J5 and J6. It was found that G′ is higher

than G′′ and increases slightly with increasing frequency. The complex vis-

cosity of the samples decreased with increasing frequency. The decrease of

the complex viscosity and the weak dependency of the dynamic moduli on the

frequency is typical for solid-like materials.

To investigate the in�uence of the processing parameters, the stirring rate

during the sample preparation was reduced. No changes in the signal shapes

and signal intensities could be detected in the 1H NMR spectra of the samples

prepared at stirring rates of 800 rpm and 500 rpm. Melting and cooling down

the solid compounds three times before adding water and preparing the mix-

ture at a stirring rate of 1000 rpm had no in�uence on the spectra, too. Since

there was no change in the NMR spectra, the samples were not characterized

via other methods. Further ideas which could be tried in future are: preparing

the samples at a lower temperature, which is still above the melting point of

pure cetyl alcohol or using a ultrasonic bath instead of a magnetic mixer or

stirring the samples during the cooling process.

Exchanging cetyl alcohol by myristyl alcohol has a large in�uence on the

viscosity of the gel samples. The increased viscosity leads to broadened signals

with lower signal intensities in the proton NMR spectra. Using DSC and NMR

results, the samples were assigned to the micellar, coagel and gel region. For

the two systems large similarities were found.
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5 Construction of a 1H rheo NMR shear cell

In the case of the highly diluted SDS/CA/D2O system, the remaining an-

isotropy of the water is not su�cient to obtain structural information via

2H NMR spectroscopy. Therefore, in situ 2H NMR spectroscopy under shear,

which has been applied to lamellar liquid crystals [79, 80], cannot be used in

this case. However, proton NMR, which has been shown to be a sensitive

probe of changes in the phase structure (see chapter 4.4) can be used to detect

shear-induced changes. For this purpose a proton rheo-NMR probe needs to be

build. An almost complete proton probe, which was assembled from a Bruker

probe kit (by M. Kanlosh, University of Freiburg) was available. To complete

the probe the transmitter/receiver coil and the mechanics of the sample/rheo

geometry had to be built. The construction of the coil is aggravated by the

fact that no information about the electric components used was available. In

this chapter the construction of the rf coil and the shear cell is described as

well as the adjustment of the probe. First measurements on a thermotropic

liquid crystal demonstrate its performance.
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5 Construction of a 1H rheo NMR shear cell

5.1 Fundamentals concerning saddle coils

A saddle coil consists of two identical parts, which are wound around a cylinder,

which is oriented along the z-direction (parallel to the static magnetic �eld,

see �gure 5.1). The magnetic �eld created by the coil is oriented perpendicular

to the cylinder axis. In 1970 Ginsberg and Melchner reported on the optimal

geometry of a saddle coil to produce a uniform magnetic �eld [81]. The optimal

coil has an angle Φ of 120.76 ° for a height-diameter-ratio of h/d = 1.6554 [81].

Figure 5.1: Schematic illustration of a saddle coil.

According to Salmon et. al [82], the geometry presented by Ginsberg and

Melchner yields only a local uniformity of the magnetic �eld at the coil center.

To improve the geometry they calculated three parameters, which depend on

the angle Φ, for a simpli�ed model coil with a diameter of 25.6 cm. The

calculations were performed for di�erent wire diameters. They assumed in

their calculations that the four parallel sections of the coil do not interfere

with each other. The calculated parameters are the non-uniformity of the

�eld, which is the root mean square deviation relative to the mean �eld value,

the peak-to-peak homogeneity, which is the di�erence between maximum and

minimum values, expressed in percentage of the �eld at the coil center, and
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5.1 Fundamentals concerning saddle coils

the relative uniformity which corresponds to the percentage areas which have

a �eld deviation within ±5 % relative to the center �eld. From the calculation

results that there is no common optimal angle for the three parameters (non-

uniformity: 130°, peak-to-peak homogeneity: 135°, relative uniformity: 125°).

Additionally, they found that the optimal angle is nearly independent of the

wire diameter [82].
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5 Construction of a 1H rheo NMR shear cell

5.2 Coil geometry

The space which is available for the coil is limited by the shell of the probe and

the position of the homogeneous magnetic �eld B0 of the NMR spectrometer.

In the present case, the height of the coil is limited to 40 mm. The construction

and geometry of the coil are illustrated in �gure 5.2 a). To stabilize the coil, it is

wound around a hollow cylinder. The wall thickness of the cylinder (2.5 mm) is

limited by the diameter of the screws (thread 1.6 mm) used to �x the cylinder

to the bottom of the geometry. The lowest turn of the coil begins 6 mm

above the cylinder bottom. To simplify the winding of the coil, its geometry

is grooved into the wall of the hollow cylinder. The grooves have a depth

and width of 1 mm. The distance between the center of the upper cutting

and the upper edge of the hollow cylinder is 4 mm. Hence, the resulting coil

height is 30 mm. According to Ginsberg and Melchner, the diameter of the

coil should be 18.1 mm for an angle of 120.76 °. For such a small diameter,

the assumptions of Salmon et al. are not ful�lled. Hence, their criteria for the

optimum angle will not be considered.

Figure 5.2: Schematic illustration of the contruction of the coil.

Since a shear unit shall be installed within the hollow cylinder (see �gure

5.2 b)), a gap between the hollow cylinder and the rheo unit must be planned.

Furthermore, the rheo unit should have enough space for a su�ciently high
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5.2 Coil geometry

sample volume. For that reason, the inner diameter of the hollow cylinder

is set to 17 mm and the outer diameter to 22 mm. Therefore, the diameter

of the saddle coil is, depending on the wire thickness, between 20 mm and

22 mm the resulting h/d ratio is 1.5 for 20 mm and 1.36 for 22 mm instead

of 1.6554. According to Ginsberg's and Melchner's considerations these ratios

are still good for angles between 120.0 and 121.0 ° [81]. Figure 5.3 shows the

hollow cylinder, made of glass �ber-reinforced Te�on, with a saddle coil with

one winding, which is wound from silver-plated copper wire with a thickness

of 1 mm.

Figure 5.3: Home-built saddle coil geometry.

Figure 5.4 shows the resonance signal of the empty 1H-rheo probe, detected

by a scalar network analyzer, outside of the NMR magnet at room temper-

ature. Once it has been ensured that the coil can be tuned to the required

resonance frequency, the pulse length of the coil has to be adjusted. For the

pulse calibration distilled water was used. As pulse sequence, a simple pulse

followed by acquisition was chosen. In �gure 5.5 the magnitude of the �rst

value of the FID is plotted against the pulse lengths for saddle coils with dif-
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5 Construction of a 1H rheo NMR shear cell

ferent wire diameters. If it was possible, the signal intensities were �tted by

sine functions. It can be seen that the pulse length of a 90° pulse becomes

shorter for increasing wire diameters.

Figure 5.4: Resonance signal of the 1H-rheo probe at room temperature at
circa 299.8 MHz.

Figure 5.5: Signal intensities as a function of pulse lengths for three saddle
coils with di�erent wire diameters and only one winding.

The p90 pulse length dependency on the thickness of the wire is due to the

skin e�ect. The skin depth decreases with increasing frequencies [83]. The

skin e�ect leads to an increase of the e�ective resistance of the conductor. To
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5.2 Coil geometry

compensate the in�uence of the skin e�ect the surface of the conductor has

to be increased. At high frequencies this can be done using litz wire, which

consists of multiple twisted or woven thin insulated strands [83].

To reduce the p90 pulse length litz wire is used. Furthermore, the coil

geometry was changed, since the magnetic �eld homogeneity can be increased

strongly at the coil center by an increase of the number of active conductors

[84]. Figure 5.6 shows the construction sketch of the improved saddle coil.

Figure 5.6: Construction sketch of a saddle coil geometry with two windings.

The constructed saddle coil geometry with two windings and its pulse length

calibration measurements are shown in �gure 5.7. Each data point of the two

measurement series in �gure 5.7, performed on di�erent days, represents the

average value of three to �ve measurements. The error bars illustrate the

standard deviation of the mean. The p90 pulse length of the probe is not

clearly de�ned since a plateau of the intensities from 20 to 35 µs is found. For

the experiments which will be presented in chapter 5.4 a p90 pulse length of

30 µs was used.
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5 Construction of a 1H rheo NMR shear cell

Figure 5.7: Left: Saddle coil geometry with two windings. Right: Signal in-
tensities as a function of pulse lengths.
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5.3 Rheo geometry

5.3 Rheo geometry

As a �rst shear unit a conicylinder geometry, which is a combination of the

classical couette and a cone-plate geometry, is used. Figure 5.8 shows the rheo

elements made of PEEK and a schematic illustration of the rheo unit. The

geometry is constructed in a way that the outer cylinder is rotated during the

experiments. The inner radius of the shear geometry is Ri = 5.25 mm and the

external radius is Re = 6 mm. Hence, the ratio of the radii is according to

eq. 2.10 δcc = 1.1429. The angle of the cone is 5° (0.0873 rad).

This shear unit is used as a prototype, since δcc is larger than 1.0847.

Furthermore, the angle of �ve degree is not in agreement with the construc-

tion regulation (eq. 2.15). An angle of α = 5° corresponds to the radii ratio

δcc = 1.0914. As a consequence, the resulting shear rates within the annular

and the conical gap will di�er from each other. In the case of a rotational

speed of 0.83 min−1 the shear rate within the annular gap is γ̇cc = 1 s−1 and

the shear rate within the conical gap is γ̇cp = 0.66 s−1.

The �nal shear unit should have the ratio δcc = 1.0847. To achieve this

ratio Ri becomes enlarged to 5.53 cm. The corresponding angle is α = 4.648°.

This geometry is currently under construction.

Figure 5.8: Rheo geometry used for the measurements.
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5 Construction of a 1H rheo NMR shear cell

5.4 Measurements

At �rst, the resolution of the probe and the background 1H signal from the

shear cell have to be determined. For this purpose, proton spectra of distilled

water and the empty sample geometry were measured. Figure 5.9 shows the

measured spectra.

Figure 5.9: Spectrum of distilled water measured with the new 1H rheo NMR
probe (top, middle). Additionally, the background signal of the
probe is measured and illustrated (bottom)

The empty geometry has a broad doublet with a narrow singlet in the mid-

dle as background signal. This background can still be observed in the 1H

spectrum of water in addition to the water singlet. The intensity of the back-

ground signal is much smaller than the signal of water. Hence, the broad

doublet cannot be detected without a zoom and the singlet of the background
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signal appears as a small peak close to the water peak in the 1H spectrum of

water. The line width of the water singlet is circa 185 Hz.

To check the temperature control of the probe the thermotropic liquid crys-

talline mixture E7, which shows a phase transition from nematic to isotropic

at approximately 61 °C [85], is measured by NMR spectroscopy.

Figure 5.10 illustrates the temperature dependency of the proton spectra of

E7. In addition to the background signal of the 1H rheo-NMR probe, spectra

within the nematic and isotropic phase, as well as a spectrum of the nematic

to isotropic phase transition, are shown. The spectra of the nematic phase

show broad signals, which are due to the dipolar interactions in the nematic

phase. The doublet, which can be seen in the spectra, proves the alignment

of the liquid crystal in the magnetic �eld. With increasing temperature the

line width of the signals and the doublet splitting decrease. This behavior is

due to a decrease of the molecular order. In the isotropic phase, characteristic

sharp peaks can be detected.

Figure 5.10: Temperature dependence of the 1H NMR spectra of the liquid
crystal composition E7.
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5 Construction of a 1H rheo NMR shear cell

All spectra are normalized by dividing the intensities by the highest one.

For the spectra of the nematic phase, the sharp peak of the background signal

obtains the highest signal intensity. In the isotropic phase, the height of the

background signal is very small in comparison to the one of E7 and is no longer

seen.

Figure 5.11 shows the isotropic spectrum of E7 at 56 °C and �gure 5.12 the

temperature dependent change of the outer splitting of the nematic doublet.

Figure 5.11: Isotropic proton NMR spectra of E7 at 56 °C

According to the NMR spectra, the nematic to isotropic phase transition

takes place between 52 °C and 54 °C. Hence, the phase transition temperature

is lower than the ones described in the literature (61 °C, [85]). Probably,

this reduction is due to impurities resulting from lubricants used during the

production of the shear cell. Furthermore, the small gap between the hollow

cylinder of the coil and the shear cell (see �g. 5.2 b)) may lead to partial

thermal insulation. Hence, the temperature within the shear cell might be

lower than the temperature measured with the sensor outside of the coil.
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5.4 Measurements

Figure 5.12: Temperature dependent change of the proton spectra splitting of
E7.

Furthermore, the micellar solution J9 and the gel sample J1 were measured

with the new probe. Figure 5.13 shows the high resolution proton spectra

(black) and the spectra obtained by the proton rheo probe (red) at 40 °C.

The peak assignment is analogous to �gures 4.5 and 4.6. Despite the lower

resolution of the proton spectra of the 1H rheo probe, di�erent signals can be

recognized and assigned. Nevertheless, the high resolution spectra are very

helpful for the peak assignment.

The temperature dependent increase of the signal intensity and resolution

of the proton spectra of sample J1 is shown in �gure 5.14. It can be seen that

the ratio of HDO to the signal at 1�2 ppm, composed of alkylchain, β- and

CH3 signals, decreases strongly above the melting point of the mixed crystals,

which occur in sample J1 (see �g. 4.3, DSC results). This behavior is already

described in section 4.4.
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5 Construction of a 1H rheo NMR shear cell

Figure 5.13: Comparison of the spectra of samples J9 and J1 measured with
the new proton rheo probe and the high resolution spectra.
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Next, sample J1 is investigated at a shear rate of γ̇cc = 1 s−1 within the

annular gap and γ̇cp = 0.66 s−1 within the conical gap. However, no changes

of the proton spectra could be found during eight hours of shearing.

Figure 5.14: Temperature dependency of sample J1.
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5 Construction of a 1H rheo NMR shear cell

5.5 Conclusions and Outlook

In this chapter the construction of the saddle coil and shear cell geometry

were described. Based on the proton spectra of the liquid crystal mixture E7,

micellar sample J9 and gel sample J1 it was shown that the probe works.

However, there are a few things that should be revised and tested. For an

enhanced temperature control, holes should be bored in the hollow cylinder

of the coil, so that there is an exchange of air between the gap between hol-

low cylinder and shear cell and the volume outside of the gap. Furthermore,

the shear cell which is under construction at the moment should be installed.

Then, the possibility of subtracting the background signal from the spectra,

which is not trivial because it requires proper phasing of the spectra, should

be explored. Besides, a system with known shear-induced changes of orien-

tation or structures can be investigated for further testing of rheo-NMR with

protons. For example, a homogeneous lamellar sample could be investigated

under shear. The resulting alignment of the lamellar aggregates should have

an in�uence on the line width of the signals of the proton spectra.
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6 Summary

The investigation of the surfactant/water system SDS/D2O has shown, that

the splittings of the α-CH2 groups of the proton spectra are concentration

dependent. This dependency can be explained by conformational changes.

However, the temperature dependency of the splittings of the α-CH2 and CH3

groups of the SDS/D2O and CTAB/D2O systems close to the phase transition

from the micellar region to a lyotropic liquid crystalline mesophase seems not to

be related to a change of the J coupling. Probably the splitting is in�uenced by

a temperature-dependent direct dipole-dipole coupling caused by an increasing

order of larger aggregates and/or an increasing viscosity of the samples.

Furthermore, it was found that the relative change of the chemical shift

∆δ of the α-CH2 and CH3 groups of SDS proceeds in opposite directions at

concentrations between the cmc and approximately 2 wt. %. Above 2 wt. %

both ∆δ are shifted in the same direction. The behavior of the relative changes

of the chemical shift was partially explained by in�uences of the chemical

environment and conformational changes of the α-CH2 group. In the case of

CTAB the α-CH2 and the terminal CH3 group show shifts of the same sign

over the full concentration range as soon as micellization starts.

By addition of cetyl alcohol to the SDS/D2O system a gel building ternary

system was created. A series of samples containing a total amount of 3 wt. %

SDS and CA at varying SDS/CA ratio was investigated during my PhD studies.

Based on the macroscopic appearance of the samples as well as DSC and proton

NMR measurements the samples were assigned to the existing phase diagram.

Gel samples were found for an alcohol amount higher than 2 wt. %.
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The structure of one of the gel samples was visualized via cryo-TEM. It

was found that the gels consist of uni- and multilamellar vesicles with the

most frequent diameter between 0.1 µm and 0.9 µm. The average diameter of

all vesicle types is 0.37 µm and the averaged distance between two adjacent

bilayers of a multilamellar vesicle is 61.1 nm.

To con�rm the sizes of the vesicles, V-SANS experiments of the gel samples

were performed. All of the obtained scattering curves were in agreement with

the results of the cryo-TEM analysis.

Additionally, the existence of vesicular structures is consistent with the two

di�usion coe�cients of water, which were found via pulsed gradient spin echo

NMR experiments, representing the isotropic motion of free water and the

restricted motion of water molecules trapped in vesicles.

By rheological measurements of the samples J1 to J8 it was found that

the elastic modulus G′ is larger than the loss modulus G′′ within the linear

viscoelastic regime. Hence, the stored energy dominates over the dissipated

energy which is a typical behavior of viscoelastic solids or gels. Besides, the

required deformation for breaking down the structure of the samples decreases

with increasing amount of SDS. The complex viscosity of the samples, deter-

mined via frequency sweep experiments, decreased with increasing frequency.

The decrease of the complex viscosity and the weak dependency of the dy-

namic moduli on the frequency is typical of solid-like materials. Hence, the

behavior of the gel samples is similar to the one of solids.

The investigation of small changes of the sample preparation delivered no

changes in the NMR spectra. For that reason no further methods were used

for sample characterization.

Furthermore, the alcohol of the SDS/CA/D2O system was changed from

C16OH to C14OH. The results of the studies on this system showed large sim-

ilarities to the ones of the SDS/CA/D2O system.

136



Moreover, the construction of a proton rheo-NMR probe was described. In

�rst test measurements proton spectra of the thermotropic liquid crystal mix-

ture E7, of the micellar sample J9 and of the gel sample J1 were obtained.
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7 Appendix

7.1 Materials

Sodium dodecyl sulfate (SDS, 99% pure), hexadecyltrimethylammonium bro-

mide (CTAB, purity ≥ 99%), tetradecanol (MA, purity ≥ 99%) and tetra-

chloroethane (purity ≥ 99.8%) were purchased from Sigma Aldrich and hexa-

decanol (CA, purity ≥ 95%) from Carl Roth KG. D2O (99% pure, Cambridge

Isotope Laboratories) was purchased from Buchem BV and didodecyldimethyl-

ammonium bromide (DDAB, purity ≥ 98%) from Fluka Chemie. The liquid

crystal composition E7 was purchased from Merck, chloroform-d1 (purity ≥

99.8%) from Deutero GmbH and hexa-ethyleneglycol mono n-dodecyl ether

(C12E6) from Nikko Chemicals. All chemicals were used as received.

7.2 Instruments and Methods

7.2.1 DSC

The DSC thermograms were obtained by using a Perkin Elmer di�erential

scanning calorimeter (Model Pyris 1). All samples were hermetically sealed in

aluminum pans. Before and after the DSC measurement the pans were tared

in order to check if water evaporation had occurred. Scans were recorded

with a heating rate of 5 K/min from 20 to 70 °C. The peak temperature was

determined by the intersection of the tangents of the DSC peak as shown in

�gure 7.1.
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Figure 7.1: Illustration of the determination of the peak temperature of a DSC
signal.

7.2.2 NMR

For the NMR measurements di�erent spectrometers were used. The standard

proton NMR spectra were recorded using a Bruker Avance 500 spectrometer.

The standard zg30 pulse sequence of Bruker was used. The di�usion NMR

experiments were performed on a Bruker Avance II 200 spectrometer using

a PGSE sequence described in chapter 2.2. For the solid state and proton

rheo spectra a Tecmag Apollo NMR spectrometer with a 7.05 T magnet of

the company Oxford was used. This spectrometer has in contrast to the other

ones a wide-bore magnet.

7.2.3 Cryo-TEM

The description of the used instruments and sample preparation is taken from

the research report written by Dr. Frank Polzer from February 2012.

�The TEM specimens were vitri�ed by plunging the samples into liquid ethane
using an automated plunge freezer (Vitrobot Mark IV, FEI Deutschland GmbH,
Frankfurt a. M., Germany). The carbon coated copper grids have been pre-
treated by 10 seconds of glow discharge. Approximately 5 µl of solution on a
TEM copper grid with lacey carbon support �lm (200 mesh, Science Services,
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Munich, Germany). The liquid was blotted 4 times in a row with a �lter pa-
per after 30 seconds applying a blot force of 0 for 1 second. No wait time or
drain time have been used. The specimen was inserted into a pre-cooled high
tilt cryo transfer sample holder (Gatan 914, Gatan, Eching, Germany) and
transferred into a JEOL JEM-2100 with a LaB6 cathode (JEOL GmbH, Ech-
ing, Germany). The TEM was operated at an acceleration voltage of 200 kV.
All images were recorded digitally by a bottom-mounted 4k·4k CMOS camera
system using low dose conditions (TemCam-F416, TVIPS, Gauting, Germany)
and processed with a digital imaging processing system (EM-Menu 4.0, TVIPS,
Gauting, Germany). Sample J3 was extremely di�cult in its preparation due
to its high viscosity. Several blottings were necessary to yield a �lm that was
transparent to electrons.�

7.2.4 SANS

The V-SANS experiments (very small neutron scattering) have been performed

with the JCNS (Jülich Centre of Neutron Science)-instrument KWS-3 at FRM

II research reactor in Garching/Munich. Both sample-detector distances (9.5 m

and 1.2 m) have been used, bridging more than two orders of magnitude in Q-

range with a corresponding size scale between 20 nm and several micrometers.

The wavelength was λ = 12.8 Å. Detailed information about the instrument

can be found in the publication of G. Goerigk and Z. Varga [66].

For the reduction of the raw data the software qtiKWS [86] was used. Cor-

rections for the empty cell, the background noise and the detector sensitivity

were included in the data reduction. The calibration of the scattering data

(unit: cm−1) is based on the direct neutron beam [66, 87, 88]. The absolute

di�erential scattering cross section can be calculated by equation 7.1 according

to [66].

d
∑
dΩ

(Q)s,sb =
L2

a2 · T s,sb · hs,sb · 〈I〉ec−db

·
([
I (Q)s,sb − I (Q)dc

]
− T s,sb

[
I (Q)ec − I (Q)dc

]) (7.1)

The indices db, s, sb, ec, a, dc and eb refer to direct beam, sample, sample

background, empty cell, pixel size, dark current and electronic background.

The parameters T , h, I(q), and L correspond to transmission, sample thick-
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ness, scattered intensity, and sample-detector distance. The incoming �ux

〈I〉ec−db, is determined by the direct beam measurement of the empty cell. Af-

ter the calculation of d
∑
/dΩ (q) the absolute di�erential scattering cross sec-

tion was averaged radially. To obtain the absolute cross section ∆ (d
∑
/dΩ) (q)

the cross section of the sample background was subtracted from the cross sec-

tion of the sample.

∆

(
d
∑
dΩ

)
=

(
d
∑
dΩ

)s
−
(
d
∑
dΩ

)sb
(7.2)

The obtained scattering curves of the two sample-detector distances were

merged by qtiKWS.

7.2.5 SAXS

The X-ray di�raction measurements were carried out with a Bruker AXS D8

Advance di�ractometer by using Cu-Kα radiation (40 kV, 40 mA). The step

size for low-angle measurements (θ < 5◦) was 2θ = 0.0075◦ with a counting

time of 3 s per step.

7.2.6 Rheometer

For the rheological measurements an Anton Paar MCR 5.01 rheometer with

a cone and plate geometry was used. The used geometry had a diameter of

24.949 mm, an angle of 0.993°, and a truncation of 49 µm.

7.3 Sample preparation of aqueous surfactant mixtures

The samples were prepared by weighing the desired amounts of surfactant

and water into vials. Samples below 20 wt. % SDS and the samples below

10 wt. % CTAB were prepared by mixing the components at 70 ◦C at a stirring

rate of 1000 rpm for 24 hours. For the preparation of the samples between
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20 wt. % and 35 wt. % SDS and the samples with a concentration higher

than 9 wt. % CTAB an Intelli-Mixer RM-2 bought from LTF Labortechnik

running on program b1 with 95 rpm at 50 ◦C was used. Program b1 is a

combination of a continuous rotation along one axis and a continuous small

amplitude vortexing.
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7.4 Measured data

7.4.1 DSC curves

Figure 7.2: Four measurements of a pan of the stock mixture of sample J1
recorded at a heating rate of 5 K/min in the temperature range
from 20 °C to 70 °C.

Figure 7.3: Enlarged DSC signals of the heating process of sample J1.
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7.4 Measured data

Figure 7.4: Four measurements of a pan of the stock mixture of sample J2
recorded at a heating rate of 5 K/min in the temperature range
from 20 °C to 70 °C.

Figure 7.5: Enlarged DSC signals of the heating process of sample J2.
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Figure 7.6: Four measurements of a pan of the stock mixture of sample J3
recorded at a heating rate of 5 K/min in the temperature range
from 20 °C to 70 °C.

Figure 7.7: Enlarged DSC signals of the heating process of sample J3.
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Figure 7.8: Four measurements of a pan of the stock mixture of sample J4
recorded at a heating rate of 5 K/min in the temperature range
from 20 °C to 70 °C.

Figure 7.9: Enlarged DSC signals of the heating process of sample J4.
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Figure 7.10: Four measurements of a pan of the stock mixture of sample J5
recorded at a heating rate of 5 K/min in the temperature range
from 20 °C to 70 °C.

Figure 7.11: Enlarged DSC signals of the heating process of sample J5.

148



7.4 Measured data

Figure 7.12: Four measurements of a pan of the stock mixture of sample J6
recorded at a heating rate of 5 K/min in the temperature range
from 20 °C to 70 °C.

Figure 7.13: Enlarged DSC signals of the heating process of sample J6.
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Figure 7.14: Four measurements of a pan of the stock mixture of sample J7
recorded at a heating rate of 5 K/min in the temperature range
from 20 °C to 70 °C.

Figure 7.15: Enlarged DSC signals of the heating process of sample J7.
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7.4 Measured data

Figure 7.16: Four measurements of a pan of the stock mixture of sample J8
recorded at a heating rate of 5 K/min in the temperature range
from 20 °C to 70 °C.

Figure 7.17: Enlarged DSC signals of the heating process of sample J8.
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Figure 7.18: Four measurements of a pan of cetyl alcohol recorded at a heating
rate of 5 K/min in the temperature range from 20 °C to 70 °C.

Figure 7.19: Enthalpies of the melting point signals of CA and mixed crystals
of the J series. The error bars represent the standard deviation.
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7.4 Measured data

Figure 7.20: Four measurements of a pan of myristyl alcohol recorded at a
heating rate of 5 K/min in the temperature range from 20 °C to
70 °C.
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7.4.2 1H NMR spectra

7.4.2.1 Enlarged signals of the J1 to J10 spectra at 30 °C and 70 °C

Figure 7.21: Enlarged signals of the α-CH2 groups of the J samples at 30 °C.

Figure 7.22: Enlarged signals of the β-CH2 groups of the J samples at 30 °C.
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7.4 Measured data

Figure 7.23: Enlarged signals of the CH3 groups of the J samples at 30 °C.

Figure 7.24: Enlarged signals of the α-CH2 groups of the J samples at 70 °C.
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Figure 7.25: Enlarged signals of the β-CH2 groups of the J samples at 70 °C.

Figure 7.26: Enlarged signals of the CH3 groups of the J samples at 70 °C.
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7.4 Measured data

7.4.2.2 Enlarged signals of the J14-1 to J14-10 spectra at 30 °C

and 55 °C

Figure 7.27: Enlarged signals of the α-CH2 groups of the J14 samples at
30 °C.
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Figure 7.28: Enlarged signals of the β-CH2 groups of the J14 samples at
30 °C.
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7.4 Measured data

Figure 7.29: Enlarged signals of the CH3 groups of the J14 samples at 30 °C.

Figure 7.30: Enlarged signals of the α-CH2 groups of the J14 samples at
55 °C.
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Figure 7.31: Enlarged signals of the β-CH2 groups of the J14 samples at
55 °C.

Figure 7.32: Enlarged signals of the CH3 groups of the J14 samples at 55 °C.
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7.4 Measured data

7.4.2.3 CH3 groups of CTAB at 5, 10, 12, 15 and 20 wt. %

Figure 7.33: CH3 groups of CTAB at 5 and 10 wt. %.

Figure 7.34: CH3 groups of CTAB at 12 and 15 wt. %.
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Figure 7.35: CH3 groups of CTAB at 20 wt. %.
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7.4 Measured data

7.4.3 SAXS curves

Figure 7.36: SAXS curves of samples J5 to J7.

Figure 7.37: SAXS curves of samples J8 to J10.
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7.4.4 SANS curves

Figure 7.38: SANS curves of samples J5 and J6.

Figure 7.39: SANS curves of samples J7 and J8.
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7.4 Measured data

Figure 7.40: SANS curves of samples J9 and J10.
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7.4.5 Rheology curves

7.4.5.1 Amplitude sweeps

Figure 7.41: Amplitude sweep of sample J1 at 30 °C.

Figure 7.42: Amplitude sweep of sample J2 at 30 °C.
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7.4 Measured data

Figure 7.43: Amplitude sweep of sample J3 at 30 °C.

Figure 7.44: Amplitude sweep of sample J4 at 30 °C.
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Figure 7.45: Amplitude sweep of sample J5 at 30 °C.

Figure 7.46: Amplitude sweep of sample J6 at 30 °C.
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7.4 Measured data

Figure 7.47: Amplitude sweep of sample J7 at 30 °C.

Figure 7.48: Amplitude sweep of sample J8 at 30 °C.
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7.4.5.2 Frequency sweeps

Figure 7.49: Frequency sweep of sample J1 at 30 °C (used deformation:
0.2 %).

Figure 7.50: Frequency sweep of sample J2 at 30 °C (used deformation:
0.2 %).
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7.4 Measured data

Figure 7.51: Frequency sweep of sample J3 at 30 °C (used deformation:
0.2 %).

Figure 7.52: Frequency sweep of sample J4 at 30 °C (used deformation:
0.2 %).
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Figure 7.53: Frequency sweep of sample J5 at 30 °C (used deformation:
0.2 %).

7.4.5.3 Determination of the viscosity of samples J1 to J6

Figure 7.54 shows the viscosities of samples J1 to J6 determined via rotational

measurements. The samples were presheared for 5 min at a shear rate of 1 s−1.

Then the samples were sheared for 1300 s at di�erent shear rates. All samples

achieved a plateau during the measurements. The shown value is the average

of the experimental data recorded from 1260�1300 s.

Figure 7.54: Viscosities of samples J1 to J6.
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