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Summary

This work presents a systematic investigation of the structure and dynamics of charged

worm-like micelles at various conditions. The primary motivation for this study is to

make use of the polymer character of worm-like micelles in order to gain a better

understanding of the behaviour of polyelectrolytes with varying charge densities. For

this purpose, a mixture of non-ionic surfactant doped with small amounts of an ionic

surfactant serves as model system, where the doping level represents a tuning

parameter for the charge density. The micellar structures are characterised by

scattering experiments and polymer theory is quantitatively applied to evaluate the

effect of intramicellar interactions on the flexibility of the micelles. The micellar

dynamics is studied by oscillatory and steady state rheology and it is shown that the

growth behaviour of the micelles is the determining parameter in the dynamics of these

systems, which limits its description by polymer theory.

The combination of light and neutron scattering measurements gives access to a wide

range of length scales. With light scattering, the apparent molar mass and radius of

gyration of the polymer-like objects are determined, whereas neutron scattering allows

the quantitative determination of the persistence length and contour length of the

chains. The flexibility of the cylindrical micelles is found to be highly dependent on

the electrostatic conditions, and the experimental values of the persistence length show

a very good agreement with results from a Monte-Carlo study. In the semi-dilute

regime, a peak in the structure factor is observed for weakly screened systems,

indicating the presence of long-range correlations between the micelles.

Rheological experiments are performed over an extended range of surfactant

concentrations, ionic strengths and charge densities. A distinct dynamic behaviour is

found for highly charged systems at low ionic strength, which can be attributed to a

two-steps growth process. For fully screened systems the dynamic of the neutral

systems is recovered, indicating a continuous growth behaviour. A particular focus is

dedicated to the effects of the charge density of the micelles and the salt content of the

solution on the concentration dependent rheological parameters. At certain conditions,

particular changes in the structure and dynamics of the systems arise : At high ionic

strength, the data suggest the formation of a multiconnected network of branched
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micelles. At high surfactant concentration, a sudden change in the rheological

behaviour is noted, which suggests the onset of structural correlations and could be

related to the proximity of a phase transition.

These experiments show that "equilibrium polyelectrolytes" represent a suitable model

system to investigate the static properties of polyelectrolytes. However, the dynamics

of these exciting systems is rather unique and can not be simply related to

polyelectrolyte solutions.
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Zusammenfassung

In dieser Arbeit wird eine systematische Untersuchung der Struktur und Dynamik

geladener wurmähnlicher Mizellen vorgestellt. Diese Thematik ist unter anderem

durch die Fragestellung motiviert, ob sich der polymerähnliche Charakter solcher

Systeme ausnutzen lässt, um zu einem verbesserten Verständnis von Polyelektrolyten

unterschiedlicher Ladungsdichte zu gelangen. In den untersuchten mizellaren

Systemen konnte die Ladungsdichte gezielt durch die Verwendung von Mischungen

geladener und ungeladener Tenside gesteuert werden. Die Strukturaufklärung dieser

Systeme erfolgte mittels Streumethoden. Es wird gezeigt, dass die Polymeranalogie

erfolgreich zur Interpretation der statischen Daten angewendet werden kann, so dass

eine quantitative Beschreibung der auftretenden Unterschiede in der Flexibilität der

verschiedenen Systeme möglich ist. Das dynamische Verhalten der unterschiedlichen

mizellaren Lösungen wurde mittels dynamisch mechanischer Analyse und konstanter

Scheruntersuchungen ermittelt. Hierbei stellt sich heraus, dass die Dynamik dieser

Systeme hauptsächlich vom konzentrationsabhängigen Wachstum der Mizellen

bestimmt wird, welches nicht in Polymerlösungen auftritt. So ist auch eine

Beschreibung der Dynamik dieser Systeme über Polymer Theorien begrenzt.

Unter Verwendung von Licht- und Neutronenstreuung wurde der statische

Strukturfaktor über einen weiten Längenskalenbereich bestimmt. Aus den

Lichtstreudaten Hessen sich die apparenten Molekulargewichte und Trägheitsradien

ermitteln. Die Persistenz- und Konturlängen der Mizellen wurden aus den

Neutronenstreudaten bestimmt. Die Flexibilität der Mizellen ist stark von den

elektrostatischen Bedingungen abhängig und die experimentel bestimmten

Persistenzlängen zeigen eine gute Uebereinstimmung mit den Ergebnissen aus Monte-

Carlo Simulationen. Bei schwacher Abschirmung weist der Strukturfaktor im

halbverdünnten Bereich einen Peak auf, welcher auf langreichweitige

Wechselwirkungen hindeutet.

Rheologische Experimente wurden an Systemen unterschiedlicher Ladungsdichte bei

verschiedenen Tensid- und Salzkonzentrationen durchgeführt. Das dynamische

Verhalten der hochgeladenen Systeme bei niedrigem Salzgehalt zeigt charakteristische

Merkmale, die eindeutig einem Zweistufen Wachstum zugeordnet werden können. Bei
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vollständiger Abschirmung weisen die Systeme das Verhalten von neutralen Mizellen

auf, was auf ein kontinuierliches Wachstum hinweist. Besondere Aufmerksamkeit

wird der konzentrationsabhängigen Entwicklung dynamischer Grössen bei

unterschiedlichen Ladungsdichten und Salzkonzentrationen gewidmet. Unter

bestimmten Bedingungen treten sprunghafte Aenderungen in der Struktur und

Dynamik auf : Bei sehr hoher Ionenstärke weisen die Daten auf die Bildung eines

verzweigten Netzwerkes hin. Bei hoher Tensidkonzentration wird eine plötzliche

Aenderung im rheologischen Verhalten beobachtet, die auf ein Auftreten struktureller

Korrelationen hinweist, welche einen Phasenübergang in diesem Bereich vermuten

lässt.

Diese Experimente zeigen, dass sogenannte "Gleichgewicht Polyelectrolyte"

erfolgreiche Modellsysteme darstellen, um statische Eigenschaften von

Polyelectrolyten zu untersuchen. Die dynamischen Eigenschaften dieser spannenden

Systeme hingegen sind sehr spezifisch und können nicht ohne weiteres mit denen von

Polyelectrolyten verglichen werden.
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1. Introduction

1.1 Surfactant solutions

[1-7]

Surfactants are amphiphilic molecules composed of two entities : a long hydrophobic

tail that has a high affinity with oil or any apolar medium, and a hydrophilic head

which in contrary has a high affinity with water or any polar medium. In an aqueous

solution, such molecules assemble reversibly into a variety of spatially organised

structures whose common feature is the tendency for the hydrophobic tails to avoid

any contact with water. The surfactant association is mainly driven by relatively weak

hydrophobic and electrostatic interactions. Depending on the range of surfactant

concentrations ordered aggregates like cubic, hexagonal or lamellar phases can form as

well as various disordered phases at lower concentrations. Passing the so-called critical

micellar concentration (CMC), the first type of structure usually found is spherical

micelles. The type of assembly at a certain concentration will depend on the intrinsic

surfactant geometry which is well represented by the packing parameter P where Fand

L are respectively the volume and length of the hydrophobic tail, and A0 is the optimal

surface area of the polar head group, which corresponds to the surface per molecule at

which the surface free energy is minimised. Therefore, the respective requirements of

the hydrophilic head group on the side of the water interface and those of the

hydrophilic tails on the other side of the interface determines an optimal curvature,

also called the spontaneous curvature.



Figure 1.1 : Différent types of micellar aggregates in relation with the geometry of the

surfactant molecule.

The morphology sequence and phase behaviour of surfactant aggregates is driven by

the spontaneous curvature of the hydrophobic / hydrophilic interface, which does not

only depend on the space filling dimensions of the surfactant molecule but may be

tuned by various external factors, such as the amount and nature of added electrolyte,

the presence of other species in solution, the pH or the temperature. For example, if the

head groups are charged, they repel each other, which increases the effective head

group area and favours the formation of small spherical micelles. The addition of

electrolyte tends to screen the electrostatic interactions, even more efficiently in the

case of a strongly binding salt, which allow the head groups to approach each other

closer and can lead to the formation of cylindrical structures. Surfactant systems show

an impressive polymorphism of structures in aqueous solutions, which in turn

influences a large variety of physical properties, in particular rheological properties.

Polymer-like micelles are cylindrical assemblies, which form an isotropic disordered

phase in solution. They consist of flexible worm-like objects, whose equilibrium

statistics and dynamics resemble those of a polymer solution [8]. Indeed, for

sufficiently long micelles, an analogy with solutions of entangled flexible polymers in

good solvent is experimentally found. However, contrary to solutions of classical

polymers for which the size distribution is definitively fixed at the time of synthesis, a
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micellar chain can break spontaneously anywhere along the chain and recombine with

another micelle. Even at conditions of equilibrium, there is a continuous exchange of

material from one chain to the next. Therefore, the dynamical behaviour of polymer¬

like micelles reflects both the kinetics of exchange of material and the dynamical

properties of polymers.

In spite of this apparent complexity, surfactant solutions of long worm-like micelles

exhibit a very simple linear viscoelasticity. In the semi-dilute range, i.e. at surfactant

concentrations large enough for the cylindrical micelles to overlap, the linear rheology

is dominated by reptation (as for ordinary polymers) and by reversible breaking and

recombination of the chains. The two relaxation times Trep and Tbreak related to theses

mechanisms control the dynamical response to an external stress. As long as the

breaking time Tbreak is much shorter than the reptation one, the stress relaxation function

G(t) follows an almost purely exponential behaviour : G(t) = G0exp (-t/TJ where G0 is

the elastic plateau modulus and TR is the terminal relaxation time.

In this study, a mixture of two surfactants in aqueous solution has served as our model

system. The main surfactant is hexa-ethylene glycol mono n-hexadecyl ether (Ci6E6)

which is neutral, to which variable amounts of the negatively charged 1-hexadecane

sulfonic acid (Ci6S03Na) were added. Varying the fraction of charged to neutral

surfactants, the so-called "doping level" allows to tune the charge density on the

worm-like chains. The doping level is defined as the ratio 100%x[C16SO3Na]/[C16E6],

where [C16E6] and [C16S03Na] denote the weight concentration of C16E6 and

C16S03Na, respectively. A non-binding salt such as NaCl is used in order to screen the

system to a variable extent. The total surfactant concentration ranges between 0.1 and

300 mg/mL, which allow to explore both dilute and semi-dilute regimes. Figure 1.2

shows the chemical structure of the surfactants used, while a representation of the

shape of the obtained mixture is sketched in Figure 1.3.
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(a)

(b)

S03- Na4

Figure 1.2 Chemical structure of the C16E6 neutral surfactant (a) and of the C16S03Na

anionic surfactant (b)

Na0 Q

Na©

Na©

flexibility Na ©

Na©

Figure 1.3 Schematic representation of the structure of a C16E6 worm-like micelle

doped with small amounts of the C16S03Na charged surfactant

1.2 The polymer analogy

[6,9-12, 13-15]

A polymer is a molecule that consists of a great number of units N When diluted in a

solvent, such a molecule gets tangled up into a random three-dimensional coil, which
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is a result of the chain's flexibility. The random walk is a mathematical model that

describes the basic features of polymer configurations and diffusive motion. In the

simplest form, it consists of a sequence of N steps of length a each in a random

direction. The root mean square length (R2)1/2 of such a walk is given by :

(F2) =aN1'2 (1.1)

From that, the size dependence of the polymer coil can be deduced :

RGocN05 (1.2)

where RG is the radius of gyration. This scaling law corresponds to conditions where

the monomer-monomer interaction is equal to the monomer-solvent interaction, which

are called theta (6) conditions. Under good solvent conditions where the

intermolecular interactions are weak compared to the thermal energy, the polymer coil

configuration behaves as a self-avoiding random walk (the walk has the additional

restriction that it can not cross itself within a distance a). This effect is called the

excluded volume effect. This leads to :

RGocN06 (1.3)

These equations assume that the number of path steps in the random walk correspond

to the degree of polymerisation. However, this identification does not account for the

stiffness of the chain. The stiffness of the chain is characterised by the Kuhn length b,

(or persistence length Lp with b = 2Lp) which is the critical length below which any

segment can be regarded as rigid. This means that different segments of length b

behave as independent. Thus, in a chain of contour length L, there are L/b such

segments. Therefore, by measuring the radius of gyration at 6-conditions for a polymer

of known contour length, we obtain the Kuhn length :

bA (1.4)

The Kuhn length is determined by the flexibility of the chain. Indeed, Lp is related to

the bending modulus w for the neutral chain through :
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w

L=— (1.5)

The physical meaning oîLp is the following : Memory of chain direction is retained on

length scales shorter than Lp, but lost once Lp is exceeded. The notion of persistence

length is especially important when dealing with charged polymers (polyelectrolytes).

The presence of the charged groups influences both intra- and intermolecular

interactions. Intramolecular repulsions between the charged groups lead to a more

extended conformation of the chain compared to the corresponding neutral polymer.

As a consequence, b is mostly determined by the electrostatic effects and the total

persistence length for a polyelectrolyte chain can be represented as the sum of an

intrinsic and an electrostatic length :

Lp=L°p+Elp (1.6)

An approximate relation was derived by Odijk for the electrostatic part ofLp :

1 v2

where lB, v and k are key parameters for the description of electrostatic interactions in

polyelectrolyte solutions and will be defined here : The Debye screening length k1 is a

measure of how the combination of valency, concentration and dielectric constant

contributes to the screening of interactions between charges in solution :

^iWf <18>

where /is the ionic strength of a solution containing n moles of the charged component

i with valency z, equal to :

The Bjerrum length lB is a characteristic length, which describes the distance at which

the Coulombic energy between two unscreened charges is equal to the thermal energy

kBT. This means that at distances smaller than lB, the counterions are expected to
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condense at the charged cylinder surface of the polymer, while at distances higher,

they remain free in the solution. It is a constant parameter for a given solvent and

temperature :

1 e1

47T£0£r kBT

Finally, v defines the effective linear charge density along the chain and depends on lB.

In our system, it is directly related to the "doping level", provided that the strongly

non-binding Na+ ions can be assumed as fully dissociated.

A common model used to describe a polyelectrolyte starts from a charged cylinder and

solves the Poisson-Boltzmann equation. However, the concept of persistence length

should be used with care. Several open questions remain in this field, as the existing

theories are not able to explain many experimental results.

So far, we have assumed an isolated polymer chain with no interactions with the other

chains. This situation corresponds to a dilute polymer solution in which

macromolecules are separated by large distances and hardly interact with each other at

all, as depicted in Figure 1.4 for c < c*. Such a solution corresponds to a particularly

interesting case, as by studying them, we actually learn about the properties of the

individual chains. For instance, from light scattering measurements, the shape and size

of the individual coils can be extracted. With increasing concentration, the polymer

coils sooner or later start to overlap, which occurs at the overlap concentration c = c*,

where the coils just touch each other. Its value corresponds to the crossover between

the dilute and semi-dilute regime and can be estimated as :

c« =^A (MD

where M is the molecular weight of the coil. At c > c*, the chains get entangled and

form a dense network, as shown in Figure 1.4.
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Figure 1.4 : The different regimes in a polymer solution

1.3 Scattering techniques

[2, 3, 9, 16]

Scattering experiments have as an aim the determination of the structure and

organisation of particles in a homogeneous medium. The particles can be colloids or

macromolecules like polymers and micellar aggregates with sizes ranging from a few

angstroms to micrometers. In a dilute system, we learn about the shape and

arrangement of the individual particles while in a concentrated system, information

about positional correlations and spatial arrangement of the particles in the sample can

be extracted. The measure of the absolute scattered intensity yields information on the

apparent molecular weight of the objects.
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Detector

Figure 1.5 : Schematic representation of a scattering experiment

In a typical scattering experiment, an incident beam of radiation of wavelength X is

directed on the sample. Some of the radiation passes through the sample without any

interaction, some is scattered. The scattered intensity is measured as a function of the

scattering angle 0. The important physical parameter is the scattering vector q : It is

defined as the difference between the propagation vectors of the scattered (ks) and

incident radiation (kt) (see Figure 1.5) :

q = kr-ks (1.12a)

For elastic scattering, no change of frequency occurs between the incident and

scattered radiation, and the magnitude of the incident and scattered wavevector is

equal '\k\ = \k\ = Inja. This leads to :

w = q
4TT

.
_,_

—sin 0/2
A

(1.12b)

How can structural information be obtained? The scattered waves have different

phases caused by the different path lengths that the incident beam has to travel. If the

dimension of the scattering particles is comparable or larger than the wavelength, there

will be interference effects between different scattering centres of the particle. The

phase shift between two points separated by a distance vector r is given by the product

qr. Its value determines, whether the interference of the waves is constructive or

destructive (see Figure 1.6). Since interference effects are most important in the range

of qr
= 1, the selection of q determines the characteristic length scale which is probed

in a scattering experiment. By increasing the scattering angle, the effect of
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interferences increases and from the angular dependence of the scattered intensity, one

can obtain structural information. In the case of a polymer molecule, interference

effects appear from different monomer units along the chain, which depend on how the

monomer units are distributed in space. Interference effects can also occur between

monomers on different chains, so information about the relative distribution of

different polymer molecules is also available.

Figure 1.6 : Diagram showing constructive and destructive interferences between two

scattered points depending on the scattering angle.

The total scattered intensity I(q) is the product of four factors :

Total measured scattering = Instrumental constant X Contrast factor X

Concentration X structure factor

The instrumental constant can be measured independently, by using a reference probe.
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1.3.1 The contrast factor

The contrast factor is a measure of the strength of the interaction between the probing

radiation and the elementary scatterer. It is expressed by the scattering length b, which

corresponds to the amplitude of the scattered wave relative to that of the incident

wave. For a point scatterer, it is related to the differential scattering cross section

do/dQ, which corresponds to the normalised, scattered intensity through :

^) = b2 (1.13)
du.

1.3.1.1 Static light scattering (SLS)

The process in which light is scattered can be viewed as follow : The electrical field of

the incoming wave E(x,t) = E0 cos(ö# - kx) induces an oscillating dipole in the atoms.

In response to that, the accelerated charges will radiate part of the electromagnetic

energy. The induced dipole moment is given by p(t,x) = aE(t,x)where a is the

polarisability of the scatterer (see Figure 1.7). The scattered field Es at a distance R
'

in

a direction, which is tilted against the direction of the polarisation of the incident wave

by an angle 0 can be written as :

E.(R) =¥££

For the differential scattering cross section, we then obtain :

da I
„2

16tt4
2 . 2 , .. . _.

— = —R=——a sin
è (1.15)

dQ L A4
v y J

Lo

The polarisability a can be expressed as a function of the refractive index, which leads

to:

2k M ( dn

'A

b=YT"{^ (116)
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where M is the molar mass of the point scatterer, NA the Avogadro number, ns the

refractive index of the solvent and dn/dc the refractive index increment of the solution,

which can be measured.

Figure 1.7 : Schematic representation corresponding to the theoretical description of

light scattering (see text).

1.3.1.2 Small angle neutron scattering (SANS)

For scattering of neutrons, the interaction with matter is different. It is caused by

interactions with the nuclei in the sample. The scattering ability varies in a non-

systematic way with the atomic number, and the interactions can be quite different for

different isotopes, as it is the case for hydrogen and deuterium. An important feature in

neutron scattering is the pronounced difference in the scattering length between

hydrogen and deuterium. In an experiment, contrast variation experiments can be done

by either using deuterated solvent or deuterated solute.
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Neutrons are small particles for which wave-particle duality becomes important. The

wavelength of neutrons A is related to their mass m and velocity v by the de Broglie

formula :

h
A = — (1.17)

mv

Therefore, A and hence the scattering vector q will depend on the kinetical energy of

the neutrons. Neutrons can be generated from a nuclear reactor or a particle

accelerator. In a nuclear reactor, fast neutrons (l-2MeV) are produced in a fission

chain reaction, often from enriched uranium 235U. The emitted neutrons are scattered in

the surrounding moderator where they lose energy until they reach an average thermal

energy characteristic of the moderator temperature. A H20 moderator at 50°C

corresponds to a most probable neutron wavelength around 1.4 Â. In an electron

accelerator source, high-energy electrons interact with heavy elements, producing

gamma radiation, which in turn interact with nuclei to generate neutrons. Finally, in a

spallation neutron source, heavy particles such as protons are accelerated to very high

energies and splinter neutrons from heavy nuclei with a high yield (around 30 neutrons

per proton). The high energy of the neutrons produced has to be reduced by a

moderator in order to be suitable for scattering experiments.

For neutron scattering, the value of b depends on the given isotope and nuclear spin

state. The differential scattering cross section of a set ofN scattering centres is given

by:

^)=t(Wqrß) 0-18)
a^£

j,k=\

where r]k
=

r}-rk are the positions of the scattering points j and k. This leads to the

following expression for the product of (bft,) :

(äaH*>2+M(*2)-<*>2) (U9>

The first term describes the scattering from nuclei with the same value of (b) and

corresponds to the coherent part of the scattering length, which contains all the

structural information. The second term corresponds to the incoherent scattering which
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contains no interference term and hence no information on the structure of the system.

It is a flat background that has to be subtracted in the analysis of the data. The values

of b are experimentally determined and tabulated, and the scattering length of a

scatterer is obtained by summing the scattering lengths of its atoms. Usually, one uses

an average scattering length density p rather than the scattering length b :

'
J

where b} represent the coherent scattering lengths of the nuclei for all atoms of an

individual scatterer in a volume V.

1.3.2 The structure factor

The relevant information is found in the structure factor. In the case of colloidal

particles, the information is obtained from the product of the form factor P(q) and the

structure factor S(q), provided the intra- and inter-particle interferences can be

considered as independent. The form factor depends only on intra-particle

interferences and is independent of concentration as long as the molecules or particles

remain unchanged. The structure factor accounts for inter-particle interferences and is

related to the pair distribution function g(r) of the particles through :

S(q) = ]e'^g(r)d3r (1.21)
0

It is therefore equal to the Fourier transform of the pair correlation function g(r). In the

case of polymers, the scattering points (monomer units) are small compared to the

wavelength, therefore P(q) = 1 and we can restrict the discussion to S(q). The static

structure factor describes the spatial arrangement of the N scattering points and is

defined as :

1 / N N \

<%) = ^7 XX^0i (1-22)
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S(q) is an essential parameter in a scattering experiment since it can be directly

measured and allows to test the agreement between theory and experiment at different

length scales.

To summarise, in a scattering experiment we obtain, after normalisation by the

incident radiation, the total number of particles (neutrons or photons) scattered per

second at the angle 0 per unit of solid angle £2, or differential scattering cross section :

^(q) = b2NS(q) (1.23)

1.3.3 The scattering from a polymer solution

Since the scattering intensity as a function of q is the Fourier transform of the pair

distribution of scattering centres in the sample, it is evident that q space and real space

are conjugated. In other words, small q correspond to large dimensions and vice versa.

I 1 1 1 1
„

1 10 100 1000 10000 Dimension [A]

<

Small Angle -4

Neutron Scattering Static Light Scattering

Figure 1.8 : Size range of the scattering methods

As shown in Figure 1.8, the combination of different scattering techniques allows to

cover a large range of sizes. What type of information can we get in the different q

domains?

Let's simplify the example to the case of a dilute solution of polymers [17] :

Working at low q gives access to large scale dimensions. In this situation, each object

is practically a point and the only thing one can do is to count the number of points,

which is equivalent to a measure of the molecular weight M. In an extrapolation at
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q
= 0, we measure only thermodynamic aspects of the solution, but do not obtain any

information about the structure of the objects. Now we increase q to a value of q1 in

the order of the radius of gyration Rg of the objects. In this domain which is called the

Guinier regime, we obtain the dimension but no details of the shape and structure of

the objects. These are the domains that can be investigated by static light scattering.

If we further increase q we reach a domain where we see only a part of the object. The

scattering does not depend on molecular weight and one obtains information about the

statistics of the chain and its persistence length Lp. At some value of q1 corresponding

to the value of the persistence length, we will see a crossover between a Gaussian

chain and a behaviour typical of a rigid rod. Finally, at larger q we can look at a region

where the local structure of the chain will begin to play a role. It corresponds to q1

values of the order of the cross-section radius Rg cs
of the cylindrical chains. These two

last domains are best investigated by small angle neutron scattering.

q
= 0 q«l/Rg q»l/Lp q«l/Rg,cs

Figure 1.9 : The different q domains

From this qualitative interpretation it becomes clear that an increasing value of q

corresponds to a decreasing probability of observing chain ends, i.e. of having effects

of the chain length and polydispersity. Therefore, if we are no more in the dilute

regime, at concentrations where the individual chains overlap, the analysis of the two

first q domains becomes difficult since the intermicellar interactions are at distances of

the order of the size of the micelles. One cannot determine the molecular weight and

radius of gyration, which have to be replaced respectively by the osmotic

compressibility and the static correlation length. For larger q, the concentration has
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almost no effect since with such a large magnification, one will very rarely have two

different objects in the field of observation.

log I (q) Guinier regime

/
Flexibility

Cross-section

structure

*

logq

Figure 1.10 : Typical scattering data for a single polymer chain

Figure 1.10 shows a schematic representation of the scattered intensity I(q) versus q

with the different asymptotic regimes as predicted by polymer theory :

Guinier regime : the apparent molar mass Mapp and radius of gyration R& app
of

the chains can be calculated using the Guinier equation :

S(q) = N(l~q2R2g) (1.24)

A measurement in this regime is shown on Figure 1.11.

Intermediate q domain (Rg » 1/q >>Lp) : the polymer theory predicts for

flexible polymer coils a power law decay with an exponent x = 2 for a random

walk chain and x = 5/3 for a self-avoided walk :

S(q) ~ q~ (1.25)
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Crossover to the rigid rod behaviour (Lp » 1/q » Rg, cs) ' At distances smaller

than the persistence length of the chain, we expect the typical behaviour for

rod-like structures :

S(q) °c q~ (1.26)

Figure 1.12 shows an example of a SANS measurement where the crossover between

the self-avoided walk and rigid rod behaviour allows the determination of the

persistence length of the micelles.

Cross-section structure : At still larger values of q, the local cross-section

structure of the chains gives rise to a strong decrease in the scattered intensity :

S(q) ~ q~ (1.27)

l(q )/l(q
mes
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Figure 1.11 : Typical SLS measurement of a C16E6 micellar solution at 6% doping

level, 0.1M NaCl and different surfactant concentration (Squares: 0.4 mg/mL;

Circles : 0.6 mg/mL; Triangles : 1 mg/mL). (a) ^-dependence of the scattered intensity,

(b) Linear fitting in the Guinier regime allowing the determination of the molar mass

and radius of gyration.
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Figure 1.12 : SANS measurement of a C16E6 micellar solution at 6% doping level,

0.1M NaCl and surfactant concentration of 0.6 mg/mL. The crosses correspond to

measured points and the curve represents the best fit obtained from a non-linear least

square fit of a worm-like micelle with excluded volume interactions (see chapter 2).

1.4 Rheology

[2,3,18,19]

Rheology deals with how a system responds to a mechanical perturbation in terms of

elastic deformation and viscous flow. Many polymer solutions display rheological

properties in which the response to mechanical perturbation involves both elastic

deformation and viscous flow, and this is also the case for most solutions of worm-like

micelles.
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Figure 1.13 : Schematic view of the cone and plate geometry

Figure 1.13 shows the geometry used to get information on the rheological properties

of the micellar solutions. The sample is placed between the two moving elements. The

plate is stationary, while the cone with radius a and angle 0 can be displaced. In a

stress driven experiment, a torque M generates an angle displacement £2, which is

measured, while in a strain driven experiment, one measures the torque M generated

by an angle displacement Q. The shear rate /and shear stress a are related to the

geometrical parameters through :

y.
dQ.

dtO
(1.28)

3M_
2m3

(1.29)

1.4.1 Steady state measurements

This type of measurement allows the determination of the flow curve of the

viscoelastic fluids. The shear rate is varied and the stress produced in the sample is

measured. Newtonian fluids display a linear relation between shear stress a (the force

per unit stationary surface) and shear rate dy/dt (the rate of displacement of the moving

part), which defines the viscosity 77, as shown in Figure 1.14(a) :

r\
a

r
(1.30)
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t (a)

Ideally viscous

t (b)

Visco-elastic

Figure 1.14 : Flow curve of a Newtonian fluid (a) and a viscoelastic fluid (b)

For a viscoelastic fluid, the flow curve in a linear plot usually looks like Figure 1.14(b)

and the zero-shear viscosity r\0 is determined by extrapolating the viscosity value to

zero shear rate. In addition, plotting such curves in log-log plots allows to extract

information on the non-linear viscoelastic behaviour. Figure 1.15 shows a typical

experimental curve as expected for viscoelastic aqueous micellar solutions.

1000-,

100-

Shear stress [pa]

o Viscosity [Pa.s]

0.01

0.01 0.1 1 10 100

Shear rate [1/s]

1000

Figure 1.15 : Log-log plot of a steady-state measurement of a C16E6 micellar solution

at 100 mg/mL, 6% doping level and 0.1M NaCl. The horizontal line shows the value

of the shear stress plateau a
* and the vertical line represents the onset of the non¬

linear regime at a shear rate of y *.
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The non-linear rheological behaviour of a material is ruled by its constitutive equation,

which determines the stress at a certain time in terms of the flow history. For steady

shear with simple flow history, constitutive relations have been solved and a model

[20] was proposed which predicts the following relations :

a* = 0.67G0

7* = 2.6t"1
(1.31)

with <7* and y* as defined in Figure 1.15. G0 is the elastic plateau modulus and Tis

the relaxation time of the system.

1.4.2 Dynamic measurements

In such an experiment, the upper part of the setup (the cone) is moved periodically

with an angular frequency (O and a strain amplitude y0. The sample is thus subjected to

a small amplitude oscillatory shear strain :

y{t) = y0 sin(cot + Ö) (1.32)

This oscillatory motion will give rise to a time-varying shear stress

a{t) = (J0 sin(cot) (1.33)

y a
«- Go Yo

Figure 1.16 : Representation of the variation of stress and strain with time for a

viscoelastic material
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From the phase lag of the shear stress and from the ratio of the amplitudes of the

imposed oscillation and of the response of the solution, the storage modulus G'((o) and

the loss modulus G"((o) are calculated :

G' =^^ (1.34a)
7o

G"=^^5 (134b)
7o

The storage modulus is related to the elastic properties of the solution and the loss

modulus is proportional to the energy dissipated during the flow. These values

generally depend on the frequency ft). For an ideal solid, the storage modulus is

G'((o) = G0 and the loss modulus G"((o) = 0, while for a Newtonian liquid G'((o) = 0

and G"((o) = r\(0. The magnitude of the complex viscosity is given by :

r/*(û))=± —

y-JL- (1.34c)
ft)

By measuring the frequency dependence of the storage and loss moduli, we obtain

information on the time scales for mechanical relaxation processes in the sample.

The rheological properties of worm-like micellar solutions can be described by a

simple mechanical model. The Maxwell model assumes that the elastic properties are

given by a Hookean spring and that the viscous behaviour can be represented by a

Newtonian dashpot, as shown in Figure 1.17(a).
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Figure 1.17 : (a) Representation of the Maxwell model with a spring and a dashpot.

(b) Frequency dependence of the storage and loss moduli for a material following the

Maxwell behaviour.

Within this model, the storage and loss moduli are given by

G (co)
1 + (cor)2

(1.35a)

G"(co)
G0((ot)

1 + (cor)2
(1.35b)

The two parameters of the model are G0, the value of the elastic modulus in the limit of

high frequencies, called the plateau modulus, and T, the relaxation time of the system

which corresponds to the inverse frequency at the point where G '(co) and G "(co) cross

each other. These features are schematically represented in Figure 1.17(b).

The Maxwell model is able to give a good description of most of our surfactant

systems, but there is always a deviation in the high frequency part of the spectrum.

Figure 1.18(a) shows an example of an experimentally obtained spectrum for a

charged system, together with the corresponding Cole-Cole plot in Figure 1.18(b). The

Cole-Cole diagram is an alternative way to represent the data where G" is plotted as a

function of G'. Though the frequency information is lost, this representation clearly
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shows any departure from the pure Maxwellian behaviour, which appears as a semi¬

circle.

G' [Pa
G" [Pa]

0.02

0.03 0.1

G" [Pa;

1 10 40

CO [rad/s]

Figure 1.18 : Experimental dynamic measurement of a C16E6 solution at 70 mg/mL,

6% doping level and 0.01M NaCl. a) Storage modulus (black symbols) and loss

modulus (grey symbols) as a function of the angular frequency. The lines are a fit with

the Maxwell equations, b) Data in the form of a Cole-Cole plot. The semi-circle

represents the Maxwell behaviour.

1.5 Theoretical considerations for micellar systems

The viscoelastic behaviour of entangled polymer solutions and melts is described by

the tube or reptation model first developed by De Gennes. It considers that the

pathway for stress relaxation after an imposed small step strain, is provided by the

diffusion of the macromolecules along the tube formed by the wrapping entanglements

of the neighbouring chains. This model has been modified by Cates for the case of

equilibrium polymers by taking into account the equilibrium molecular weight

distribution and the finite lifetime of the micelles. However, the theoretical predictions

happen to be available only for a restricted range of surfactant and salt concentrations.

At very low salt content corresponding to a regime where K1 > £,, where K1 is the
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Debye length and ^ the correlation length, the Coulomb effects lead to a complicated

behaviour of the rheological parameters upon surfactant concentration [21]. The

micellar growth rate is expected to be considerably modified due to the electrostatic

interactions [22, 23]. At intermediate salt concentration, for K1 < |, the electrostatic

interactions are well screened and the model does apply. But, at even higher salt

content, many recent studies suggest that intermicellar branching appear, leading to

strong deviations from the cited model [24-34]. Other deviations can arise at high

surfactant concentrations and/or ionic strength, where intermicellar orientational

correlations can affect the rheological behaviour and possibly be responsible for phase

changes [35].

1.5.1. Micellar growth

In a mean field approach, the minimisation of the total free energy of the micellar

solution (which results, in the absence of electrostatics from the competition between

entropy and end-cap energy) leads to a broad, exponential distribution of micellar sizes

and to a mean aggregation number N equal to :

N « 01/2 Qxp(Ec/2kBT) (1.36)

The number density of chains with aggregation number N is :

c(N) - Qxp[-N/N] (1.37)

where Ec is the end-cap energy of the micelle, and 0 the surfactant volume fraction,

proportional to the surfactant concentration. The value of 1/2 for the exponent is

subject to controversy [36-40]. It has mostly been verified for systems with relatively

weak growth [39, 40]. For non-ionic C16E6 micelles in aqueous solution, a growth

exponent of 1.2 ± 0.3 was found [41]. For charged surfactant systems at low salt

content, electrostatic interactions may affect the self-assembly of the surfactant

molecules, leading to an exponent that is considerably larger than 0.5 [8, 23].

For neutral or highly screened micelles, the end-cap energy, which corresponds to the

energy difference of a surfactant molecule packing in the cylinder end-caps in
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comparison to the straight part of the micelle, is equal to the scission energy required

to create two end-caps from a semi-infinite cylinder.

For charged micelles, the situation is more complicated. In this case, the scission

energy has two contributions : The end cap energy that favours the micellar growth

and a repulsive contribution due to the charges along the micelle that favours the

breaking of the micelles. These equations should apply in the dilute and semi-dilute

regimes, below some point where excluded volume forces become non-negligible. For

charged systems, three different regimes can be distinguished [22].

(i) A dilute regime corresponding to systems with a Debye length larger than the mean

micelle size : The competitive end-cap and repulsive energies cause a minimum in the

free-energy, leading to micelles that are almost monodisperse, contrary to the broad

distribution of lengths observed for neutral systems. Their length increases very slowly

with concentration :

N.
'

Lav

—+ log[
KT \N

(1.38)

where v is the effective charge density per unit length, lB the Bjerrum length and a the

length of the surfactant molecule.

(ii) A semi-dilute or growth regime in which the Debye length is smaller than the mean

micelle size. The micelles have a wide size distribution and their length is strongly

influenced by the charge of the micelles and the ionic strength of the solution :

—
( F v2al \

# = 201/2exp _i_^ (1.39)
2kBT 2<p

1/2
J

The first term in the exponential favours growth, while the second term represents

electrostatic repulsions which favour the breaking of the micelles. The Debye-Hückel

k1 length is defined as :

K2 =4nlB(ap + 2ps) (1.40)
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with a the ionisation degree of the charges, p the number density of charged surfactant

molecule and ps the number density of salt molecules in the solution. This regime

corresponds to a rapid growth. However, this does not represent a simple power law as

one observes for the growth of neutral micelles. The crossover between these two

regimes is rather sharp and occurs when K1 is approximately equal to the size of the

micelle. If no salt is added, it corresponds to the overlap volume fraction 0* for which

the end-cap energy Ec is equal to the repulsive energy :

r~{kBTlBav2/Ecf (1.41)

valuable for large enough values of Ec. As the salt concentration is increased, the

crossover volume fraction decreases. In the high salt limit, the crossover is predicted to

disappear and a simple power law behaviour in the whole concentration domain is

expected, as in the neutral case (see Figure 1.19).

log N

log c|>

Figure 1.19 : Theoretical predictions for the micellar growth of neutral and charged

micelles. 0* represents the crossover volume fraction between the dilute and semi-

dilute regimes.

(iii) A third concentrated regime where the dominant energy contribution is due to the

entropy associated with the rearrangement of the counterions upon formation of end-

Neutral

micelles
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caps. This effect arises because the counterions are less tightly bound near the end-

caps. The growth is only weakly dependent on the volume fraction.

Figure 1.19 schematically illustrates the two extreme cases of neutral micelles and salt-

free ionic micelles. In Figure 1.20, an experimental example is showed.

r\ [Pa.s]

O.OOHl

c* (neutral)

c* (charged)

100 300

c [mg/mL]

Figure 1.20 : Experimentally obtained curves of the viscosity versus concentration for

C16E6 neutral micelles at 0% doping level and 9% doping level of charged surfactant.

The lines are guides for the eyes.

1.5.2 Micellar kinetics

1.5.2.1 The "Equilibrium polymer" model

For classical polymers, a theory for the stress relaxation mechanism of linear chains

was developed by de Gennes [42]. In this theory, a polymer chain above the overlap

concentration c* is constrained in a hypothetical tube formed by the surrounding

chains. The only way a molecule can relax is by a curvilinear diffusion in its tube. This

snake-like process is called reptation and a characteristic time Trep is defined which

corresponds to the time required for a chain to completely leave its original tube by

diffusing a distance of the order of its average length L. In the case of polymer-like

micelles, the reversible scission is considered as the dominant relaxation process and
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corresponds to the following mechanism : a unimolecular scission reaction and a

reverse bimolecular recombination reaction. Tbreak represents the time taken for a

micelle of the average length L to break into two pieces, as well as the lifetime of a

micellar end before a recombination event occurs :

break (KL)~l (1.42)

with k1 the rate constant for the breakage (probability per unit time and length),

assumed to be independent of time and micellar length.

In the fast-breaking limit Trep» Tbreak ,
chain breakage and recombination occur often,

that is before the chain reptates out of its tube segment. The stress relaxation function

is then purely exponential, which can be explained by the fact that before a given tube

segment relaxes, the chain will undergo many breaking and fusing reactions, so that

there is no memory of the initial length and position of the chain in the tube. The stress

relaxation function <J(t,y), which is proportional to the relaxation modulus G (t,y),

decays according to :

<r(f,r) = <7o(r)exp
T

(1.43)

with a0 (y) being the shear stress at time zero for the imposed strain y. The new

associated terminal relaxation time corresponds to a process whereby the chain breaks

at a point close enough to a given segment of tube for reptation relaxation of that

segment to occur before a new chain end is lost by recombination. It is equal to :

TR=(rbreakrrepr (1.44)

This regime is characterised by a Maxwell behaviour at low frequencies. Its

viscoelastic behaviour can thus be described by equations (1.35a) and (1.35b), where

the relaxation time x, in this case is equal to TR. Fitting the data at low frequency

allows to determine the values of G0 and TR. Furthermore, if one plots the imaginary

part of the shear modulus {G"((o) or loss modulus) against the real part {G'((o) or

storage modulus) in a so called "Cole-Cole plot", the pure Maxwell behaviour

corresponds to a half circle, and it is possible to get an estimate to which extent
thedatadeviatefromthesemi-circularshapeandwhattypesofdeviationsaretaking
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place. At high frequencies (in the right part of the Cole-Cole plot), one expects to see a

deviation due to reptation, which should occur at a frequency of the order of the

inverse of the breaking time of the micelles {t break). In this case, the semi-circular

shape of the curve will deviate with an asymptotic slope of -1. Other possible

deviations occurring at high frequencies are due to a crossover to small scale motions

of the chains when the dominant motion is no more breaking or reptation (breathing

and Rouse modes, see below). In this case, a turnup of both G
'

and G" can be seen,

which depth can be used to estimate the number density of entanglements in the

network.

According to the theory of polymer dynamics [43, 44], the reptation time of a

polymer-like micelle of mean length L is given by :

rrep~f'2L3 (1.45)

The plateau modulus is independent of the chain length. For fully flexible chains, it

essentially measures the number of links per unit volume or the density of the network.

It may be written as :

G0~kBTf'4 (1.46)

In addition, the zero-shear viscosity is related to the terminal relaxation time and the

plateau modulus by the following important relationship :

7lo=GJR (1.47)

The combination of equations (1.42), (1.44), (1.45), (1.46) and (1.47) gives the

following scaling, assuming a (f>05 dependence of the micellar length L :

T)Q oclf oc035 (1.48)

In the slow-breaking limit Tbreak > Trep, pure reptation is occurring, and the concentration

dependent properties vary with the same laws as for classical polymer solutions. In this

case, TR =

Trep and we obtain :

77o°c015/4Z3oc0525 (1.49)
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The shear stress decays as

<r(f,r) = <7o(/)exp

(
t
^

T
V rep J

(1.50)

which corresponds to a broad spectrum of relaxation times (system of chains with

exponential polydispersity). Therefore, by fitting the curves of the relaxation modulus

G(t) versus time, one can obtain an approximate value of the plateau modulus G0 and

relaxation time TR, but also get an idea to which extend the behaviour is deviating from

the pure exponential. Indeed, we expect an exponent of the exponential ranging

between 0.25 (pure reptation) and 1 (fast-breaking limit). In Figure 1.21, we show an

example of a fitted experimental curve.

G(t) [Pa]

t[s]

Figure 1.21 : Relaxation curve of the C16E6 surfactant system at 100 mg/mL, 0.01M

NaCl and 6% doping level, after an imposed strain of y= 10%. The line represents the

best fit, which corresponds to the equation given in the inset.

At this point, it is useful to introduce the parameter Ç= Tbreak/Trep, which value is

directly related to the dominant relaxation process (Ç « 1 when breaking is the

dominant process).
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1.5.2 2 Breathing and Rouse regimes

In the high frequency regime, the model of Cates has been extended [45] in order to

include the short time scale relaxation processes and theoretical predictions were

obtained from computer simulations [46]. If Tbreak is reduced, one enters a regime

where tube length fluctuations or "breathing" is the dominant motion on the time scale

of Tbreak (see Figure 1.22). This leads to fluctuations in the tube length of :

AZ~(Z-/J/2 (1.51)

The corresponding time scale TR can be estimated as :

î^fL (1.52)

This gives rise to a new fundamental relaxation time, valid for Tbreak « TR [47]

1/4 3/4

rep break
- (1.53)

At still smaller values of Tbreah a further regime arises where the dominant motion on

the chemical time scale is unentangled. The relaxation no longer depends on the length

or configuration of the micellar chains. It corresponds to Rouse modes, associated with

molecular motions of pieces of chains of order the entanglement length le, as illustrated

in Figure 1.22. The corresponding time is :

Te={j)Trep (1-54)

In this regime, G'((o) and G"((o) overlap in an unique curve, with the following

dependence on o) [48] :

G' = G"=G0i-cor 1 for<üTe>l (1.55)
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Figure 1.22 : High frequency local motions of the chain, (a) Breathing modes arising

from fluctuations in the length of the original tube, (b) Rouse modes associated with

stretches of chain segments shorter than the entanglement length le.

These additional modes strongly affect the high frequency behaviour. In the limit

Tbreak» Te, with Te equal to the Rouse time associated with the entanglement length le,

there is an upturn in the Cole-Cole plot. The value of G" at the dip (G"mn) allows an

estimate of the average length of the micelle, provided that IjL « 1 (large number of

entanglements per chain) :

G"mm
_

K

G. L
(1.56)

where G'x is the extrapolated plateau modulus. For flexible micelles, the entanglement

length can be estimated from the relation [49] :

G' =

kj
79/5/6/5

(1.57)

where t, is the correlation length and / the persistence length.

So far, it should be said that these theoretical predictions correspond to a rather limited

range of surfactant and salt concentration. Outside this range, deviations are expected

for the shape of the Cole-Cole plots, and the interpretation of the plots becomes much

more ambiguous.
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1.5.2.3 Rodlike micelles

The case of very stiff rodlike structures has been theoretically studied by Cates et al.

[50]. Such structures can arise at low surfactant concentrations, but also for charged

systems at low salt content, where the high electrostatic intramicellar interactions

induce an increase of the micellar persistence length. Stiff rods can undergo angular

relaxation and translational diffusion in addition to reversible breaking and reptation

for stress relaxation. In the fast-breaking case, the relaxation time for entangled stiff

rods is :

T^oä-^la^l (1-58)

where Trot represents the angular rotation time of a hypothetical unbreakable rod of

length L. Like for flexible micelles, the stiff micelles are expected to follow a single

exponential relaxation shape. Indeed, at each breaking process, the monomers are

redistributed randomly among the rods, which continuously relax by angular diffusion.

The characteristic times scale according to :

T^-fL1 (1.59)

^rod-rL911 (1.60)

In the case of a dilute system, we get the following results :

?*.„*<" 1%LS% 0-61)

?rot-L3 (1.62)

T„rot~L5ß (1.63)

1.5.2.4 Branched micelles

Elongated cylindrical micelles are assumed to be closed by two globular end-caps. The

driving force for the growth is then the free energy difference for a surfactant molecule

between the cylindrical and the globular environment. If some triggering parameter
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induces an increase of the end-cap energy, the micelles will grow to avoid the

unfavourable globular configuration. This change corresponds to a decrease of the

optimal curvature. At some point, a further increase of the parameter can induce the

formation of branched cross-link points, thus inverting the curvature of the aggregates.

Such a situation shows a distinct dynamic behaviour that can not be accounted for by

the reptation model. A theoretical treatment has been performed by Lequeux [51]. By

adapting the model of Cates to the case where a certain proportion of 3-fold

connections is present, he showed that the general features remain valuable if the

average micellar length L is replaced by a new length Lc defined as :

Lc=^—lp (1.64)

where lp is the persistence length, nl the concentration of ends, n2 the number density

of persistence lengths and n3 the concentration of connections. We see that if n3
= 0,

the system corresponds to linear micelles and LC=L. In the extreme case of a

saturated network, the length between cross-points is equal to the mesh size,

entanglements are no more present and no reptation takes place when the system

relaxes. nl
= 0 and Lc scales like :

Zc°c<f1/2 (1.65)

Using equations (1.42), (1.44), (1.45), (1.46), (1.47) and (1.65) leads to the following

predictions in the case of a fully connected network :

^~0° (1-67)

TR~f4 (1.68)

770oc^5 (1.69)

The power law for the plateau modulus remains invariant, i.e. G0 ~ (/f/4, because of an

independence of G0 on the micellar length, which value is mainly determined by the

chain cross points (entanglements and connections).
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In a real system, it is more likely to observe a coexistence of end-caps and

connections, leading to scaling exponents that are between the two extreme cases. This

model shows that a decrease of L can arise that does not necessarily correspond to a

real decrease of the micellar length, but to an increase of the proportion of connections.
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2. Worm-like micelles as "Equilibrium polyelectrolytes" :

Light and neutron scattering experiments

We demonstrate that aqueous solutions of giant polymer-like non-ionic micelles

"doped" with small amounts of ionic surfactants serve as ideal model systems for

"equilibrium polyelectrolytes". We report systematic light and neutron scattering

investigations of the effect of ionic strength, doping level and total concentration on

the static properties of dilute and semi-dilute micellar solutions. In dilute solutions we

observe a dramatic influence of (intramicellar) electrostatic interactions on the micellar

flexibility, and the results are in close agreement with Monte-Carlo simulations. We

also analyse the effect of electrostatic contributions to intermicellar interactions and

micellar growth. In the semi-dilute regime, strong long-range interactions between

micelles occur at low ionic strength and induce liquid-like ordering, and the resulting

structure factor peak exhibits the same concentration dependence as previously

observed for polyelectrolytes.

2.1 Introduction

The field of "equilibrium polymers" has attracted considerable interest among

experimentalists and theoreticians [1]. The term equilibrium (or "living") polymer is

used for linear macromolecules that can break and recombine. Therefore equilibrium

polymers are transient structures with a relatively short lifetime Tb, and they exhibit a

wealth of interesting dynamic properties on time scales both long or short compared to

Tb. In particular polymer-like micelles have been frequently used as model systems.

These giant micelles normally have a high degree of flexibility, and their overall

structure is generally well described by polymer theory [1, 2]. The postulate of an

analogy between classical polymers and polymer-like micelles has been an important

step towards a quantitative understanding of surfactant systems. It has proved to be

very useful for a quantitative description of the micellar structure [3-16].
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We have recently extended the approach of using analogies to polymers for an

understanding of surfactant systems to charged systems [15, 17]. There exists at

present a challenge for clarifying important questions about the effect of electrostatic

interactions on the flexibility of polyelectrolytes. We thus proposed to use mixed ionic

and non-ionic surfactant systems as suitable models for "equilibrium polyelectrolytes"

[15, 18]. Based on the data analysis approach developed for the interpretation of

scattering data from semi-flexible micelles and polymers, the actual value of the

measured Kuhn length can be determined with very high precision for a given system

due to the strong scattering of the micelles. This results in data of remarkable accuracy

even at low concentrations, as has been demonstrated recently with solutions of worm¬

like micelles of the non-ionic surfactant Ci6E6, which can be 'doped' by adding a small

amount of ionic surfactant [15, 17].

Here we now present results from a systematic static light and small-angle neutron

(SANS) scattering study of non-ionic micelles doped with small amounts of ionic

surfactant in order to investigate the influence of the linear charge density and the ionic

strength on micellar flexibility, growth and intermicellar interactions. The SLS study

consisted of a determination of the apparent molar mass and radius of gyration

depending on the surfactant concentration at different ionic strengths. This led to

qualitative information about the micellar growth and flexibility. The SANS study,

corresponding to the investigation of the higher q-range, aimed at the quantitative

evaluation of the effect of intramicellar interactions on the flexibility and local

structure. Values of the Kuhn length were obtained by applying a non-linear least-

square fit of the scattering function for worm-like chains with excluded volume effects

[19] to the experimental data. In the semi-dilute regime, the effect of intermicellar

electrostatic interactions was studied at different ionic strengths and concentrations.

2.2 Materials and methods

The surfactant hexa-ethylene glycol mono n-hexadecyl ether (Ci6E6) was obtained

from Nikkol Ltd., Tokyo, the ionic surfactant 1-hexadecane sulfonic acid (Ci6S03Na)

was purchased from TCI, and D20 (99.9 % isotopic purity) was delivered from

Cambridge Isotope Laboratories. The samples were obtained by first dissolving both
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surfactants in D20 (the Ci6E6 at 35°C and the Ci6S03Na at 70°C) and mixing them

together at the required concentrations and ionic strengths. All scattering experiments

were carried out at 35°C. SLS measurements were performed with a commercial

goniometer system (ALV/DLS/SLS-5000F monomode fibre compact goniometer

system with ALV-5000 fast correlator). The instrument had been modified to allow for

a much larger temperature range (6 °C + 220 °C) and increased temperature stability

(better than ± 0.01 °C for several hours). Approximately 1.5 mL of the solution was

transferred into the cylindrical scattering cell (10 mm diameter). The scattering cell

was then stoppered and centrifuged for a minimum 20 min at 5000g and 35°C in order

to remove dust particles from the scattering volume. Experiments were performed

between 15° and 30° at intervals of one degree and between 31° and 130° at intervals

of two degrees. 10-20 short (1 s) individual measurements were taken and averaged for

each angle. The data were then corrected for background (cell and solvent) scattering

and converted into absolute scattering intensities da{q)ldQ (= AR(0), the so-called

Rayleigh ratio) using toluene as a reference standard. The absolute scattered intensity

per volume was calculated using:daA{I(6))fda\dQK'(lref(e)){dQ)<n^\nrefJ(2.1)whereA(I(0))and(Ire/9))aretheaveragebackgroundcorrectedscatteredintensityofthesolutionandtheaveragescatteredintensityofthereferencesolventtoluene,-4-1(do/dQ)ref=39.6x10mistheabsolutescatteredintensityofthetoluene(pervolume),andn=1.33andnref=1.508aretheindexofrefractionofthesolutionandthereferencesolvent,respectively.TheapparentmolarmassMappandthestaticcorrelationlengtht,weredeterminedusingascatteringlawoftheform:whereq=(47m/X0)sm(d/2)isthemagnitudeofthescatteringvectorandX0thewavelength.Thecorrelationlengtht,isrelatedtotheradiusofgyrationbyRg,app=312£,.Thecontrasttermisgivenby
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_4nW(dn\2
K-itxl*)

(23)

-4 3
where dn/dc is the refractive index increment (with dn/dc =1.39x10 m /kg), c is the

surfactant concentration in mg/cm ,
and iVj is Avogadros number.

-4 -1 -3 -1
The accessible range of ^-values is 4.5x10 Â < q < 3.1x10 Â

.
The fit range

was restricted to scattering angles of 24°< 0< 76°, so that only the low g-part was

included in the fit, for which we can use the approximation given in equation (2.2).

The SANS experiments were performed at the instrument D22 of the ILL in Grenoble,

France (dilute solutions), and at the SANS instrument at PSI, Switzerland (semi-dilute

solutions). The initial data treatment and the data analysis were performed as described
-3 -1 -1

in ref [15]). At ILL, a g-range from 2x10 Â < q < 0.32 Â was covered by three

sample-to-dectector distances (d = 1.4, 5 and 17.9 m) at A, = 12 Â. At PSI, a q-range of
-3 -1 -1

2x10 Â < q < 0.3 Â was covered by two sets of combinations of neutron

wavelength and sample-to-detector distances (A= 12 with d = 1.6, 8 and 18 m; and

A=8withd= 1.6, 8 and 18 m).

The samples were kept in stoppered quartz cells (Hellma, Germany) with path lengths

of 5 mm for the long sample-to-detector distances and 2 mm for the shortest sample-

to-detector distance. The neutron spectra of water were measured in a 1 mm path-

length quartz cell. The raw spectra were corrected for background from the solvent,

sample cell, and electronic noise by conventional procedures. Furthermore, the two-

dimensional isotropic scattering spectra were azimuthally averaged, converted to

absolute scale, and corrected for detector efficiency by dividing with the incoherent

scattering spectra of pure water [20-23].

The average excess scattering length density per unit mass Apm of polymer-like

micelles formed by C16E6 andC16S03Na in D20 was determined from the known

chemical composition. The corresponding values are Apm = -6.52x10 cm/g for

C16E6 and Apm = -6.57x10 cm/g for C16S03Na.
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2.3 Experimental results

2.3.1 Static light scattering

Figures 2.1(a), (b), (c) show the concentration dependence of the apparent molar mass

{Mapp in g/mol) for a series of ionic strengths for 3 different doping levels of 3, 6 and

9%, where the doping level is given as 100%x[C16SO3Na]/[C16E6], and where [C16E6]

and [C16S03Na] denote the weight concentration of C16E6 and C16S03Na,

respectively. We observe a qualitatively different behaviour for high and low salt

contents. At high salt content, the concentration dependence oîMapp is similar to that

of neutral equilibrium polymer systems previously observed for micellar solutions of

C16E6 also shown in Figure 2.1 [14]. There is a well-defined crossover from the dilute

to the semi-dilute regime. Below the overlap concentration (c*), we observe strong

micellar growth which results in a dramatic increase oîMapp. Close to c*, the micellar

growth is increasingly masked by intermicellar interactions. At concentrations above

c* the micelles are entangled and form a transient network analogous to semi-dilute

polymer solutions, andMapp does not reflect the micellar molar mass anymore but is

simply related to the osmotic compressibility of the semi-dilute solution and decreases

with a power law of the concentration. However, at the lowest doping level there is an

indication that the addition of large amounts of salt in fact leads to an enhanced

micellar growth.
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Figure 2.1 : Apparent molar mass Mapp vs. surfactant concentration for solutions of

C16E6 and CiôS03Na at different doping levels of 3% (a), 6% (b) and 9% (c). Shown

are data for five different salt concentrations (circles : 0.1 M; triangles : 0.01 M;

crosses : 0.005M; diamonds : 0.0025M; squares : 0.001 M NaCl). Also shown is a

comparison with the previously obtained data for binary ClôEô solutions (solid

circles) and the corresponding renormalisation group calculation using a growth

exponent of a = 1.1 taken from ref [14] (see text for details).

At low salt content, a different behaviour is observed : Intensities are lower and the

initial concentration dependence is much weaker. These conditions are closer to those

of salt-free solutions of ionic surfactants, where a sharp crossover between a regime of

weak growth (due to electrostatic intramicellar interactions) and a regime of

accelerated micellar growth (when the size of the micelles becomes larger than the

Debye length) has previously been observed [24, 25].

Figures 2.2(a), (b), (c) show the concentration dependence of the apparent radius of

gyration Rg,app as obtained from a fit of the Lorentzian scattering function

(equation 2.2) to the data at low values of q. The data for Rg,app show qualitative

overall agreement with the measurements oîMapp shown in Figure 2.1, but quantitative

differences can be observed at low surfactant concentrations. At high salt

concentrations, the data are again in good agreement with those obtained for pure
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C16E6 micelles [14]. However, the size of the micelles characterised by Rg,app strongly

depends on the ionic strength for concentrations c < c*, and we observe significant

'swelling' of the micelles. We shall demonstrate below that this is due to a strong

contribution of intramicellar electrostatic interactions to the micellar flexibility, in

close agreement with predictions for classical polyelectrolytes. Moreover, at very low

salt content and high doping levels we observe low values oîRgjapp at c < c* followed

by a strong decrease ofRgapp at c > c*.

Rg[A]

2000-,

1000-

<>

100-

(a)

0.1 1 10

Concentration [mg/mL]

100

Figure 2.2 : Apparent radius of gyration Rg,app vs. surfactant concentration for

solutions of Ci6E6 and Ci6S03Na at different doping levels of 3% (a), 6% (b) and 9%

(c). Shown are data for five different salt concentrations (same symbols as in

Figure 2.1). Also shown is a comparison with the previously obtained data for binary

Ci6E6 solutions (solid circles) taken from ref [14]. The line represents the t, ~c

predicted scaling law.
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2.3.2 Small-angle neutron scattering

We have also performed a systematic small-angle neutron scattering study of the

effects of surfactant concentration, ionic strength and doping level for 3, 6 and 9%

ionic surfactant. The results from the SANS measurements at low doping level (3%)

and at two different values of the ionic strength ([NaCl] = 0.001 M and 0.01 M) are

summarised in Figures 2.3(a) and (b). The normalised intensity is given as a function

of the scattering vector for concentrations ranging from the dilute to the semi-dilute

regime. Intensities at q —» 0 from light scattering data have been added. In the dilute

range, we see the typical features of semi-flexible polyelectrolyte chains with excluded

volume effects. For the samples with low salt concentration the micelles are extremely

stiff and the Kuhn length is comparable to the radius of gyration. Therefore we can

hardly observe a flexible coil {{da(q)/dQr- q ) asymptotic regime and a

corresponding crossover from the flexible coil to rigid rod {{da(q)/dQ ~ q )

asymptotic regimes. With increasing concentration, the forward intensity increases

first due to the micellar growth and then decreases strongly in the semi-dilute regime

at concentrations c > c*. In the semi-dilute regime, we see the formation of a

pronounced structure factor peak at a characteristic value q*. At high salt content, the

SANS data closely resemble those obtained previously with uncharged polymer-like

micelles, and we observe all the typical features of semi-flexible polymers in the dilute

and semi-dilute regime [15, 19]. The micelles are much more flexible, and at low

concentrations we clearly see the crossover between the different asymptotic regimes

for flexible chains and rigid rods. At c > c*, no structure factor peak can be observed

and the data shows the typical features of semi-dilute solutions of neutral polymers,

with a strongly decreasing forward intensity and a concentration dependent correlation

length t, that follows a power law of the form t, ~ c where x ~ - 0.75 [12, 26].
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Figure 2.3 : Concentration dependence of the normalised scattering intensity da(q)/dQ

from SANS as a function of the magnitude of the scattering vector q at a doping level

of 3% and two different ionic strengths (a) O.OOIM NaCl, (b) 0.01M NaCl
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2.4 Discussion

2.4.1 Micellar flexibility - the polyelectrolyte analogy

Figures 2.1(a) and 2.2(a) summarise the light scattering results obtained at different

ionic strengths and a doping level of 3% (weight ratio [Ci6S03Na]/[Ci6E6] = 0.03).

Figure 2.1(a) shows two characteristic regimes that exhibit a very different

concentration dependence. At low concentrations, the dramatic increase of the

apparent molar mass Mapp with increasing values of c primarily reflects the pronounced

concentration-induced micellar growth. The resulting micelles are extremely large, and

interestingly no measurable ionic strength dependence can be observed for Mapp, i.e.,

Figure 2.1(a) shows that the ionic strength has no influence on the micellar growth.

Once the micellar size and concentration is large enough, the polymer-like structures

overlap and start to entangle. At even higher concentrations, the micelles form an

entanglement network, and the solution becomes viscoelastic with properties

analogous to semi-dilute polymers. The entanglement threshold c*, where the

transition from the dilute to the semi-dilute regime occurs, is in reality not a sharp

boundary but rather a concentration range which starts when the coils on average touch

and ends when the coils are completely entangled [12]. This behaviour is also reflected

in the light scattering data. Mapp reaches a maximum at approximately the overlap

concentration c* and then decreases with a power law dependence on c. Under these

conditions, the scattering data at q —» 0 is insensitive to the size of the individual

micelles but reflects the osmotic compressibility of the network
only(dTt/dc)1'.TheresultsfortheconcentrationdependenceoftheapparentradiusofgyrationRgapPshowninFigure2.2(a)exhibitasimilartrend.Atlowconcentrations,Rg,appfirstincreases,reflectingtheconcentrationdependenceoîMapp.Athigherconcentrations,Rg,appreachesamaximumatapproximatelyc*anddecreasesathighervaluesofc.Undertheseconditions,Rg,appdoesnotreflectthesizeofindividualmicellesanymorebutcorrespondstoa(static)correlationlengtht,=Rgapp/3,i.e.,itreflectsthemeshsizeoftheentanglementnetworkwhichdecreaseswithincreasingconcentration.However,incontrasttothesituationforthemicellarmass,theionicstrengthseemstostronglyinfluenceRg,appforagivensurfactantconcentration.Inthediluteregimeandatfixedtotalsurfactantconcentration,Rg,appasameasureofthemicellarsizestronglyincreasesastheionicstrengthdecreases.TogetherwiththefindingthatM^is

almost
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independent of the ionic strength, this indicates a "swelling" of the micelles caused by

a decrease in the micellar flexibility as a result of intramicellar electrostatic

interactions.

Such an effect is in agreement with the previously postulated analogy between doped

worm-like micelles and classical polyelectrolytes and the corresponding theoretical

predictions for the persistence length lp or Kuhn length b (with b = 2lp) as a measure of

the micellar flexibility [15]. The commonly used mean field models for

polyelectrolytes usually divide the total Kuhn length btot into an electrostatic bd and an

intrinsic or "bare" part b0 such that btot = bd + b0 [27]. Several theoretical models that

account for the influence of electrostatic interactions on the Kuhn length and on the

effect of screening from added salt have been presented in the past [28, 29]. A

frequently used model to calculate bP;ei is the so-called OSF theory, which has

independently been derived by Odijk, Skolnick and Fixman [28, 30, 31]. In this theory,

electrostatic contributions to the bending energy are calculated for a rather stiff worm¬

like chain using a screened Coulomb potential for the electrostatic interactions. Using

the established relationship between the molar mass and the root mean square radius of

gyration for semi-flexible chains we could thus try to estimate btot (or b) from the

values oîM^app and Rg,app plotted in Figures 2.1(a) and 2.2(a) [12]. However, any such

attempt is problematic due to the important contributions from the (unknown)

polydispersity and intermicellar interaction effects to the quantities MWrapp and RgapP-

We therefore first concentrate on the use of the data at intermediate q as obtained by

SANS for a quantitative estimate of b. SANS provides access to the micellar structure

on the length scale of b and is thus only weakly dependent on interaction and

polydispersity effects [15, 16].
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Figure 2.4 : Effects of ionic strength on the flexibility of doped Ci6E6 micelles (c = 0.4

mg/mL) at a doping level of 6% and five different values of the ionic strength. From

top to bottom : 0.1M, 0.01M, 0.005M, 0.0025M, 0.001M. (a) Normalised scattering

intensity da(q)/dQ vs. q, and (b) Holtzer plot representation qda(q)/dQ vs. q.

Figure 2.4(a) shows scattering curves at five ionic strengths and constant surfactant

concentration c = 0.4 mg/cm for a 6% doping level. It illustrates that the scattering

curves are similar for intermediate and high q, which indicates only a weak

dependence on interaction and polydispersity effects in this q range. The ^-dependence

of the data is in qualitative and quantitative agreement with the polymer and

polyelectrolyte analogy. At low values of q (i.e. 1/q > Rg,app), the scattered intensity

I(q) is insensitive to structural details and is dominated by the finite overall size of the

particles, and one can determine Rg,app and Mapp. At intermediate q (cross section

radius Rg,cs« 1/q « Rg,app), I(q) becomes much more sensitive to the local aggregate

structure, and polymer theory predicts for flexible polymer coils with excluded volume

effects that I(q) should decay with a power law of the form I(q) ~ q .At large values

of q, I(q) is controlled by distances over which polymers are rod-like rather than

flexible, and we expect a crossover to an asymptotic q -dependence for I(q) which is

typical for locally cylindrical structures. However, a real polymer is not an infinitely

thin chain, and therefore the local cross-section structure of the chains gives rise to a

cross section Guinier behaviour and a strong decrease in the scattering intensity at still

larger q values. We qualitatively observe these features in the experimental curves
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shown in fig. 4(a), and the data are very well described by the scattering function for

polydisperse semi-flexible polymers with excluded volume effects given by the solid

lines. In this comparison we have used a recently developed scattering function of the

form :

-^(q) = cAfrn Swc(q) Scs(q) Mapp (2.4)

where da/dQ is the normalised scattering intensity (differential cross section), c is the

surfactant concentration (in weight per volume), Apm is the average excess scattering

length density per unit mass, and SWc(q) and SCs(q) are the normalised scattering

functions of the infinitely thin worm-like chain and of the cross section, respectively

[19]. A systematic Monte Carlo simulation of semi-flexible polyelectrolytes under

good solvent conditions has demonstrated that equation 2.4 quantitatively reproduces

the scattering functions of such systems and allows for a precise determination of their

(apparent) Kuhn length [17, 32]. Polydispersity was taken into account by using a

Schulz-Zimm distribution with {M)J{M)N = 2 for the micellar size distribution [16].

If we look closer at the characteristic crossover region, we clearly see the effect of

electrostatic interactions on the flexibility of the micelles. At a total surfactant

concentration c = 0.4 mg/cm and 0.1M ionic strength, the crossover is quite

pronounced, and a fit of eq. (2.4) to the data yields a value of bapp = 34 nm for the

apparent Kuhn length. However, at 0.0025M salt the crossover is now shifted to much

lower values of q, and we obtain a value of bapp = 85 nm. No crossover is observed for

0.00IM. The enormous effect of the salt concentration on the micellar structure

becomes even more obvious when using a so-called Holtzer or bending rod plot given

by ql(q) versus q (Figure 2.4(b)). This representation provides an extremely sensitive

way to test the agreement between theoretical and experimental scattered intensity for

semi-flexible chains as it significantly amplifies all deviations between data and

theoretical curve in the crossover region [15]. Figure 2.4(b) clearly shows thatatlowsaltcontentthedataexhibitthetypicalscatteringpatternofrigidcylindersoveralmosttheentireqrange,anditisonlyatverylowqthatweseeaweakcrossoverduetothemuchhighervalueofbappcausedbytheintramicellarelectrostaticinteractions.
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Figure 2.5 : Effects of ionic strength on the flexibility of doped Ci6E6 micelles (c = 0.6

mg/mL) at a doping level of 3% (crosses : 0.01M; squares : 0.00IM NaCl). (a)

Normalised scattering intensity da(q)/dQ vs. q, (b) Holtzer plot representation

qdo(q)/d£2vs. q.
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Figure 2.6 : Effects of ionic strength on the flexibility of doped Ci6E6 micelles (c = 0.6

mg/mL) at a doping level of 9% (crosses : 0.1M; squares : 0.01M NaCl). (a)

Normalised scattering intensity da(q)/dQ vs. q, (b) Holtzer plot representation

qdo(q)/d£2vs. q.
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The same features can be observed at 3% and 9% doping level and constant c = 0.6

mg/cm , respectively, and the corresponding SANS data at constant c = 0.6 mg/cm

are shown in Figures 2.5 and 2.6. The change in flexibility can be clearly seen on the

log(intensity) vs. log(g) representation (Figures 2.5(a) and 2.6(a)), but the typical

domain where the effect is most pronounced is shifted accordingly to higher ionic

strengths when going from 3% to 9% doping level. We again find that the scattering

data are quantitatively reproduced by eq.(2.4). At 3% doping level, we obtain a value

of bapp = 42 nm at 0.01M ionic strength and bapp = 81 nm at 0.001M. At 9%, the fitted

values are bapp = 30 nm at 0.1M and bapp = 80 nm at 0.01M salt. The Holtzer plots for

the same data (Figures 2.5(b) and 2.6(b)) underline these findings.
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Figure 2.7 : Effects of doping level on the flexibility of doped Ci6E6 micelles (c = 0.6

mg/mL) at 0.01 M NaCl. (a) Normalised scattering intensity da(q)/dQ vs. q, and (b)

Holtzer plot representation qda(q)/dQ vs. q From top to bottom : 3%, 6%, 9%.

Keeping the surfactant and salt concentration fixed but varying the doping level should

lead to analogous effects on the flexibility, provided that the changes in flexibility are

caused by intramicellar electrostatic interactions only. This is demonstrated in

Figure 2.7, where data obtained at 3%, 6% and 9% doping level and fixed
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concentration (c = 0.6 mg/cm ) and ionic strength ([NaCl] = 0.01M) are shown. The

decrease of flexibility upon an increase in the amount of doping can be seen

particularly clearly in the Holtzer plot (Figure 2.7(b)). We do note a decrease of the

forward scattering upon increasing doping level or decreasing salt concentration,

which is in apparent contradiction with our earlier statement that the doping level or

ionic strength has no influence on the micellar growth at salt concentrations that are

not too low. However, this is due to the fact that for these systems the overlap

threshold is shifted to lower values of c due to their increasing stiffness, which causes

the intermicellar interactions to play a more prominent role. We shall return to this

issue in the section on micellar growth and interactions.
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Figure 2.8 : Normalised Kuhn lengths bto/b0 as a function of salt concentration :

Comparison between experimental results (full circles), Monte-Carlo simulations

(open circles) and OSF theory (line), at a 6% doping level.
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Table 2.1 summarise the experimentally obtained Kuhn lengths btot which are obtained

by extrapolating bapp to c —» 0. Such a linear extrapolation is necessary due to the

effect of the structure factor caused by intermicellar interactions, which has been found

to extend to high q-values even for uncharged systems [15]. Plotted are ratios bto/b0,

where b0 = 29 nm is the intrinsic value of the Kuhn length measured for the pure non-

ionic Ci6E6 micelles, as a function of the salt concentration [NaCl]. These data

demonstrate the significant contribution of the electrostatic interactions to the micellar

flexibility. Figure 2.8 also provides a comparison with results of Monte-Carlo (MC)

simulations of a single polyelectrolyte chain with the same linear charge density [32].

We do obtain very good agreement between measurements and MC-simulations,

which fully supports the polyelectrolyte analogy and indicates that doped worm-like

micelles may indeed serve as ideal model systems for shedding light on the

controversial topic of the effect of electrostatic interactions on flexibility.

0.001M 0.0025M 0.005M 0.01M 0.04M 0.1M

3% 81 nm 42 nm

6% 85 nm 70 nm 51 nm 40 nm 34 nm

9% 80 nm 30 nm

Table 1 : Values for the experimentally determined total Kuhn length btot as a function

of added salt concentration and doping level. The results are obtained from an

extrapolation to c —» 0.

In the OSF theory, the electrostatic contribution to the Kuhn length is proportional to

the inverse of the square of the average distance between charges, i.e., bd ~2I{ac) ,

where Ac is the average distance between charges along the chain. This should thus

allow us to superimpose all our results and create a scaling plot for the salt dependence

of bei at all doping levels. Figure 2.9 shows a representation where the rescaled

electrostatic part of the Kuhn length [{Ac(6%)} /(ac) ]x[bei/b0] has been plotted as a

function of ionic strength. Here, Ac(6%) denotes the average distance between charges

at a doping level of 6% which we have taken as the reference value for the

normalisation. Again, it demonstrates the increasing influence of electrostatic
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interactions on chain flexibility and the good agreement between experimental results

and MC simulations. However, if we compare the experimental results with the

prediction of the OSF theory, we see a systematic deviation that we are currently not

able to explain.

-| 1 1—I—I I I I I 1 1 1—I—I I I I T 1 1 1—I I I I I

0.0001 0.001 0.01 0.1

[NaCI] (M)

Figure 2.9 Rescaled electrostatic contribution to the Kuhn length

[{Ac(6%)} l{Xc) ][be/b0] as a function of salt concentration for different doping levels

(see text for details) : comparison between experimental results (full squares : 3%; full

circles : 6%; and full triangles : 9% doping level), Monte-Carlo simulation results

(open squares : 3%; open circles : 6%; and open triangles : 9% doping level) and OSF

theory (solid line).

Numerous attempts have been made in the past to use static light scattering

experiments combined with polymer theory in order to determine the Kuhn length of
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worm-like micelles. The basis for such a determination of b is the dependence of the

mean-square radius of gyration (Rg(L)2), where the average is taken over all possible

conformations, upon the contour length L that can for example be calculated using the

worm-like chain model. For this model we can use the relation between {Rgß(L, b)2), L

and b derived by Benoit and Doty [33] :

h2111 h h2 \
{Rg0(L,b)2)=

— ^-l + ^--^-[l-e-2L,b] (2.5)
g' v

4 \3b L 2L2
V '

Equation (2.5) can be modified in order to take into account both excluded volume

effects through the so-called expansion factor as well as polydispersity as shown in

detail in ref [16] :

(Rg(L,b)2) = a\Llb) (Rgfi(L,b)2) (2.6)

The expansion factor a2 is given by :

d(Llb)
\3.12J V&.67J

3-i0 170/3

(2.7)

Simulations for semi-flexible polyelectrolytes chains have shown that the same

concept can be used for polyelectrolytes as well. In our calculations we have used the

expression for the expansion factor derived in these simulations [32].

We have tried to use the worm-like chain model with excluded volume interactions to

extract values of the Kuhn length from our SLS data. Equation (2.5) combined with

the corresponding integration over the micellar size distribution provides a link

between the measurable quantity z-average mean-square radius of gyration

(i?g)z := (i?g(Z)2)z1/2and the (weight-average) contour length {L)W.{L)W can be

calculated from the measured weight-average molar mass {M)w of the micelles using

the known mass-per-length
ML,whichwehavedeterminedfromtheSANSdata[16].Usingaspecificsizedistributionwecanthenconstructcurves{Rg)zvs.(M)wforseveralvaluesoftheKuhnlengthb.Theresultsforsuchaseriesofcalculationswithè-valuesbetween20-80nmandaSchulz-Zimmdistributionwith{M)J{M)N=2forthemicellarsizedistribution[16]areshowninFigure2.10.Theycanbecomparedwiththeexperimentaldataforadopinglevelof3%at3differentionicstrengths.

We
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find that the experimental data do not follow a line at constant b but exhibit a

significant curvature towards higher values of b with increasing concentration. This

trend is much more pronounced for lower ionic strength. It is clear that this

observation is due to the fact that we have neglected in our calculations the effects of

intermicellar interactions. The experimental data do not correspond to the ideal

quantities {Rg)z and {M)w, but we measure apparent quantities Rg,app and Mapp,

respectively. We can thus expect that intermicellar interaction effects will become

increasingly dominant once the concentration approaches c*. This hypothesis is in

agreement with the data in Figure 2.10, where we have also included estimates for the

c* values for the different ionic strengths. Nevertheless we can try to use the data

shown in Figure 2.10 and determine a Kuhn length for the three different ionic

strengths. If we use the calculated curve {Rg)z vs. {M)w in Figure 2.10 that coincides

with the light scattering data for the lowest concentration of each ionic strength series

as an estimate of b for this series, this yields values of approximately b = 30 nm at

0.1M, b = 40 nm at 0.0IM, and b = 80 nm at 0.00IM. In a next step we can also

compare these findings with the è-values obtained from SANS and extrapolated to

c —» 0 (Figure 2.8), and we see that they are in reasonable agreement. While this

provides us with a consistency test for the è-values obtained from the SANS data, it is

clear that light scattering can rarely be used as a tool for a precise measurement of

micellar flexibility. This is clearly demonstrated with the data shown in Figure 2.10,

where we see that enormous deviations from the 'true' value of b would be obtained

from an analysis of light scattering data that extends to concentrations in the vicinity of

c*.
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Figure 2.10 : Apparent radius of gyration Rg,app versus apparent molar mass Mapp

obtained from static light scattering. Experimental results at a 3% doping level

(circles : 0.1M; triangles : 0.01M and squares : 0.001M NaCl) versus model

calculations of the Kuhn length for the worm-like chain model (from top to bottom : b

= 80, 60, 40, 30 and 20 nm, respectively).

Incorporation of intermicellar interaction effects are thus important in any attempt to

determine the micellar flexibility from light scattering data as they influence Rg,app and

Mapp quite differently. Mapp is directly related to the osmotic compressibility or the

static structure factor in the limit q —» 0, S(0), whereas Rg,app corresponds to the static

correlation length |. We know from Monte Carlo simulations, renormalisation group

theory and measurements of dilute and semi-dilute polystyrene solutions that these two

quantities exhibit a rather different concentration dependence [26]. An evaluation

method that relies on Rg,app and Mapp will thus give reliable results for very low

concentrations only. In our case, the domain where the interactions can be neglected is

restricted to a very small domain of ionic strengths and concentrations. However, it is

also clear that this corresponds
toconditionswherethemicellarsizeisstill

rather
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small, and where the relationship between (Rg)z and {M)w is quite insensitive to b (see

Figure 2.10). In general it will be more reliable to determine b from SANS data in the

crossover region q ~ lib, i.e., on characteristic length scales of the order of b
.
The data

in this q range are much less sensitive to interaction effects and the static structure

factor is thus close to unity. Moreover polydispersity has hardly any influence on the

data analysis as demonstrated previously [15, 16, 34].

2.4.2 Intermicellar correlations

We have further exploited the micelle-polyelectrolyte analogy and studied the effect of

intermicellar interactions on the solution structure by making measurements in the

semi-dilute regime. This is shown in Figure 2.3(a), where SANS data from

measurements of micellar solutions 'doped' with 3% ionic surfactant at a low ionic

strengths ([NaCl] = 0.001 M) are presented. We clearly see the appearance of a well-

defined structure factor peak at some finite scattering vector value q*, which becomes

more pronounced and shifts to higher values of q at higher surfactant concentrations.

This peak is absent at higher salt concentrations where the electrostatic interactions are

efficiently screened by the salt and the solution exhibits classical polymer behaviour

(see Figure 2.3(b)). In Figure 2.11, we have plotted the location of the peak q* versus

the surfactant concentration for different doping levels. We find that q* follows a

1II

power law of the form q* ~ c
,

i.e., we observe exactly the same behaviour as

reported for classical polyelectrolytes and salt-free ionic worm-like micelles [25, 35].
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Figure 2.11 : Concentration dependence of the correlation effects found for doped

micelles at different values of the ionic strength and doping level. Shown are the

location of the structure factor peak q* vs. total surfactant concentration (squares : 3%;

circles : 6% and triangles : 9%).

2.4.3 Micellar growth and interaction effects

We have previously demonstrated that one can quantitatively describe the combined

effects of micellar growth and intermicellar interactions on the apparent molar mass

Mapp for micellar solutions of Ci6E6 [14, 15]. This was achieved using the theoretical

framework of conformation space renormalisation group theory for polymers and

taking into account the equilibrium nature of the micellar size distribution. The crucial

idea behind this approach is the incorporation of the concentration dependent micellar

growth via Mw = B1ca, where a is a growth exponent, and B1 a proportionality

constant [36]. At any arbitrary concentration the influence of interaction effects, i.e.

the value of the structure factor at q —» 0, S(0), can then be calculated by using the

corresponding expression for "quenched" polymers for this particular weight-average

size and concentration given by renormalisation group theory. It is obvious that such

an approach will no longer work for highly charged micelles at low ionic strength,
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where electrostatic interactions will dominate the excluded volume interactions

included in the polymer theory. However, we can expect that it should still be valid at

high ionic strength, where electrostatic interactions should be efficiently screened,

provided that the doping with ionic surfactant and the high salt content does not

change the concentration dependence of the micellar size distribution.

We indeed find that the light scattering data for 6 and 9% doping (shown in

Figures 2.1(b) and (c)) at high ionic strength quantitatively agree with the earlier

measurements for the binary Ci6E6 system as well as with the previously made

renormalisation group calculations [14, 15]. These figures demonstrate that the data

sets for the concentration dependence oîMapp obtained at doping levels of 6 and 9%

and a high ionic strength of 0.1M NaCl quantitatively agree with the experimental data

for the binary Ci6E6 system. Moreover, the data are in quantitative agreement with the

calculated curve that is based on a power law of the form Mw = B1 ca, where a = 1.1

has been used, except at very low concentrations, where a weaker concentration

dependence can be found for all systems [14]. A similar good agreement can be

observed for the R&app data shown in Figures 2.2(b) and (c). However, at the lowest

doping level of 3 % there are indications that the addition of 0.1M salt leads to

enhanced micellar growth. It is clear that additional investigations of the salt

dependence on the micellar growth in weakly charged or neutral C16E6 solutions are

needed. We are currently performing a systematic rheology study of the effect of salt,

and there are indications that the addition of high amounts of NaCl to binary C16E6

solutions could lead to enhanced branching [37].

At lower values of the ionic strength we do find increasingly pronounced deviations

between the doped systems and the data for the binary solutions. At first these

deviations are mainly caused by the increased Kuhn length of the micelles due to

intramicellar interaction effects, which lead to swelling of the micelles (see

Figures 2.2(a)-(c)) and a correspondingly lower value of c*. Therefore the reduced

concentration X~c/c* increases for a given value of the surfactant concentration c,

and thus the onset of measurable contributions from interaction effects occurs at lower

values of c. Moreover, at sufficiently low values of the ionic strength the Debye

screening length becomes large enough to allow for additional and significant

contributions fromelectrostaticintermicellarinteractionstothestaticstructurefactor.ThisissupportedbytheoccurrenceofadistinctpeakinS(q)quitesimilartothesituationencounteredforclassicalpolyelectrolytes.However,atverylowvaluesofthe
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ionic strength the situation with respect to micellar growth and interactions is much

more ambiguous for a doping level of 6% and 9%. Under these conditions we obtain

much lower values for the apparent molar mass, and they exhibit only a weak

concentration dependence for c < c*. At higher concentrations, they exhibit again a

pronounced concentration dependence that approaches the one found for the higher

ionic strength.

This apparent absence of micellar growth could either directly reflect a modified

concentration dependence of the micellar solutions, or it could be the result of very

strong intermicellar interaction effects. It is difficult to distinguish between these two

possibilities from light scattering only. For charged surfactants in the absence of added

salt, it is known that the usual N ~ ca growth behaviour is not observed, and one

encounters a more complicated situation where various regimes have to be considered

[24, 25]. In the dilute range, relatively small cylindrical micelles are formed and their

aggregation number increases very slowly with the surfactant concentration. This is

due to the fact that the energy of the unscreened intramicellar electrostatic interactions

along the micellar contour length is higher than the energy for the formation of end-

caps. In the semi-dilute regime, the Debye length becomes smaller than the micellar

size, the intramicellar interactions are screened, the high end-cap energy that promotes

micellar growth wins and one finds enhanced micellar growth. The crossover

concentration is expected to vary as c* ~ v
,
with v = \IXC being the density of charges.

We currently lack a sufficient amount of data in this regime where accelerated growth

occurs to quantitatively test these predictions. However, it is clear that our system

could be tuned easily in order to study this transition from a 'normal' concentration-

dependent micellar growth for equilibrium polymers, that is dominated by the high

end-cap energy of these systems, to the typical behaviour of salt free ionic surfactant

systems with their characteristic sharp crossover between weak and accelerated

micellar growth.
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2.5 Conclusions

In this work, we have further exploited the analogy between partially charged worm¬

like micelles and 'equilibrium polyelectrolytes'. Our data show that non-ionic worm¬

like micelles doped with small amounts of ionic surfactant represent a suitable model

for investigating the static properties of polyelectrolytes. We have found that the

polyelectrolyte model and in particular Monte Carlo simulations quantitatively

reproduce the effects of intra- and intermicellar electrostatic interactions. These

experiments open up very interesting possibilities to investigate the effect of

electrostatic interactions on the micellar flexibility and solution structure. Due to the

high scattering power of the micelles when compared to classical polyelectrolytes, we

can perform experiments both in the dilute and semi-dilute regime as a function of

parameters such as the linear charge density or the ionic strength. We believe that this

should have a significant impact on the current debate about polyelectrolyte properties.

We have also been able to demonstrate that we can use our system of non-ionic

surfactants doped with variable amounts of ionic surfactants in order to investigate the

influence of electrostatic interactions on micelle formation and micellar growth. It is in

particular possible to easily tune the micellar charge density without altering the local

micellar structure and thus the micelle formation at high ionic strength. This allows to

study the expected crossover from a normal concentration dependence of the

aggregation number of worm-like micelles to the limited growth/accelerated growth

predicted for ionic surfactants in salt-free solutions as a function of the linear charge

density and the ionic strength. However, it is also clear that such an investigation will

require a better handling of the effects of intermicellar interactions on the static

structure of semi-flexible polyelectrolytes. It is for that reason that we currently

undertake a systematic Monte Carlo study of dilute and semi-dilute semi-flexible

polyelectrolyte chains at different ionic strengths [38].
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3. Effect of charge density and ionic strength on the

rheology of worm-like micelles

We report a systematic study of the effect of ionic strength, charge density and

surfactant concentration on the viscoelastic behaviour of C16E6 / C16S03Na worm-like

micelles. The viscosity results reveal a distinct growth behaviour depending on the

charge density and salt content of the solution. Highly charged systems containing low

salt exhibit features typical for salt-free charged surfactant solutions, with a sharp

crossover from a weak to a of rapid growth regime, in agreement with the theoretical

predictions, while screened systems show the classical one-step growth expected for

neutral systems. We find that the network density of the neutral system can be

recovered by the addition of an appropriate amount of salt to charged systems, whereas

the dynamics of the network seems to intrinsically depend on the charge density

independently of the screening of the electrostatic interactions. The analogy between

an increase of the ionic strength and a decrease of the charge density can be extended

to the effect of surfactant concentration, which increase corresponds to the release of

counterions that screen the electrostatic interactions of the system. At high surfactant

concentration, we observe a sudden change in the viscoelastic behaviour independently

of the conditions, possibly related to the proximity of a phase change. In the presence

of an excess of salt, the strong decrease of the relaxation time and viscosity suggests

the transition from an entangled to a branched micellar network.

3.1 Introduction

Certain aqueous solutions of surfactants have shown to be remarkable systems due to

their ability to form elongated polymer-like micelles. The amphiphilic nature of the

surfactant molecules allows them to reversibly self-assemble into large aggregates.

The local geometry (relative size of the polar head and hydrophobic tail) impose

packing constraints that are responsible for the large range of different structures that

can be observed. These structures can undergo transitions under changes of

concentration, ionic strength, temperature, etc. In particular, rodlike micelles can grow
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and form giant, semi-flexible worm-like aggregates, which for concentrations higher

than the overlap concentration c* become entangled. Such systems show very

interesting rheological properties, in particular viscoelasticity, thus resembling

solutions of flexible polymers. In the past years, numerous experimental and

theoretical studies have been performed on polymer-like micelles.

"Living" polymers have however fundamental differences with respect to ordinary

polymers : Firstly, because the monomers along the chain are not covalently bond, the

length distribution of the chains is not fixed but in thermodynamic equilibrium.

Transitions between structures can be induced by a change of composition, contrary to

ordinary polymer solutions for which the molecular weight distribution (MWD) is

quenched. Secondly, their ability to reversibly break and recombine has major

consequences on the dynamical behaviour, contrary to the static properties which are

expected to be close to those of semi-dilute solutions of flexible polymers. In addition,

topological structures like loops or connections between the chains can exist in

micellar systems [1].

Cates has extended the reptation theory to "living" polymer chains [2] allowing to

describe the viscoelastic properties of entangled micelles. In this model, the

conventional reptation mechanism [3], in which the chain moves by a snake-like

motion in a "tube" defined by entanglements with neighbouring chains, is coupled

with equations describing the reversible scission and recombination of chains. The

model predicts several different regimes depending on the dominant motion on the

time scale of the breaking process. Scaling for the concentration dependence of

different rheological and kinetical parameters is predicted : zero-shear viscosity,

plateau modulus and breaking time. Experimental results showed the validity of the

above model in the case of neutral or highly screened micelles. However, many studies

suggest that it does not apply to systems with an excess of salt, which seems to exhibit

intermicellar branching. Also, charged micelles at low ionic strength have more

complex structural and dynamical properties, since electrostatic interactions affect both

the chain flexibility and the micellar growth. Deviations were observed at high

surfactant concentrations as well.

Ionic micellar systems are of special interest, since they can be considered as model

systems of equilibrium polyelectrolytes and can be used to study remaining open

questions in the understanding of classical polyelectrolyte solutions (see [4] and
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references therein). They are indeed much more intense scatterers and thus more

suitable for structural studies than their polymeric analogues. A particular possibility is

to use mixed ionic and non-ionic surfactants where the electrostatic interactions can be

tuned by either varying the doping level of the ionic surfactant or varying the ionic

strength in the solution. An extensive light and neutron scattering study coupled with

Monte-Carlo simulations has been recently done for the C16E6/C16S03Na system [5, 6].

Such investigations allowed to shed light to the effect of electrostatic interactions on

flexibility and micellar growth. However, the analogy that can be done with classical

polymers is less clear once we turn to the exploration of the dynamics. In the semi-

dilute and concentrated domain, rheology appears to be the best way to get information

about the properties of micellar systems, their high viscosity corresponding to time

scales that are accessible to this technique.

The aim of the present work is to combine scattering and rheological information in

order to better understand the influence of charge density and salt content on micellar

growth, structure and dynamics of the micelles. More precisely, we here present static

light scattering and rheological measurements of mixed C16E6 and C16S03Na micellar

systems. The first part consists of a comparison of the charge density effect at 0.005M

and 0.1M ionic strength. In the second part, we show the analogy in the rheological

behaviour that can be done when comparing the effect of charge density in the micelles

and the effect of salt content in the solution. Finally, the third and fourth parts focus on

the systems where we find a complete change of behaviour, respectively at high

surfactant concentration and at high salt content.

3.2 Materials and methods

The surfactant hexa-ethylene glycol mono n-hexadecyl ether (C16E6) was obtained

from Nikkol Ltd., Tokyo, the ionic surfactant 1-hexadecane sulfonic acid (C16S03Na)

was purchased from TCI, ultrapure Milipore water was used for rheological

experiments and D20 (99.9 % isotopic purity) delivered from Cambridge Isotope

Laboratories was used for light scattering experiments. For light scattering

measurements, the samples were obtained by first dissolving both surfactants in D20

(the Ci6E6 at 35°C and the Ci6S03Na at 70°C) and mixing them together at the
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required concentrations and ionic strengths. For rheological experiments, the samples

were prepared by weighing the appropriate amounts of neutral and charged surfactant,

dissolving in brine (NaCl) and mixing by repeated sonication, vortex and warming at

35-40°C. The densities of the surfactants being close to 1, the concentrations are

equivalent to volume fractions with a minor error. The overall surfactant concentration

range from 0.1 to 10 mg/mL for the light scattering measurements, from 5 to

300 mg/mL for the viscosity measurements and from 27 to 300 mg/mL for the

oscillatory experiments. Three different "doping levels" (ratio of charged to neutral

surfactant, r = 100[C16SO3Na]/[C16E6]) have been investigated (3, 6 and 9%) as well

as the neutral system without charges at NaCl concentrations ranging from 0.001M to

0.5M.

Scattering experiments were carried out at 35°C. As a previous investigation of the

same system showed [7], the scattered intensity is independent of the temperature

between 26 and 35°C. Thus, we may use these results for a comparison with the

rheological results performed at 28°C. SLS measurements were performed with a

commercial goniometer system (ALV/DLS/SLS-5000F monomode fibre compact

goniometer system with ALV-5000 fast correlator). The apparent molar massMapp and

the static correlation length t, were determined using a scattering law of the form :

^7TïH1+<^) <31>

where q
= (47m/X0)sm(d/2) is the magnitude of the scattering vector and Ao the

wavelength. The correlation length t, is related to the radius of gyration by

Rg,app = 3121. The contrast term is given by :

-4 3
where dn/dc is the refractive index increment (with dn/dc =1.39x10 m /kg), c is the

surfactant concentration in mg/cm ,
and N^ is Avogadros number. (For details of the

procedure, see [6]).

The rheological properties were investigated with a Physica rheometer (Universal
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Dynamic Spectrometer 200). Depending on the viscosity range, a cone and plate

geometry (50 mm diameter; 1° angle) or a double wall Couette configuration was

used. The storage of the samples, as well as the measurements were done at a

temperature of 28° ± 0.2 °C. Special care was taken in order to avoid evaporation.

Shear stress a and viscosity 77 measurements were done at shear rates dj/dt between

0.001 and 1000 s"1. Oscillatory experiments were carried out for angular frequencies

(0= 0.01-100 or 0.03-300 rad/s depending on the samples.

Data analysis : Usually, G "(a) goes through a maximum whereas G '((o) exhibits a

plateau. The curves of G'((o) and G" (a) cross each other at a frequency that

corresponds roughly to the maximum of G"((o). For some systems, G'((o) does not

exhibit a well-defined plateau, due to either a long breaking time and/or the occurrence

of Rouse modes (no clear separation between the two main relaxation processes). That

is why, we have done an estimate of the terminal relaxation time TR from the frequency

(Or at which G'((o) and G" (a) cross each other. As for the plateau modulus G0 we

have estimated it from G0 = 2G'(o)R). From an extrapolation of 77 '(a) to (O —» 0, we

obtain the zero frequency viscosity r?0, which is equal to the zero-shear viscosity.

3.3 Results and discussion

3.3.1 Effect of the charge density

In this chapter we present the concentration dependent behaviour of worm-like

micelles with varying charge densities investigated by rheology and static light

scattering. We achieve different charge densities by using a mixed surfactant system,

composed of a neutral (C16E6) and a charged surfactant (C16S03Na), varying the ratio

r = 100%x[mass of C16S03Na] / [mass of C16E6] from 0 to 9% in steps of 3%. The

similarity between polymers and cylindrical micelles has aroused a considerable

interest and a large number of theoretical and experimental studies have shown that the

concentration dependent behaviour of cylindrical micelles can be well understood with

arguments used to describe polymers, provided one takes the concentration dependentlengthvariationsofthemicellesintoaccount.InFigure3.1weshowtheconcentrationdependenceoftheosmoticcompressibilityexpressedasapparentmolecularweightM(fromref[8])andthezeroshearviscosityr\0fortheneutralsystemr=0%.
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Figure 3.1 : Comparison of light scattering and viscosity data for the neutral system.

The vertical line represents the crossover between the dilute and semi-dilute regimes,

which value shows a good agreement between the two techniques.

Due to micellar growth an increase of the apparent molar mass is observed at low

concentrations. Upon further increase of the concentration, Mapp reaches a maximum

and decreases again. Simultaneously, a strong viscosity increase is observed at the

concentration at which Mapp starts to decrease. For flexible polymers this is the

hallmark of the crossover between the dilute and semi-dilute regime at the so-called

overlap concentration c*. For the neutral system we can clearly see the analogy to

polymers and use similar arguments to explain the observed behaviour. At c* the

polymer-like micelles start to touch each other, above c* an entanglement gel is

formed, the system appears more and more uniform and the viscosity is increased due

to the hindered diffusion of the entangled chains in the network.

In principle we could expect that a similar correspondence between the concentration

dependent development of the static and dynamic properties would be observed for the

charged systems. It is known that the growth behaviour of charged systems differ

considerably from neutral systems, the scission energy being significantly decreased

due to the preferential location of charges in the end-caps. Two distinct growth
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regimes are expected : a regime of weak growth and a regime of fast growth, which

onset is expected to occur at the concentration where the Debye length becomes

comparable to the micellar length.

In the following we show two sets of experiments, comparing the effect of a variation

in charge density at low ionic strength (0.005M NaCl) and at high ionic strength

(0.1M). In Figure 3.2 we show the results obtained by static light scattering.
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Figure 3.2 : Apparent molar mass Mapp vs. surfactant concentration for solutions of

Ci6E6 and Ci6S03Na at two different ionic strengths of 0.005M (a) and 0.1M (b).

Shown are data for the three doping levels (squares : 3%; circles : 6%; triangles : 9%).

Also shown is a comparison with the previously obtained data for binary Ci6E6

solutions (crosses) taken from ref [8]. The vertical line shows the approximate

crossover concentration, which remains in the same order of magnitude for all doping

levels.

For low ionic strength conditions we note that there is a clear difference oîMapp and its

development with concentration for the different charge densities. Systematically, the

increase ofMapp becomes less pronounced as the doping level is increased. This can be

understood, as with increasing charge density, the systems gradually approach the

behaviour of salt-free solutions of ionic surfactants exhibiting a reduced growth

behaviour. A significant change in the growth behaviour with increasing doping level
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is not observed at high ionic strength, which is due to an efficient screening of the

intra-micellar interactions. For all conditions, there is a characteristic concentration

above which Mapp decreases with increasing concentration, indicating that the system is

becoming optically more homogeneous. Surprisingly, this apparent overlap

concentration c*app seems to be located almost independently of the doping level and

ionic strength around 1 mg/mL.

1000^, , ^ 1

0.001 | , 1 I . .—

5 10 100 200 5 10 100 200

Concentration [mg/mL] Concentration [mg/mL]

Figure 3.3 : Concentration dependence of the zero-shear viscosity at an ionic strength

of 0.005M (a) and 0.1M (b). Shown are data for the three doping levels and without

charged surfactant (crosses : 0%; squares : 3%; circles : 6%; triangles : 9%). Lines are

guides for the eyes.

Moreover, an inspection of Figure 3.3 reveals, that a correlation between the

concentration at which Mann starts to decrease and the concentration at which the onset

of a strong increase of the viscosity is observed is not given for all conditions. For the

system r = 9% at low ionic strength a strong viscosity increase occurs at a

concentration around 20 mg/mL, which is more than an order of magnitude higher

than the concentration at which a decrease of the osmotic compressibility is observed.

Furthermore, the onset of a strong viscosity increase seems to depend strongly on the

doping level at low ionic strength, which is not the case for the onset of the decrease of

Mapp. We can rationalise the viscosity dependence on concentration at low ionic

strength with the two step growth process predicted by Mackintosh et al. for charged



-85-

systems. Especially for the highest doping level r = 9% we recover the typical sharp

cross-over between a regime of weak dependence and a regime where the viscosity

increases dramatically with concentration, which can be attributed to the weak and

strong growth regime, respectively. For r = 6% and r = 3% a two-step growth process

can still be identified, though the transition becomes less sharp with decreasing doping

levels. Nonetheless a comparison to the viscosities obtained for the neutral systems

reveals that there is a regime of stronger increase of the viscosity for all investigated

doping level. It is interesting to note that at low concentration the viscosity decreases

with increasing doping level, presumably reflecting the size difference of the micelles

in the weak growth regime. For the high ionic strength conditions (Figure 3.3(b)) the

difference in doping level has less of an effect on the viscosity, as expected for

screened interactions. Nevertheless, it is worth noticing that the viscosity

systematically increases with increasing doping level. The development with

concentration can be described by power laws with exponents between 2 and 2.5,

which is considerably lower than the theoretical predictions of 3.5 for the fast breaking

limit and 5.25 for the reptation dominated case.

"IOOOt 1 -i 1

u.ii , , , , 1 i i i 1 -i 1 1 1 1 1 i i I 1
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Figure 3.4 : Concentration dependence of the plateau modulus G0 at an ionic strength

of 0.005M (a) and 0.1M (b). Shown are data for the three doping levels and without

charged surfactant (crosses : 0%; squares : 3%; circles : 6%; triangles : 9%). Lines are

guides for the eyes.
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In Figure 3.4, plots of the plateau modulus G0 as a function of concentration are

displayed for the various doping levels at 0.005M (a) and 0.1M (b) salt content. Upon

screening the surface charges, the plateau moduli exhibit exactly the same

concentration dependence for the different doping levels, which can be described by a

power law with an exponent around 1.8. This value is slightly lower than the one

expected for entanglement networks, where the plateau modulus is predicted to

increase with a power of 2.2-2.3. In contrast to the viscosity, the plateau modulus does

not depend on the relaxation process of the system. It reflects much more the network

density of the system (where this term both includes entanglements and connection

points between the chains), than its dynamics. The fact that for a given concentration

the same plateau modulus is found for the various doping levels at high ionic strength

implies that the networks are indistinguishable, i.e. have the same amount of

entanglements or branching points.

However, at low ionic strength, marked differences are found for the varying doping

levels (Figure 3.4(a)). As observed for the viscosity in this concentration range, we

find an increasing dependence of the plateau modulus on concentration with increasing

doping level. In contrast to the viscosity, we do not observe a domination of the

plateau moduli at high concentration for the higher charged systems. It rather seems

that the plateau moduli of the charged systems approach asymptotically the plateau

moduli of the neutral system at high concentrations. This implies that the network

density at high concentrations will be independent of the charge density. We reanalyse

our data assuming that the absolute value of the plateau modulus entirely depends on

the relative distance to the onset of fast growth c
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Figure 3.5 : Normalisation of the plateau modulus with cg at an ionic strength of

0.005M for the different doping levels (crosses : 0%; squares : 3%; circles : 6%;

triangles : 9%).

As demonstrated in Figure 3.5, reporting G0 as a function of the reduced concentration

c-cg leads to an almost perfect collapse of the data obtained for the systems with

varying charge densities. The success of this simple normalisation seems to imply that

for the charged systems the increase in network density is entirely dominated by the

growth process. At the critical concentration cg, the micelles grow and exhibit for the

first time polymer-like behaviour. Since the overall concentration c is already high at

cg, the entanglement concentration ce is not only crossed but also quickly exceeded by

several factors of c/ce.

As mentioned above, it is the density of the network, which determines the plateau

modulus, while the viscosity is both controlled by the network density and the

relaxation process of the system. In a Maxwellian fluid both parameter are simply

related by r\0
= G0 TR, where TR is the terminal relaxation time of the system at which

the loss and storage modulus becomes equal and above which the loss modulus

dominates.
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Figure 3.6 : Concentration dependence of the terminal relaxation time TR at an ionic

strength of 0.005M (a) and 0.1M (b). Shown are data for the three doping levels and

without charged surfactant (crosses : 0%; squares : 3%; circles : 6%; triangles : 9%).

Lines are guides for the eyes.

In Figure 3.6, TR is reported as a function of the concentration for the different

conditions. As for r\0 (Figure 3.3(a)) and G0 (Figure 3.4(a)) a strong dependence on the

doping level is found at low ionic strength. For all charged systems (r > 0%) the

concentration dependence of TR exhibits initially a strong increase followed by a weak

decrease, whereas the relaxation time seems to be almost independent of the

concentration for the neutral system. Such behaviour differs markedly from the

prediction of Cates model, where a power law dependence of TR with concentration is

expected. Even if the data points in this domain are scare, it seems that each curve

tends to exhibit a critical onset at some characteristic concentration where the

relaxation time goes to zero. This critical onset is shifted towards higher values for

higher doping levels, which is consistent with a shift in the onset of fast growth as the

doping-level is increased. Clearly, the increased values found for the viscosities of the

charged systems at high concentration (Figure 3.3(a)) compared to the neutral system

are results from the highly increased relaxation times. We find a highly increased

relaxation time for the charged systems compared to the neutral system. Moreover, the

same trend is observed at high ionic strength. As seen in Figure 3.6(b), the relaxation

time increases systematically with increasing charge density, while the plateau moduli

(Figure 3.4(b)) are independent of the charge density. Changes in the relaxation
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behaviour are often interpreted as branching, where with increasing branching the

relaxation time decreases. We could conceive that this is the case here as well, where

with increased charge density of the systems the branching becomes inhibited, since

negative curvatures are less suitable to keep charges apart. The fact that the tendency

of increased relaxation times with increasing doping level persists at low ionic strength

(Figure 3.6(a)) is however surprising, but not incompatible with the hypothesis of

branching. Indeed, even at low ionic strength, one has to consider the increasing

contribution of the counterions with increasing concentration, which dominate the

value of the Debye length k1 at high concentrations. For this reason, the possible

branching effect can be seen at high ionic strength or high concentrations only and is

determined by the charge density, which influences directly the spontaneous curvature

of the micelles. The absence of an increase in TR with the concentration at high ionic

strength might be explained by a compensation between an increase in TR due to the

increase of the length of the entangled chains and an increasing degree of branching in

the network caused by the increasing concentration of counterions.
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Figure 3.7(a) : Cole-Cole plots for different concentrations and doping levels at an

ionic strength of 0.005M The concentrations range from 28 mg/mL (full squares) to

175 mg/mL (open circles)
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Figure 3.7(b) : Cole-Cole plots for différent concentrations and doping levels at an

ionic strength of 0.1M The concentrations range from 28 mg/mL (full squares) to 175

mg/mL (open circles)

In Figure 3.7 we report the frequency dependent storage G' and loss modulus G" in

Cole-Cole-plots for the different conditions. For a better comparison we choose to

show a fixed range of concentration, 28 mg/mL - 175 mg/mL. The semi-circular solid

line represents the ideal Maxwellian element. For all conditions the data point in the

first half of the semi-circle are well represented by the Maxwellian behaviour. The

behaviour at larger frequencies, in the region of the second half of the semi-circle

shows however some systematic deviation. Generally we observe that the systems at

higher surfactant and salt concentrations exhibit more of a Maxwellian behaviour. As

expected, a comparison of the data at high and low ionic strength reveals that the

concentration dependent behaviour varies much more at low ionic strength than at high

ionic strength. At low surfactant concentrations and low ionic strength conditions we

find strong deviations of the Maxwellian behaviour. These deviations appear to be

even more pronounced when the charge density is increased. Similar to the

concentration dependence of r\m G0 and Tr discussed above, the degree of deviation

from Maxwellian behaviour seems to depend on the relative distance of a given

concentration to the characteristic concentration cg. Since cg decreases with decreasing

charge density and increasing ionic strength we find for the lowest concentration
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shown (~27mg/mL) the strongest deviation from the Maxwellian behaviour at 9%

doping and 0.005MNaCl.

In conclusion we want to stress that mixed surfactant systems are excellent systems to

control the charge density of micelles independently of the ionic strength of the

medium. Our data show that with a variation of the charge density per unit length v

from 0 to 0.24 Â"1 we are able to cover the regime from a continuously growing

micellar system to a regime where a clear two-step growth is exhibited. The

intermediate systems show evidence of a mixed growth behaviour. At a given

concentration most of the dynamic behaviour observed at low ionic strength can be

understood considering it's relative distance to the concentration of the onset of fast

growth. This suggests that the length or the 'degree of polymerisation' of the micelles

plays a determining role in the control of the dynamics of these systems. The

development of the relaxation process with concentration exhibits some intriguing

features, which we interpret in term of branching. However, this hypothesis requires

additional investigations in order to be confirmed. Upon screening the surface charges

of these systems the behaviour of the neutral system is mostly recovered, but the

relaxation times still show a dependence on the charge density, indicating that the sole

fact of having charges along the chains determines the spontaneous curvature.

Finally, we recall that for the high doping levels at low ionic strength we find a clear

discrepancy between the concentration at which the osmotic compressibility is starting

to decrease (c*app) and the concentration of the onset of a strong increase in viscosity

(cg). In neutron scattering the development of a peak was denoted at rather moderate

concentration between c*app and cg. It might be conceivable that in the weak growth

regime the rather mono-disperse and short micelles are ordering due to electrostatic

repulsion, which would explain the decrease in osmotic compressibility. The lack of an

increase in viscosity could be explained if this order exhibits slip planes in shear

direction, as it is the case for smectics for instance. The micelles would then exhibit

polymer-like behaviour and form an entanglement network only after having reached

the fast growth conditions.
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3.3.2 Effect of the ionic strength

In this section, we present in more details the effect of the ionic strength on the

dynamics of the micelles. We have investigated all systems in a range of ionic

strengths between 0.001M and 0.5M. The discussion will be limited here to a variation

in ionic strengths between 0.005M and 0.1M. Below 0.005M, it becomes difficult to

get data with a sufficient quality at high doping level. At 0.5M some anomalous

behaviour is observed, which we discuss separately in section 3.3.4. For the sake of

clarity we reduce the data shown to the one obtained for the highest charge density

investigated (r = 9%), where upon a gradual screening of the surface charges the

largest variation in the dynamics and structure of the micelles is observed. For the

lower doping level the effect of screening is analogous, but systematically shifted to

lower ionic strength. This becomes apparent in the investigations of the various doping

levels at fixed ionic strength, as shown in section 3.3.1. For comparison we present the

data obtained for r = 9% at various ionic strength always in conjunction with the data

obtained for varying the charge density at 0.005M, which were already shown and

discussed in section a). For convenience we denote the set of data obtained for the

variation in charge density at 0.005M as set a (shown in Figure X a) and the set of data

obtained for the variation in ionic strength at 9% doping as set b (shown in

Figure X b).
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Figure 3.8 : Apparent molar mass Mapp vs. surfactant concentration for solutions of

Ci6E6 and Ci6S03Na. (a) Data at different doping levels and a ionic strength of

0.005M (squares : 3%; circles : 6%; triangles : 9%; crosses : 0% (from ref [8])). (b)

Data at different ionic strengths and a doping level of 9% (squares : 0.1M; circles :

0.01M; triangles : 0.005M).

In Figure 3.8 the apparent molecular mass Mapp is shown as a function of

concentration. We observe striking similarities between the two sets of experiments.

Increasing the ionic strength from 0.005M to 0.1M leads to a systematic increase of

Mapp. The differences in the development ofMapp upon increasing the ionic strength can

be understood in the same way as previously discussed in the case of varying the

charge density at low ionic strength; namely by a progressive evolution from a weak

growth behaviour typical for salt-free solutions to the growth behaviour expected for

neutral worm-like micelles. We note that at 0. IM NaCl, the effect of the charge

density is fully suppressed and the behaviour of the neutral system is recovered.
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Figure 3.9 : Concentration dependence of the zero-shear viscosity r\0. (a) Data at

different doping levels and an ionic strength of 0.005M (crosses : 0%; squares : 3%;

circles : 6%; triangles : 9%). (b) Data at different ionic strengths and a doping level of

9% (crosses : 0.1M; squares : 0.05M; circles : 0.01M; triangles : 0.005M).

The concentration dependence of the zero-shear viscosity is shown in Figure 3.9.

Again, we observe a very similar development of the viscosities upon an increase of

the ionic strength when compared to the effect of a decrease of the charge density.

Adding salt to the charged system decreases the screening length and by that allows

for the onset of growth at lower concentration. As a result of that, the increase in

viscosity is shifted to lower concentration as well. As for the variation in charge

density, we find intermediate stages between the fast growth exhibiting system at

0.00IM and the continuous growth exhibiting system at 0.1M. At a concentration of

70 mg/mL, all curves reach the same value and at higher concentrations, the viscosities

systematically decrease with increasing salt concentration. However, the variation is

less pronounced than the one found in set a. In contrast to the osmotic compressibility

Mapp, the viscosity of the neutral system (Figure 3.9(a), 0%) is not recovered at the

highest ionic strength (Figure 3.9(b), 0.1M). Here, we clearly obtain a higher viscosity

increase (scaling exponent of 2.7) than for the neutral system (exponent of 2).

Concerning the onset of a strong viscosity increase (cg), we observe again a systematic

discrepancy to the onset of a decrease in osmotic compressibility (c*app). At low ionic

strengths (0.005M and 0.01M), the values of cg are clearly more than an order of

magnitude higher than the values of c* For the higher ionic strengths, cg can not be
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detected in the present data, but there are indications that we would obtain a reasonable

agreement between the onset of a decrease of the osmotic compressibility and the

onset of increase in viscosity, as observed for the neutral system and other surfactant

systems [9, 10].
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Figure 3.10 : Concentration dependence of the plateau modulus G0. (a) Data at

different doping levels and an ionic strength of 0.005M (crosses : 0%; squares : 3%;

circles : 6%; triangles : 9%). (b) Data at different ionic strengths and a doping level of

9% (crosses : 0.1M; squares : 0.05M; circles : 0.01M; triangles : 0.005M). In the inset :

Normalisation of the plateau modulus with c (same symbols).

The plots of the plateau modulus versus concentration are displayed in Figure 3.10.

The two sets of experiments, set a and set b, exhibit almost exactly the same features.

An increasing concentration dependence of the plateau modulus is equivalently

observed as either the ionic strength is decreased or the charge density is increased. In

contrast to viscosity, the plateau modulus for the high ionic strength system (0. IM) are

the same as in the r = 0% system. This observation implies that the structure and

density of the network only depend on the strength of the electrostatic interactions.

This confirms the observation mMapp (Figure 3.7) where an equivalence of the neutral

system to the fully screened 9% system is observed. In the inset of Figure 3.10, the

rescaled concentration dependence of the plateau moduli is shown. As for set a we find

a master-curve for set b, which we interpret as that the density of the network is
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entirely determined by the growth behaviour of the system. The concentration

dependence of the plateau modulus at high charge density or low ionic strength is

influenced by the onset of fast growth and the increasing contribution of the large

micelles to the entangled network. The concentration cg then characterises the

"critical" surfactant concentration, which marks the onset of fast growth and the

formation of large polymer-like micelles that contribute to the modulus and the zero-

shear viscosity.
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Figure 3.11 : Concentration dependence of the terminal relaxation time TR. (a) Data at

different doping levels and a ionic strength of 0.005M (crosses : 0%; squares : 3%;

circles : 6%; triangles : 9%). (b) Data at different ionic strengths and a doping level of

9% (crosses : 0.1M; squares : 0.05M; circles : 0.01M; triangles : 0.005M).

In Figure 3.11 the concentration dependence of the relaxation times is shown. The

similarity between set a and set b clearly persists. The curves at the two lowest ionic

strengths (Figure 3.11(b)) show a critical onset at a concentration where TR goes to

zero. At higher concentrations, the relaxation times are almost independent of the

concentration and exhibit higher values for lower ionic strength, analogous to the

higher values observed at increased charge density. In the previous chapter, we noted

that by screening the charged systems, one recovers the network density of the neutral

system, but not its dynamical behaviour. This observation is confirmed by the largely

increased TR obtained for the highest ionic strength (0.1M, Figure 3.11(b)) compared to
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those obtained for the neutral system (0%, Figure 3.11(a)). This discrepancy is

reflected in the viscosity as well (see Figure 3.7), since r\0
= G0 TR. Since the plateau

moduli are the same for these two systems, it becomes apparent that it is the relaxation

time, which causes the discrepancy in the zero-shear viscosity.
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Figure 3.12(a) : Cole-Cole plots for different concentrations. Data at a fixed ionic

strength of 0005M and different doping levels. The concentrations range from 28

mg/mL (full squares) to 175 mg/mL (open circles).
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Figure 3.12(b) : Cole-Cole plots for différent concentrations. Data at a fixed doping

level of 9% and different ionic strengths. The concentrations range from 28 mg/mL

(full squares) to 175 mg/mL (open circles).

Figure 3.12(a) and 3.12(b) show normalised Cole-Cole plots, which allow to compare

the effect of the charge density (Figure 3.12(a)) and the effect of the ionic strength

(Figure 3.12(b)) in the evolution of the spectra with concentration. We stated in

section a that the extent of deviation from the Maxwellian behaviour depends on the

relative distance to the onset of fast growth. This seems to be the case for set b as well.

We now clearly can state that the extent of deviation from the Maxwell behaviour is

determined by three variables : concentration, ionic strength and doping level. We see

that the pure mono-exponential stress decay described by the Maxwell model is

restricted to a narrow range of conditions. It works best at high concentrations, for

screened conditions and at low charge density. However, the effect of charge density is

more ambiguous since at r = 0% a pronounced deviation can again be observed, which

is probably the signature of branching (see discussion in 3.3.4). At a concentration

around 175 mg/mL, the behaviour is strongly Maxwellian independently of the doping

level and ionic strength. This concentration seems to correspond to a limit, since at

higher concentration a strong deviation is observed (not represented here), which we

will show and comment in section 3.3.3. Concerning the systems showing clear

deviations in the high-frequency regime (except for the deviations at r = 0%), it is
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difficult to identify the exact nature of these deviations. Obviously, we have a mixture

of Rouse-like motions corresponding to an upturn of G" and reptational motion

correlated with a tail in the Cole-Cole plot when xhreak » Trep.
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Figure 3.13 : Ionic strength dependence of the zero-shear viscosity at concentrations

of 21 (a) and 175 mg/mL (b) at different doping levels (squares : 3%; circles : 6%;

triangles : 9%).

All representations used so far aimed to present the effect of ionic strength and charge

density on the concentration dependence of the different rheological parameters. In

Figure 3.13, we present the data in a different way, by plotting the zero-shear viscosity

at a given concentration as a function of the ionic strength. We show curves at

different doping level and at two fixed concentrations, 21 and 175 mg/mL. For 9% and

6% doping at 21mg/mL we observe a strong increase of the viscosity with increasing

salt concentration, reminiscent of the concentration induced increase in viscosity

shown in Figure 3.9. As described in the theoretical background section, one has to

consider two effects when changing the concentration of a surfactant system, which

forms cylindrical micelles : with increasing concentration the number of micelles

increases and the size of the micelle increases, which leads to a enhanced increase of

the viscosity above the overlap concentration when compared to polymer solutions.

The advantage of the experiment shown in Figure 3.13 is that the concentration is not

changed and that we now can consider the viscosity to be primarily determined by the
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micellar size. Therefore the size of the micelles at 6% and 9% doping increases with

increasing salt concentration, which is expected since the end-cap energy increases

with increasing ionic strength. For the 3% doping at 21mg/mL the change in ionic

strength does not lead to a further growth of the micelles, which indicates that this

system nearly behaves like a neutral system. At 175mg/mL we find no change in

viscosity with the ionic strength for all doping levels. This observation is qualitatively

expected, as an increase of the surfactant concentration releases an increasing amount

of counter-ions from the charged surfactant, which contributes to the screening of the

system. Therefore, above some concentration that depends on the charge density, the

addition of salt should have no effect. The differences in viscosity noted for the

different charge densities at 175mg/mL are again the result of a change in the

relaxation times, which seems intrinsic to the charge density of the system. The plateau

moduli are the same for all charge densities and ionic strength at this concentration.

We consider that the influence of the ionic strength or doping level on the structure

becomes less pronounced at increasing concentrations, where the contribution of the

counter-ions of the charged surfactant becomes more and more significant. The

network density of the neutral system can be recovered by the addition of an

appropriate quantity of salt to any charged system. The amount of the salt to be added

will increase with charge density and decreasing surfactant concentration. Therefore,

the structure of the system at a given concentration is determined by some unique

parameter that should derive from the value of the Debye length.

It seems that the charges along the micellar chains induce a distinct stress relaxation

process, independently of the ionic atmosphere surrounding them. The observed

decrease of r\0 and TR with decreasing charge density could be explained by the

formation of cross-linked branch points at increasing fraction if we assume that a

change in the amount of repulsive charges along the micelles induce an intrinsic

change in the spontaneous curvature of the micelles, which can not be freely tuned by

an addition of salt. This would also explain why the r = 9% system at 0. IM NaCl has a

much more Maxwellian behaviour than the neutral system (see Figure 3.12).
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3.3.3 High concentration regime

For all systems and conditions investigated we find a distinct change in the rheological

behaviour at concentrations above ~200mg/mL. For the sake of clarity, we will limit

the discussion on the behaviour obtained for the systems r = 9% 0.01M NaCl and

r = 0% 0.005M NaCl, which are representative examples for the cases of high and low

electrostatic interactions respectively. Furthermore, we reduce the data shown to the

two concentrations between which a sudden change in rheology is observed.
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Figure 3.14 : Frequency dependence of the storage (G') and loss moduli (G") at

r = 9%, 0.01 M NaCl and surfactant concentrations of 179 mg/mL (squares) and 246

mg/mL (circles), (a) in a Cole-Cole representation, (b) as a function of the frequency at

179 mg/mL. (c) as a function of the frequency at 246 mg/mL. Open symbols : G
'

[Pa];

Full symbols : G" [Pa]; Triangles : \r\*\ [Pa.s]
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In Figure 3.14(a), we report for the system r = 9% 0.01M NaCl the frequency

dependent storage G'((o) and loss moduli G"((o) in a Cole-Cole-plot, allowing an easy

comparison between the behaviour observed at the two concentrations of 179 mg/mL

and 246 mg/mL. The semi-circular solid line represents the ideal Maxwellian element.

The complete frequency dependent spectra are shown in Figure 3.14(b) and

Figure 3.14(c). In the Cole-Cole representation, we note a dramatic change in the form

of the curves. While the behaviour is quasi Maxwellian at 179 mg/mL as ascertained

by the semi-circular shape, a strong deviation can be observed at 246 mg/mL,

indicating a clear change of the rheological properties of the system at this

concentration. An inspection of Figure 3.14(b) and 3.14(c) reveals that both the

viscosity at low frequency and the plateau modulus at high frequency is decreased

when increasing the concentration from 179 to 246 mg/mL. The relaxation time,

obtained from the crossover of G'((o) and G"((o) is only slightly shifted to higher

frequencies. The origin of the deviation from the Maxwellian behaviour at 246 mg/mL

appears to be due to a dramatic shift of the Rouse time xe to lower frequency. The

Rouse time corresponds to the crossover of the storage and loss moduli at high

frequencies and is normally related to modes associated with the entanglement length

le. When Te is close to the terminal relaxation time TR, the domain where G"((o)

decreases will be almost inexistent, as is observed in Figure 3.14(c). Here G"((o)

remains basically constant after the crossover at TR and then increases again

approaching G '((o).
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Figure 3.15 : Frequency dependence of the storage (G') and loss moduli (G") at

r = 0%, 0.005 M salt and surfactant concentrations of 200 mg/mL (squares) and 300

mg/mL (circles), (a) in a Cole-Cole representation, (b) as a function of the frequency at

200 mg/mL. (c) as a function of the frequency at 300 mg/mL. Open symbols : G
'

[Pa];

Full symbols : G" [Pa]; Triangles : \r\*\ [Pa.s]

In Figure 3.15, analogous plots of the neutral system at low ionic strength are

displayed. Despite the difference in charge density, we note qualitatively the same

features for r = 0% as obtained for r = 9%. When the concentration is increased from

200 to 300 mg/mL a distinct deviation from the Maxwell behaviour is observed as

clearly seen in the Cole-Cole representation (Figure 3.15(a)). This deviation is again

due to the absence of a decrease of G "(<£>) after the crossover point at TR

(Figure 3.15(c)). In contrast to the 9% system, no noticeable change in the viscosity,

plateau modulus and relaxation time is observed between the two concentrations. In
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fact, the drop in viscosity and plateau modulus as observed for 9% doping tends to

become progressively less pronounced when the charge density is decreased or the

ionic strength is increased. Nevertheless, it is worthwhile to stress that the sudden

change in the frequency dependence of G'((o) and G"((o) at higher concentrations

occurs at all doping levels and ionic strengths. Therefore, this behaviour seems to be

intrinsic to the system itself and can not be tuned by a change in the electrostatic

conditions. Similar changes above some critical concentration have been observed for

other charged surfactant systems, with [12, 13] or without [14] addition of salt. Kern et

al. [12] suggested that at large enough concentration, the persistence length of the

worm-like micelles becomes larger than the mesh size of the network of entangled

micelles. In this limit it is expected that the plateau modulus becomes independent of

concentration, which is observed for our systems at high enough salt concentrations or

in the absence of charges (Figure 3.15). In the case of salt free solutions of charged

micelles, it was suggested that the decay of G0 with concentration, conjugated with the

strong non-exponential stress relaxation, is an indication of a pre-transitional effect

typical for rigid rod-like polymers and may reveal orientational correlations, which

would decrease the stress-strain susceptibility [15]. Authors who studied charged

worm-like micelles in the presence of salt near an isotropic-nematic phase transition

[12] also found a decrease of G0 at large concentrations and a high frequency local

relaxation process (which we assume to correspond to the Rouse time) becoming

slower. They interpret this slowing down as a collective relaxation and suggest that the

"blob" fluctuations are replaced by orientational fluctuations due to Onsager

interactions between the chains. Accordingly, our results indicate that with increasing

electrostatic interactions the system becomes gradually more oriented in the high

concentration regime. Furthermore, the phase diagram of the system C16E6/H20 reveals

that at the experimental temperature a nematic phase should appear slightly above

30% wt C16E6, which corresponds to a concentration of 300 mg/mL [11]. This strongly

supports that a pre-transitional effect may be responsible for the observed behaviour.

No phase diagram is available for the tertiary system C16E6/C16S03Na/H20 at the

present, but it can be assumed that the isotropic-nematic phase transition is moved to

lower concentrations in the presence of charged surfactant, since we observe it above

250 mg/mL for all charged systems.
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3.3.4 High salt regime

As described in section 3.3.2, a variation of the ionic strength leads to a systematic

development of the rheological properties up to O.lMNaCl. At 0.5M NaCl, however,

we find a rather abrupt change in the rheological behaviour for all systems and

conditions. To demonstrate this effect as clearly as possible, we choose a surfactant

concentration of 100mg/mL where the systems are quasi Maxwellian at all ionic

strengths except at 0.5M. We reduce the data shown to the one obtained for the neutral

system r = 0% and the charged system r = 6% at 0. IM and 0.5M NaCl.
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Figure 3.16 : Frequency dependence of the storage (G') and loss moduli (G") at

r = 6%, surfactant concentration of 100 mg/mL and ionic strengths of 0.1M (squares)

and 0.5M (circles), (a) in a Cole-Cole representation, (b) as a function of the frequency

at 0.1M. (c) as a function of the frequency at 0.5M. Open symbols : G' [Pa]; Full

symbols : G" [Pa]; Triangles : \rj*\ [Pa.s]
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In Figure 3.16, we show the frequency dependent storage G'((o) and loss modulus

G"((o) for r = 6% in a Cole-Cole-plot (Figure 3.16(a)), as well as the full spectra for

0.1M NaCl (Figure 3.16(b)) and 0.5M NaCl (Figure 3.16(c)). An inspection of the

Cole-Cole plot reveals, that the behaviour at 0.5M NaCl is far from the Maxwellian

behaviour represented by the semi-circular curve, whereas at 0. IM NaCl the behaviour

tends to be closer to that expected for a Maxwell fluid with a single relaxation time. At

all lower ionic strengths investigated (from 0.001M to 0.1M), a behaviour very close

to the Maxwell element is found at this concentration. Figure 3.16(b) and 3.16(c) show

the frequency dependence of G'(co), G"(co) and the complex viscosity \r\*\(cù).

Clearly, there are striking differences in the rheology of the system at these two salt

concentrations : The point at which G'((o) and G"((o) cross is shifted to much higher

frequencies when increasing the salt content from 0.1M to 0.5M, corresponding to a

decay in the terminal relaxation time TR. At low frequencies, \r\*\((ù) goes to a

plateau which value corresponds to the zero-shear viscosity with a minor error. A

strong decrease of the viscosity at 0.5M can be observed. In the high frequency

regime, where G'((o) is dominating, we note that G'((o) appears to continuously

increase for 0.5M NaCl and it is unclear whether or not a plateau value will eventually

be reached.
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Figure 3.17 : Frequency dependence of the storage (G') and loss moduli (G") at

r = 0%, surfactant concentration of 100 mg/mL and ionic strengths of 0.1M (squares)

and 0.5M (circles), (a) in a Cole-Cole representation, (b) as a function of the frequency

at 0.1M. (c) as a function of the frequency at 0.5M. Open symbols : G' [Pa]; Full

symbols : G" [Pa]; Triangles : \r\*\ [Pa.s]

The same trends are observed for r = 0%, as seen in Figure 3.17. At high frequencies

the behaviour for the two conditions 0.1M NaCl and 0.5M NaCl clearly differ from

each other. For 0.5M NaCl we find again a strong deviation from the Maxwellian

behaviour (see Figure 3.17(a)), which is clearly due to the observed continuous

increase ofG'((o) in the high frequency regime (see Figure 3.17(c)). A decrease of the

low frequency viscosity and relaxation time is again observed upon changing the salt

content from 0.1M NaCl to 0.5M NaCl, though this change is less pronounced for

r = 0% than the one observed for r = 6%.
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Figure 3.18 : Flow curves of the 100 mg/mL system at 0.1M (full symbols) and 0.5 M

(open symbols) NaCl. (a) at r = 0%. (b) at r = 6%. Squares : T [Pa]; Circles : 77 [Pa.s];

The straight lines represent the value of the shear rate above which the viscoelastic

behaviour becomes non-linear (black line : 0. IM; grey line : 0.5M)

We test whether the general trends observed in the rheological response function

obtained by oscillatory shear experiments can be reproduced in steady shear

measurements. Figure 3.18 shows the results of shear rate dependent measurements for

the two systems under consideration, where we report the viscosity 77 and the shear

stress T as a function of the shear rate dy/dt. In such experiments, the shear stress

plateau is proportional to the plateau modulus and the relaxation time can be deduced

from the value of the shear rate at the onset of the non-linear viscoelastic regime [16].

The vertical lines represent the separation between the linear (at the left) and the non¬

linear viscoelastic regimes and are determined as the intersection of the linear fits of

the low shear rate viscosity and the high shear rate viscosity. Both systems, r = 6% in

Figure 3.18(a) and r = 0% in Figure 3.18(b), exhibit the same features than those found

in the oscillatory measurements. Upon an increase of the ionic strength from 0.1M to

0.5M NaCl the zero-shear viscosity drops, TR decreases and the shear stress

dependence on shear rate at high shear rates changes from a constant behaviour to a



- 109-

continuous increase. Clearly, no shear stress plateau can be determined at 0.5M,

independently of the value of r, which is in agreement with the results obtained by

oscillatory shear experiments (see Figure 3.16 and Figure 3.17). We also note that the

shear stress, even if it shows no real plateau value, clearly exhibits higher values at

0.5M than at 0.1M, which is again in agreement with the findings obtained by

oscillatory shear.

The decrease of TR and the high fluidity of worm-like micellar solutions induced by an

addition of excess salt have been observed for numerous systems and it is commonly

attributed to the branching of the micelles. Indeed, the addition of salt reduces the

electrostatic repulsion between the head groups and hence causes a decrease of the

spontaneous curvature, which is expected to induce the elongation and then the

branching of micelles, as well as the transition to vesicles in some cases [17]. The

existence of branched micelles has been proposed in order to explain the surprisingly

low viscosity observed for systems at high salt that was incompatible with an

entangled network. It was suggested that in such a multiconnected network of

branched micelles, the possibility of sliding the cross-link points along the micelles to

response to the flow gives a very fluid solution and allows a faster relaxation of stress

than disentanglement or breaking. However, whether the plateau modulus should

increase, decrease or remain constant upon formation of inter-micellar connections

seems to be a matter of dispute. Some authors suggest that it should decrease due to

the fluid nature of the junctions [18-20], other reports show no effect of a high salt

content on the plateau modulus [21-23], but an increased plateau modulus was also

observed for some branched systems [24, 25]. For our systems we find that a true

plateau modulus can not be determined when the salt content is increased to 0.5M,

though we still can state that the values of G '((o) and a(dy/dt) are higher at high

frequencies and shear rates respectively than the one obtained for 0.1M NaCl, where a

plateau value can still be determined. The observed increase can be related to a

decrease of the mesh size of the network, which we do not consider as being

incompatible with the hypothesis of branched micelles.
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Figure 3.19 : Ionic strength dependence of the viscosity 77 (circles) and relaxation time

TR (crosses) at r = 6% and surfactant concentration of 100 mg/mL.

The abrupt change in the frequency dependence of G '(co) and shear rate dependence of

a(dj/dt) seems to indicate a rather sharp transition to a new structural state. Assuming

that this new structure are branched micelles, we would expect that the characteristic

of branching like faster relaxation times and lower viscosities would appear abruptly at

0.5M NaCI. Indeed we find a rather large change for TR and 77 between 0.1M NaCI and

0.5M NaCI. However, this change does not appear to be abrupt if we consider the

complete range of ionic strength investigated. In Figure 3.19 TR and 77 for the fixed

concentration of 100mg/mL are shown as a function of the ionic strength. The

observed evolution of TR and 77 would rather indicate a continuous development of the

network from a mostly entangled stage to a mostly branched stage. This hypothesis is

supported by the development of the scaling exponent for the zero-shear viscosity

upon dilution, which progressively decreases with increasing amount of added salt

(from 7 at 0.005M to 1.4 at 0.5M).

Nevertheless, we would like to stress that we find an abrupt change in the frequency

dependence of the moduli at 0.5M NaCI, where a sudden deviation from the

Maxwellian behaviour is found. The model of Lequeux [26] developed for connected

micellar systems predicts that the stress relaxation decay should remains single

exponential. Clearly the behaviour found at 0.5M NaCI does not agree with this

prediction. Obviously there are still open questions concerning the existence of
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branched micelles and their rheological behaviour. We can not exclude the occurrence

of other types of relaxation mechanisms, which would account for the observed

behaviour, or the possibility of a decrease in the length of the micelles at high salt

content.

3.4 Conclusions

In this work, we have shown that the micellar structure, dynamics and growth

behaviour of mixed neutral and charged surfactant systems can easily be adjusted by a

change in either of the following parameters : total surfactant concentration, doping

level of charged surfactant or ionic strength of the surrounding medium. Strong

similarities in the concentration dependent behaviour of the systems are found as either

doping level or ionic strength are varied, suggesting an equivalence of these variables

in controlling the dynamics of these systems. A variation in charge density leads,

however to a variation in relaxation time, which is intrinsic to the charge density of the

system and can not be compensated by a variation in ionic strength. A tentative

interpretation suggests this to be due to enhanced branching at low charge densities,

reflecting the tendency for the micelles to decrease their spontaneous curvature at these

conditions.

Our rheological investigation disclosed a number of interesting and unexpected

phenomena, which are not or only partially in agreement with theoretical predictions.

Especially, for the highly charged systems at low ionic strength conditions we find that

the concentration where the osmotic compressibility starts to decrease and the

concentration where the viscosity starts to increase significantly differ. However, for

the neutral system and the charged systems at high ionic strength the two

concentrations coincide, as expected. Furthermore, we observe sudden changes in the

dynamics of these systems at high surfactant concentrations, which seems indicative of

the approach of a phase transition. Another abrupt change of the dynamics is noted at

high salt concentrations, which we attribute to a fully branched network structure.

Clearly, a number of open questions remain and further studies will be needed in order

to obtain a more complete understanding of these fascinating systems. In particular,
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the use of combined methods like micro and macro-rheology, light and small-angle

neutron scattering as well as optical and electron microscopy seems promising to

obtain further complementary structural and dynamic information.
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