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1 Introduction

1.1 Motivation

Foams are present in various environments and their performance is important for many
technical applications, ranging from detergency, cosmetics and fire-fighting to ternary oil
recovery.1 Aqueous foams for example have found a unique use in the decontamination
of nuclear waste water polluted facilities. In nuclear power plants, complicated shaped
valves, turbines and pipes are present and therefore, spraying does not reach all internal
surfaces and mechanical methods are ineffective. In this situation foams provide a good
alternative, since foams easily reach all contaminated areas. A further benefit is that only
very small amounts of liquid are required and, therefore the volume of secondary waste
is small.2 Foams also play an essential role in ternary oil-recovery. A foam is a material
of considerable low density that can easily pass narrow channels and almost all regions
of a heterogeneous petroleum reservoir. Furthermore, a foam efficiently promotes fluid
displacement in porous media.3

A liquid foam is a dispersion of gas within a continuous solution matrix. On the other
hand, a foam cannot be produced from a pure liquid, unless surface active material is
present. Surface active agents can be particles, polymers, proteins, surfactants or all
kinds of mixtures between these compounds.4 The role of this stabilizer is to promote
foam film formation and to slow down the different mechanisms of foam aging: liquid
drainage, bubble coalescence and coarsening. Furthermore, surface active substances are
able to cause macroscopic foaming already at extremely low concentrations. Especially
surfactant mixtures can strongly increase the foaming efficiency and, in some cases, lead
to the formation of extraordinary stable foams.5, 6 This benefit is a relevant criteria to
various industrial applications. In some processes foam formation is desired, whereas
in others it should be avoided. This requirement highlights the significance to control
foaming and foam stability.

To disperse air in a liquid solution, to create a bubble surface and finally a macroscopic
foam, energy is needed. The energy needed is proportional to the solutions surface ten-
sion and the surface area created. In foams the surface area is very high and, thus foams
are thermodynamically unstable. However meta-stable configurations can be produced
and the foam stability can range from seconds to weeks.5 The structure of a macroscopic
foam can be distinguished into two types: a bubble foam (Kugelschaum) or a polyhe-
dral foam.1 In most cases freshly created foam is a bubble foam, also described as a wet
foam. It consists of small, spherical air bubbles dispersed in a continuous liquid phase,
separated by thick films. Freshly prepared foams contain mainly thick lamellas and the
mechanical-dynamic properties of the adsorbed surfactant monolayer are decisive for re-
taining stability. As a result of gravitational drainage, the structure of a bubble foam
gradually changes with time: the liquid flows downwards and the spherical foam bubbles
are gradually converted into polyhedral air cells separated by thin liquid foam films.2 In
most cases a polyhedral foam represents the final state of a foam. A polyhedral foam is a
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1 Introduction

rather static construct and surface forces dominate foam film stability.24 After the initial
dynamic drainage process, the foam reaches an equilibrium situation at film thicknesses
<100 nm. The thin liquid foam films in turn are stabilized from repulsive interaction forces
(electrostatic double layer and steric repulsion) resulting from the adsorption of surface
active compounds (surfactants, proteins, polymers) at the film surfaces. The resulting
disjoining pressure determines foam film thickness. At high surfactant concentrations (>
cmc), foam and foam film properties can by affected by a structural (i.e. micellar) layering
mechanism (stratification).25, 26, 27

As foam films represent the basic building blocks of foams, one versatile method to
investigate foam films is to measure their disjoining pressure isotherm.28 Derived from
the DLVO theory, the disjoining pressure gives information about the dominating stabi-
lizing surface force and its magnitude.29 The disjoining pressure is the sum of repulsive
electrostatic, attractive van der Waals and repulsive steric interactions. Depending on
the dominating interaction, two different types of foam films can be distinguished: (A) if
the film is stabilized by electrostatic double layer repulsion, a common black film (CBF)
is formed, 10-100 nm thick. The structure of a CBF can be explained by a sandwich
model of two surfactant monolayers adsorbed at the surfaces separated by an aqueous
core in between.28 (B) Newton black films (NBF) on the other hand, are stabilized by
steric repulsion and only 4-10 nm thick, depending on the thickness of the adsorbed sur-
factant layers. Stable NBFs can only be formed if the adsorption layer at the film surface
is densely packed. A NBF consists of a bilayer of surfactant molecules with a high degree
of order containing counter ions and hydration water.24, 30, 31 A NBF is stabilized from
steric repulsion (entropic stabilization). It is textbook knowledge that foam film prop-
erties can be varied by adjusting the type of surfactant , its concentration or the ionic
strength (electrolyte concentration) in solution.24, 32, 33, 34, 35, 36 Therefore, one approach
to understand the properties of liquid foams is to understand the role of the single foam
films as elementary building blocks of the whole foam.37, 38 Other versatile parameters to
describe foams are: foamability, foam structure and foam stability.

One major challenge in the formulation of commercial products is to use resources more
efficient and provide products that counteract hazards to people and the environment.
Researchers are tasked with selecting precisely those solutions that best meet the problems
solution. One way to fine tune the physical properties of foams is to use oppositely charged
surfactant mixtures as foam builders.6 Oppositely charged surfactant mixtures fascinate
through their versatile bulk phase7, 8, 9 and surface adsorption behavior,10, 11, 12, 13 which
results into a diverse set of physical properties of the dispersion.14 Due to electrostatic
attraction between the oppositely charged surfactants, catanionic surfactant aggregates
are formed.8, 15 Mixtures of oppositely charged surfactants are promising candidates for
foam formation, since they reduce the amount of surfactant required and can assist in
the formation of extraordinary stable foams.4 In addition to that, oppositely charged
polyelectrolyte/surfactant (P/S) mixtures show a manifold complexation behavior and
play a major role in many industrial applications, ranging from detergency to personal
care products to drug delivery.16, 17 The performance of these polymer surfactant systems
is often based on their foaming ability18, 19, 20 and broad variety in surface and bulk phase
properties.21, 22, 23 It is important to understand the interactions of catanionic surfactant
and surfactant/polyelectrolyte complexes both, in the bulk phase and at the surface to
tailor their physico-chemical performance and optimize applications.
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1.2 Outline of the thesis

1.2 Outline of the thesis

An important challenge in surface science is to understand and control the complex for-
mation and synergistic surface adsorption behavior in oppositely charged surfactant and
surfactant/polyelectrolyte mixtures and their impact on the resulting foam film and foam
properties. Particular emphasis is laid on the question how the surfactant, and accord-
ingly surfactant-polyelectrolyte bulk mixing ratio presents a tool to fine tune the resulting
surface adsorption and foam film properties.

In general, a strong association between SDS and CnTAB is expected from Collin´s law of
matched water affinities: the trimethylammonium and the sulfate head group are similar
in head group charge density, but of reverse polarity.40, 41 Mixtures between anionic alkyl
sulfates and cationic quaternary ammonium surfactants are ideal model systems, as the
surfactants are commercially available and commonly used in a broad variety of technical
applications.5, 39 Especially alkyl trimethylammonium bromides (CnTAB) are ideal candi-
dates for a fundamental study as they are cheap, can easily be purified and are available in
a homologous series differing in carbon chain length. The latter allows to systematically
investigate the impact of the carbon chain length compatibility in surfactant mixtures.
Furthermore, a vast amount of work exists discussing the adsorption of CnTABs at the
air-water interface (static,42, 43 dynamic surface tension34, 44 and surface, elasticity34), in
foam films32, 43 and foams.45, 46 In addition to that, sodium dodecyl sulfate (SDS) also
represents a commercially available and very well studied surfactant.25, 47, 48, 49

Chapter 4 of the present thesis investigates the surface adsorption, foam film and foam-
ing properties (section 4.1 to 4.5) of surfactant mixtures composed of these commonly
used surfactant types. In section 4.1 complexation and aggregation of SDS/C12TAB mix-
tures at the water/air interface and its impact on foam film formation and stabilization is
investigated. In this respect, a combination of surface tensiometry and thin film pressure
balance measurements is performed. In order to investigate whether the adsorption of
equimolar (1:1) or non-stoichiometric catanionic surfactant complexes, and thus surface
excess of either SDS or C12TAB, governs foam film properties, the SDS/C12TAB mixing
ratio is systematically varied. The results may help to rationalize the influence of the
mixing ratio on surface composition and thus the type, stability and thinning behavior
of the corresponding foam film. Section 4.2 focuses on the foam film transition behavior
from a common black film (CBF) to a Newton black film (NBF). It is studied to what
extent the SDS/C12TAB mixing ratio influences CBF-NBF transition kinetics. Section
4.3 deals with the question if SDS/C12TAB mixtures are promising candidates for the
formation of ultra-stable foams and in the subsequent section 4.4 it is studied if there is
a correlation between the properties of the single thin liquid foam films and the stability
of the respective macroscopic foams. The influence of catanionic complex formation and
colloidal aggregation in the bulk solution on foam film properties are discussed in par-
ticular. In the last section (4.5) of chapter 4 , the carbon chain length of the cationic
quaternary ammonium surfactant is varied. It is investigated if and how the hydrocarbon
chain length compatibility in catanionic surfactant mixtures influences the performance
of SDS/CnTAB mixtures.
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1 Introduction

Beside oppositely charged surfactant mixtures, oppositely charged polyelectrolyte/surfactant
(P/S) mixtures play a major role in a wide range of industrial applications.17, 50 It is im-
portant to understand the interactions of PS mixtures, both in the bulk phase and at the
surface to predict their physicochemical behavior and in cases optimize perfomance. An
important challenge thereby is to rationalize foam film stability in terms of the interfacial
composition (i.e. surface excesses of both polyelectrolyte and surfactant).

Chapter 5 of this thesis is a continuation of preceding research on mixtures of oppo-
sitely charged alkyltrimethylammonium bromides (CnTAB) and poly(acrylamidomethyl
propanesulfonate) sodium (PAMPS). The relation between the interfacial composition
and foam film stability for PAMPS/C14TAB (section 5.1), PAMPS60/C14TAB (section
5.2) and PAMPS/C12TAB (section 5.3) mixtures in particular is studied. A combination
of neutron reflectivity (NR) and ellipsometry measurements is used to study the com-
plexation at the air/water interface and zeta potential measurements are carried out to
determine the charge on the bulk complexes. Surface tensiometry alone is known to be
limited in its capacity to resolve the interfacial composition.51 The interfacial composition
can be resolved using NR with isotopic contrast variation.52, 53, 54

In the particular case of PAMPS/C14TAB mixtures (chapter 5.1) it is investigated if
there is a relation between a rise in surface tension and surface adsorption and composi-
tion. In chapter 5.2 and 5.3 the influence of the charge degree (and therefore hydropho-
bicity) of the polyelectrolyte and the effect on surface adsorption is examined. To answer
these questions PAMPS was substituted with a polyelectrolyte of similar chemical com-
position but lower charge degree (PAMPS60 - chapter 5.2) and C14TAB was substituted
with C12TAB (chapter 5.3). The final chapter 5.4 investigates if there is a distinct rela-
tion between the found peak in surface tension and respective bulk precipitation (phase
separation) and bulk phase behavior.
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2 Scientific background

2.1 Single surfactant solutions and surfactant mixtures

2.1.1 Single surfactant systems

Surfactants (surface active agents) are universally used to control the properties of liquid
interfaces in technical applications and in life science.55 Surfactants can be generally
described as amphiphilic molecules. One part of the molecule is soluble in polar solvents
(i.e. water), while the other solubilises in non-polar phases. For this reason surfactants
show enhanced interfacial adsorption.

The presence of surfactant molecules at an interface leads to a dramatic change in
many physico-chemical properties, including surface and interfacial tensions, wettability,
surface charge and surface rheology.55, 56 The surfactant molecules rearrange to form a thin
liquid-like alkane film of overlapping alkyl chains while their head groups are solubilized
in the water phase.57, 58, 59, 60 Surfactants can also act as a barrier when they adsorb at
an interface, thus influencing mass and heat transfer between the adjacent phases as well
as dispersion stability. Another important ability of surfactants is the formation of self-
assembled colloidal structures in bulk solution.61 Surface active agents are important to
ensure emulsification, dispersion, wetting, foaming or detergency properties. Exhibiting
such versatile phase behavior and diversity of colloidal structures, surfactants find appli-
cation in many industrial processes. Especially where high surface areas, modification of
the interfacial activity or stability of colloidal systems are required.62, 63, 64

Both, adsorption and aggregation phenomena result from the hydrophobic effect55 and
accordingly the expulsion of surfactant tails from water. This basically originates from
water-water and water-surfactant head group intermolecular interactions being stronger
than those between water and the surfactant tail. Water molecules interact with one an-
other through hydrogen bonding. As a consequence the presence of dissolved amphiphilic
molecules distorts the water structure and apparently increases the free energy of the
system. Less work is required to bring a surfactant molecule to the surface than a water
molecule, so that migration of the surfactant to the surface is a spontaneous process.

Numerous variations are possible concerning the structure of the surfactant head and
tail group. The head group can be electrostatically charged or neutral, small and compact
in size, or a polymeric chain. The tail group is usually a single or double, straight or
branched hydrocarbon chain, but may also be a fluorocarbon or a siloxane group. Since
the hydrophilic part normally achieves its solubility either by ionic interactions or by
hydrogen bonding, the simplest classification is based on the surfactant head group type.
The four basic classes are: (I) anionics and (II) cationics, which dissociate in water into
two oppositely charged species (surfactant ion and its counter ion); (III) non-ionics, which
include a highly polar head group; and (IV) zwitterionics (or amphoterics), which combine
both, a positive and a negative functional group, within the same surfactant molecule.

7



2 Scientific background

Surface tension as a measure of surfactant adsorption at the air/water surface

For a simple surfactant solution surface tension is a measure for surfactant adsorption
at the air/water interface. Usually surface tension steadily decreases as the surfactant
concentration is increased, as a result from increasing adsorption of surfactant monomers
at the interface. The adsorption is associated with significant energetic changes since
the free energy of a surfactant molecule located at the interface is lower than that of a
molecule solubilised in the bulk phase.42 Surfactant adsorption is therefore a spontaneous
process and results in a decrease of the surface tension. The decrease in surface tension
reaches a limiting point, at which there is an abrupt change and the surface tension value
plateaus into a constant value upon increasing the surfactant concentration (Figure 2.1).
This break point is the critical micelle concentration (cmc) of the system and is the point
at which the surfactants begin to form self assembled structures (micelles) in the bulk
phase (section 2.1.1).

Figure 2.1: Surface tension isotherms for single surfactant solutions
used in this study. The surface activity of the alkyltrimethylam-
monium bromides (CnTAB) increases with increasing carbon chain
length, whereas the surfactant head group has a minor influence
(Compare the small difference between the surface tension of SDS
and C12TAB). All measurements are in accordance with literature
data.32, 47

The performance of a surfactant in lowering the surface tension can be discussed in terms
of the minimal surfactant concentration required to reduce surface tension (efficiency)
and the maximum achievable reduction in surface tension regardless of the concentration
(effectiveness). Whereas efficiency and effectiveness of a surfactant does not need to
run parallel. Surface tension behavior significantly depends on the alkyl chain length
and is affected by the type of the surfactant head group, but can also vary with the
ionic strength in solution, and temperature.56, 65 Generally, nonionic surfactants are more
surface active as there ionic counter parts. Within a homologous surfactant series surface
activity increases with increasing carbon tail chain length66 (Figure 2.1).

8



2.1 Single surfactant solutions and surfactant mixtures

In surface science one has to distinguish between dynamic (change in surface tension
over time) and static (or equilibrium) surface tension; both are important properties of
surfactant systems and govern many applications.16 In many processes (i.e. printing,
coating) the static surface tension is never obtained, because a new interfacial area is
continuously formed. In general, surfactant adsorption at interfaces includes two steps:
(1) adsorption and (2) orientation and structure formation at the interface. Both processes
take time and are reflected in the dynamic surface tension.67, 68 Thus, a freshly created
interface of a surfactant solution has a surface tension very close to that of the pure solvent
while the surface tension decays over time. This relaxation can range from milliseconds
to days depending on the surfactant type and concentration. In order to control this
dynamic behavior it is necessary to understand the main processes governing transport
of surfactant molecules from the bulk to the interface.

Beside the enhanced surface activity of surfactant solutions, another characteristic fea-
ture is the ability to self assemble into micellar structures in the solution bulk phase.

Self-aggregation and micellization in surfactant solutions

Surfactants can aggregate to form micelles, provided their concentration is sufficiently
high. Micelles are typically clusters consisting of 50-200 surfactant molecules and vary
in size and shape.42 Micelle formation occurs at a certain bulk surfactant concentration,
the critical micelle concentration (cmc). The cmc can be obtained from surface tension
measurements. It is the concentration where the decrease in surface tension levels off into
a constant value (Figure 2.1).

The length of the hydrocarbon chain is a major factor determining the cmc. For a
homologous series of linear single-chain surfactants the cmc decreases with increasing
carbon number. For example, the cmc of alkyl trimethylammonium bromides decreases
from 1, 5 · 10−2 mol/l for C12TAB, over 3, 5 · 10−3 mol/l for C14TAB, to 5 · 10−4 mol/l for
C16TAB (Figure 2.1). Surfactants possessing the same hydrocarbon chain, varying the
hydrophilic nature of the head group (i.e., from ionic to non-ionic) has an important effect
on the cmc. For instance, the cmc for an ionic surfactant with a C12 hydrocarbon chain
lies in the range of 10−2 mol/l (Figure 2.1), while the cmc of a nonionic surfactant with
similar alkyl chain is in the range of 10−4 mol/l.33 The exact nature of the ionic group,
however, has no dramatic effect (compare C12TAB and SDS in Figure 2.1), since a major
driving force for micelle formation is the gain in entropy.42 The presence of an indifferent
electrolyte causes a decrease in the cmc of most surfactants. The greatest effect is found
for ionic surfactants.69 The principal effect of the salt is to partially screen the electrostatic
repulsion between the head groups, and thus lower the cmc.42 Also important, but to less
extent, are parameters such as counter ion nature, presence of additives and a change in
temperature.

In general, micellization kinetics strongly affect interfacial phenomena as wetting time,
emulsion droplet size, oil solubilization rate and foamability.39, 70, 71

Foam films and foams stabilized by single surfactant solutions

Pure liquids cannot foam unless surface active material is present. Therefore, the per-
formance of surfactants on foaming properties is of importance to many industrial appli-
cations.2, 39 Another important application is the purification of surfactant solutions by
foam fractionating.72
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2 Scientific background

Since a foam is made of thin liquid films separated by gas, its stability is determined
by the strength of these individual films. Type and concentration of the surfactant are
strongly connected to the surface charge and therefore the formation of either an electro-
statically stabilized common black film (CBF) or sterically stabilized Newton black film
(NBF).73 Disjoining pressure studies (Π-h-curves) of nonionic surfactant show that below
the cmc an electrostatic double-layer repulsion is present and dominates long-range inter-
action.36, 74 As a result a CBF is formed. These observations show that resulting surface
charge must be present. Studies demonstrated that hydroxide ions specifically adsorb
at the air/water interface.38, 75 The surface charge decreases with increasing surfactant
concentration, increases slightly with ionic strength, and is not significantly affected by
surfactant molecular structure.33 An increase of the surfactant concentration leads to the
formation of thinner CBFs and the stability of the CBF increases with increasing sur-
factant concentration. At, or just above, the cmc, surfactant covers the interface and
suppresses the charge sufficiently to induce a transition from a common black film to a
Newton black film.

Systematic studies of disjoining pressure isotherms and stability of foam films produced
from soluble ionic surfactants (i.e. sodium dodecyl sulfate (SDS) and alkyltrimethylammo-
nium bromides - CnTAB) form electrostatically stabilized CBFs at moderate surfactant
concentrations32, 76 (Figure 2.2). Due to the ionic nature of the surfactants, the surface
charge increases with increasing surfactant concentration (Table 2.1). Only after the ad-
dition of a high amount of electrolyte, a transition from a CBF into a sterically stabilized
NBF takes place35 . In this case the strong electrostatic repulsion of ionic surfactant head
groups can be overcome by screening of the surface charges.

Table 2.1: PB parameters obtained from fitting the experimental Π(h)
curves in Figure 2.2 according to the DLVO theory. The
values obtained are in accordance to data reported in litera-
ture.32, 35, 76, 77

sample concentration surface potential surface charge area/charge
total Ψ σ

[mol/l] [mV] [mC/m2] [nm2]

SDS 5 · 10−5 82 1,25 128
SDS 10−4 65 1,94 82
SDS 3 · 10−4 60 2,98 54

C14TAB 5 · 10−5 120 1,91 84
C14TAB 10−4 85 2,95 54
C14TAB 5 · 10−4 110 11,0 15
C14TAB 10−3 100 12,8 13

C16TAB 5 · 10−5 95 1,64 98

Other studies showed that the surfactant´s hydrocarbon chain length and molecular
packing can strongly influence film stability.32, 34 For highly purified surfactants an abrupt
increase in film stability is observed when extending the chain length from C12 to C14.
C12TAB is not able to form stable foam films below its cmc, whereas C14TAB stabilizes
films already at low bulk concentrations. The difference in stability is normally related to a
higher surface elasticity of C14TAB compared to C12TAB.45 If an uncharged co-surfactant
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2.1 Single surfactant solutions and surfactant mixtures

Figure 2.2: Measured disjoining pressure (Π(h)) isotherms of pure sur-
factant solutions investigated in this study. Pure C12TAB does not
form stable foam films in the investigated concentration regime. All
measurements are in accordance to literature data.32, 35, 76, 77

(CnOH) is present, this stability transition takes place between C10TAB and C12TAB.
In general, the purity of the surfactant used has a strong influence on the resulting foam
film properties.78, 79

Disjoining pressure isotherms of higher concentrated ionic surfactant solutions (above
the cmc) exhibit an equilibrium oscillatory component. The oscillations originate from
surfactant structuring (micelle formation) within the film and are responsible for the
formation of multiple black films.25 It was found that a discrete change in film thickness
occurred as a function of the ionic strength and surfactant concentration. Pressures
required to induce the film thickness transitions were several orders of magnitude lower
than the final film-rupture pressure.

Many other studies try to relate dilatational surface elastic properties with foam film
stability34, 80, 81, 82, 83 or discuss the influence of surfactant structure formation within the
film bulk.84, 85 Others discuss the origin and influence of the hydrophobic force in foam
films.86, 87

Much effort has been spent on the investigation of surface adsorption and foaming
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2 Scientific background

properties of single surfactant systems. More recently the focus has turned to surfactant
mixtures. This is because the interfacial properties of surfactant mixtures are often supe-
rior to those of single surfactant systems. Most often, surfactant mixtures show deviation
from ideality, especially those with differently charged head groups, i.e. catanionic surfac-
tant mixtures (section 2.1.3), but also mixtures of nonionic and ionic surfactants (section
2.1.2) show interesting physico-chemical properties upon mixing.

2.1.2 Binary mixtures of nonionic and nonionic/ionic surfactants

Surfactant mixtures are used in nearly every pratical application.88 Either because com-
mercial surfactants are always mixtures due to their manufacturing method, or because
the applications benefit from synergistic effects in surfactant mixtures. Synergism in
surfactant mixtures is defined as any situation where mixtures of surfactants have supe-
rior properties when compared to the properties of any of the single components alone.
One would not expect strong synergistic effects in mixtures of nonionic surfactants, as
nonionic surfactants exhibit only minor intermolecular interactions. Furthermore, sur-
factant/surfactant interactions in ionic/nonionic surfactant mixtures are expected to be
weak. It is suggested that the addition of a nonionic surfactant to an ionic one reduces
electrostatic self-repulsion of the ionic surfactant. This diluting effect dominates the for-
mation micelle formation and surface adsorption. Furthermore, steric effects need to be
considered if the surfactant varies in the molecular structure of the head groups or if the
hydrocarbon chain is branched.

Ideal and non-ideal mixing behavior in surfactant mixtures

Despite the fact that molecular interactions in mixtures of nonionic or nonionic/ionic
surfactants are rather weak, mixtures often show a diverse physico-chemical behavior.
On the one hand, surfactants can mix non-cooperatively (ideal mixing) and no synergistic
effect on the resulting physical properties is observed.89, 90, 91 On the other hand strong
synergistic effects (non-ideal mixing) for surfactant mixtures are reported in literature and
attributed to Coulombic, ion-dipole, or hydrogen-bonding interactions among the polar
groups.92, 93 Another possibility is that the ionic surfactant polarizes the nonionic head
group upon mixing.

Ideal mixing occurs in many different nonionic, but also nonionic/ionic surfactant
mixtures. Griffiths et al. showed for a mixture of a sugar-based nonionic surfactants
(dodecylmalonobis(N-methylglucamide)) with an anionic surfactant of similar tail length
(SDS) that the two surfactants mix ideally and non-cooperatively and, that the composi-
tion of the micelle is thus given by the initial concentrations of the two surfactants.90 If
nonionic and anionic surfactants are mixed in a nonequimolar ratio the surfactant in ex-
cess dominates surface and micellization properties, whereas the shorter surfactants play
the role of a surface active impurity.91, 94 This shows that the surfactants do not aggregate
and the surfactant/surfactant interaction is rather based on loose attraction than a strong
molecular association.

In some surfactant mixtures synergistic effects arise dependent on the concentration
or mixing ratio of the introduced surfactant mixtures.95, 96, 97 Szymczyk et al investi-
gated surface tension, density and conductivity measurements for systems containing
mixtures of C16TAB (cetyltrimethylammonium bromide) and Triton X-100 (p-(1,1,3,3-
tetramethylbutyl)phenoxypoly(ethylene glycol)).96 They found a linear relationship be-
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2.1 Single surfactant solutions and surfactant mixtures

tween the surface tension and composition of C16TAB and Triton mixtures at low con-
centration (ideal mixing). However, at high bulk surfactant concentrations the surface is
saturated a negative deviation from the linear relationship is observed (non-ideal mixing).
A synergistic reduction of the surface tension results if the surface is saturated by a mono-
layer. In this particular case it was even possible to predict the values of the standard free
energy of micellization. For a mixture of C16TAB and TX100 the standard free energy
of micellization is somewhat lower than the free energy of micellization for the individual
components.

In other binary surfactant mixutres strong synergistic effects are observed.88, 98 Of-
ten these mixtures exhibit an enhanced solubilization in water-in-oil micro emulsions.
Synergism in micro-emulsion solubilization has been reported for a nonionic/anionic sys-
tem designed for pharmaceutical applications, using mixtures of AOT (sodium bis(2-
ethylhexyl)sulfosuccinate) and Arlacel 20 (sorbitane laurate) in different proportions.99

Another example is the stabilization of high ionic strength slurries using the synergistic
effect of a mixed ionic/nonionic surfactant mixture.100 The colloidal stability of high ionic
strength solutions is of importance for many industries due to problems that can arise from
particle settling. In high ionic strength slurries conventional stabilizing agents (e.g. ionic
surfactants or polymers) are neutralized by the electrolytes in solution and the suspension
collapses and precipitates. However, the correct combination of a properly chosen ionic
and nonionic surfactant can generate a suitable stabilizing agent. Grillo et al. presented a
complex phase diagram of the binary surfactant mixture AOT (sodium bis(2-ethyl hexyl)
sulfosuccinate) and C12E4 (tetraethylene monododecyl ether)101 . The micellar region is
considerably extended in composition and concentration compared to that observed for
the pure surfactant systems, and two different types of surfactant aggregates are formed:
spherical micelles in AOT-rich and cylindrical micelles in the C12E4-rich region. The size
of the micelles depends on both, concentration and molar ratio of the surfactant mixtures.
At higher concentration, a swollen lamellar phase is formed, where electrostatic repulsion
dominate. At intermediate concentrations, a mixed micellar/lamellar phase exists.

Recently several indepedent researcher groups developed molecular-thermodynamic the-
ories to predict the physico-chemical behavior of surfactant mixtures based on parameters
which can easily derived from measurements.102, 103 For mixed surfactant systems, without
molecular interactions between the different compounds (ideal mixing), simple methods
to estimate the surface tension of mixed surfactant systems are established. For binary
surfactant systems exhibiting non-ideal mixing the prediction of physico-chemical proper-
ties is more complicated. Most often the surfactant/surfactant interplay is quantitatively
described in terms of molecular-interaction parameters based on the regular solution the-
ory.104 In many cases it is difficult to predict surface properties from bulk solution data
and vice versa. Small-Angle neutron scattering and neutron reflectivity studies underline
that there is no simple relation between surface and bulk properties of surfactant mix-
tures.105 For mixtures of DHDAB (dihexadecyldimethylammonium bromide) and C12E6

(hexaethylene monodecyl ether) the equilibrium composition of the adsorbed layer at the
air-water interface shows a remarkable deviation from ideal mixing, which is dependent
on both, the bulk surfactant concentration and the concentration of added electrolyte.106

In contrast, the composition of aggregates in the bulk solution is close to ideal mixing, as
expected for concentrations well above the cmc.
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Different foaming properties for binary nonionic and ionic/nonionic surfactant
mixtures

Obviously there is no firm relation between aggregation in the bulk solution phase, surface
tension reduction and synergism in foaming efficiency. For instance, there is no unam-
biguous relationship between foam stability and the packing of surfactants at the aqueous
solution/air interface.107 In cases where foam stability is poor, it appears to originate not
from loose packing of surfactants at the interface, but from a limited solubility of one
of the surfactants in the mixture. Studies on the stabilization of foam films and foams
show that in general there is a distinct difference whether foams are stabilized by binary
nonionic or ionic/nonionic surfactant mixtures.

Stubenrauch and co-workers compared disjoining pressure isotherms (Π-h curves) and
foaming properties of the single nonionic surfactants, β-C12G2( n-dodecyl-β-maltoside)
and C12E6 (hexaethylene monododecyl ether), with those of the 1:1 mixture.97, 108 At
concentrations below the cmc, the behavior of the mixture is equal to that of foam films
stabilized from a single non-ionic surfactant. Above the cmc, stable CBFs are observed
and only at high pressures the film transforms into a NBF. On the contrary, foam films
stabilized by single nonionic surfactants form NBFs directly at onset. The time needed
for the CBF-NBF transition in the surfactant mixture was hours and, thus very slow com-
pared to that of single surfactants (minutes). Foaming properties are not really affected
from mixing the two surfactants. The foam properties of a 1:1 mixture are similar to
those of the pure C12E6 and not simply an ”average” of the single surfactants. On the
other hand the foamability and foam stability of a 50:1 mixture of β-C12G2 and C12E6

was found to be very similar to that of pure β-C12G2 and traces of C12E6 did not influence
foaming properties. Thus mixing a well foaming surfactant with one of poor foamability
does not necessarily lead to an intermediate foamability.

Properties of monolayers formed by ionic and nonionic surfactant mixtures depend
on the interactions between the surfactants and the stability of foams was significantly
affected by the interactions between the surfactants. Coalescence of air bubbles in the
mixed surfactant systems was compared with that in the corresponding single surfactant-
systems.109 It was observed that the ionic surfactants stabilized the bubbles more strongly
than the nonionic surfactant. Electrostatic double layer repulsion seems to be the reason
for this stability. The coalescence times in the ionic-nonionic surfactant mixtures (SDS-
Tween 20 or C12TAB-Tween 20) were found to be always lower than the coalescence times
in the respective single surfactant systems. Although surface tension evidenced synergistic
surface adsorption, the mixed-surfactant systems were less effective in stabilizing the
bubbles. Disjoining pressure studies of ionic/nonionic surfactant mixtures show that it is
possible to tune the surface charge density while varying the mixing ratio between C12TAB
and β-C12G2.43 The addition of small amounts of C12TAB to β-C12G2 first neutralizes the
slight negative surface charge of the β-C12G2 films and finally leads to charge reversal from
negatively to positively charged surfaces. A similar is reported for mixtures of C12DMPO
with C12TAB. Also in this case, varying the mixing ratio presents a tool to tune the surface
charge density q0 and thus the type of the foam film formed.110 A higher foam stability
for the mixture is observed compared to that of the single surfactants, and foamability
continually increased with increasing C12TAB content in the surfactant mixture. This is
also reflected by faster adsorption time.111 Although the 1:1 mixture shows weak or even
negligible surfactant interactions in terms of surface tension reduction, the foam stability
is highly increased.
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2.1 Single surfactant solutions and surfactant mixtures

Compared to mixtures of binary nonionic or nonionic/ionic surfactant mixtures, mix-
tures of oppositely charged surfactants always show non-ideal mixing behavior due to
strong electrostatic attraction between the surfactant head groups.

2.1.3 Mixtures of oppositely charged surfactants - Catanionic
surfactant mixtures

The term catanionic surfactants is ambiguously used in literature. In the most common
definition, the term catanionic surfactant stands for a mixture of cationic and anionic
surfactants in non-equimolar ratio with their counter ions present.112 In these mixtures,
the catanionic surfactant exists as an individual chemical species together with excess of
one of the ionic amphiphiles. On a contrary, sometimes the term catanionic surfactant
is defined as equimolar mixture of oppositely charged surfactants with the counter ions
removed (also referred to as ion pair amphiphile).15 An important point which has to be
considered in the latter case is the constrained solubility of the ion pair amphiphiles. In
general, cationic and anionic surfactants cannot be mixed without the risk of precipitation
or instability.113 However, it is possible to mix cationic and anionic surfactants without
precipitating and the formed catanionic surfactant mixtures exhibit unique and synergistic
properties.112 Within the present thesis the term catanionic surfactant mixture is used in
the broad sense of reference.112 In contrast to this, the term catanionic complex is used
to describe the equimolar 1:1 complex between SDS and C12TAB. Catanionic surfactants
show highly enhanced surface activity, compared to the pure surfactants, and therefore
have a much lower critical aggregation concentration (cac) (”positive synergism”).112, 114

The resulting colloidal domains in the bulk solution phase are known to be very diverse
in structure and shape.114, 115 116, 117 An extraordinary feature of catanionic surfactant
mixtures is the ability to spontaneously form stable vesicles, while pure surfactants with a
linear hydrophobic tail usually form only micellar structures.112, 118 In contrast to common
amphiphilic systems, catanionic surfactant mixtures can exhibit spontaneous formation
of thermodynamically stable vesicles.114, 7

These unique physico-chemical properties of catanionic surfactant mixtures make them
interesting for technical applications. Vesicular catanionic solutions in particular are
highly interesting for pharmaceutical applications like capsules for drug delivery.119 An-
other benefit results from reducing the surfactant amount needed due to synergistic effects
arising in the catanionic surfactant mixtures.114

Microstructure formation in the bulk solution phase

When oppositely charged surfactants are mixed in aqueous solution, the physical proper-
ties of these mixed systems are completely different to those observed for single surfactant
solutions. Synergistic effects arise based on strong attractive interactions between the
oppositely charged amphiphiles. Surfactant/surfactant interactions are usually of the as-
sociative type.113, 120 The chemical composition of the head group, as well as the number
and length of alkyl chains dominate the bulk phase behavior and aggregation morphol-
ogy.121, 122 Intra- and inter-molecular forces can be varied by the molecular structure of
the surfactant, the presence of additives (salt, co-surfactants) and other physico-chemical
variables (pH, temperature).

The rich polymorphism of catanionic surfactant mixtures in the bulk phase has been
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extensively studied by experiments and theoretical modeling.123, 124, 125 In general, a broad
variety in microstructures ranging from micelles over cylindrical and worm-like micelles
to vesicles and compact surfactant bilayers is observed for catanionic surfactant mixtures.
Many physico-chemical parameters like the chemical structure,87, 126, 127, 128, 129 concentra-
tion and mixing ratio of the surfactants,130, 131, 132, 133, 134 ionic strength, size and polaris-
ability of the counterions,9, 8, 135 pH, dielectric constant of the solvent, temperature and
addition of cosurfactants (i.e. alcohols)9, 127, 132, 136, 137 show a strong effect on the phase
diagram of the respective mixture.

Kaler et al. intensively studied mixtures of sodium alkyl sulfates (SAS) and alkyl
trimethylammonium bromides (CnTAB).131, 138, 139, 140 Micelles of anionic surfactants grow
upon addition of cationic surfactants. As a consequence, rod-like micelles are transformed
abruptly into vesicles over a very narrow composition range. For the symmetric surfac-
tant system, sodium dodecyl sulfate (SDS) and dodecyl trimethylammonium bromide
(C12TAB), the formation of hydrated crystals of 1:1 surfactant complexes dominate the
phase behavior139 and precipitation occurs at low absolute concentrations. For surfac-
tant mixtures unequal in alkyl chain length, a crystalline precipitate is only present in
equimolar mixing ratios.138

An outstanding feature of catanionic surfactant mixtures is the spontaneous formation
of stable vesicles in aqueous solution.7, 114 Pseudo-zwitterionic surfactants are formed
which favor the morphology of vesicles. These vesicles are quite stable in comparison
to conventional vesicles prepared by mechanical disruption of insoluble liquid crystalline
dispersions. Vesicle size, surface charge, or permeability can be readily adjusted by varying
the ratio of anionic to cationic surfactant. In general, the formed vesicular phase exhibits
high polydispersity, including ”giant vesicles” up to 40 micrometer in diameter.118

Synergistic surface adsorption and molecular structure formation at interfaces

Beside the broad variation of microstructures in the bulk solution phase, extensive re-
search has been performed on the phase behavior and molecular organization of adsorbed
catanionic surfactant layers at the air-water interface.12, 103, 141, 142 Ion pairing between the
oppositely charged surfactants results in dense and efficient chain packing of the surfactant
layer at the interface.13

In general, the strong attractive interaction between oppositely charged surfactants
leads to a strong synergistic surface adsorption of the formed complexes.115, 143, 144, 145

Motomura et al. found a significant non-ideal behavior in the phase diagram and surface
adsorption behavior: equimolar mixtures of SC10S and C10TAB exists in the adsorbed
film at all compositions irrespective of the bulk composition.146 The synergistic effect of
catanionic surfactant mixtures can be expressed by analyzing surface tension isotherms
by the model of non-ideal interactions in binary surfactant mixtures (NIBM) first devel-
oped by Rosen et al.55, 104, 147 and improved by Ingram148 This approach allows one to
calculate the surface tension isotherm and the composition of the adsorption layers for
surfactant mixtures at arbitrary surfactant concentrations below and above the cmc. The
composition of the mixed micelles can also be calculated with this approach.

A general classification is based on the chain length of the introduced surfactants.
Short chain surfactants for example are quite water soluble and act more as organic
salt,149 while mixtures of surfactants similar in chain length form complex aggregates at
the surface.12, 150, 151 Furthermore, it seems that biggest synergism arises for surfactants
with similar chain length. Studies show a huge effect on different surface properties like
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surface tension, surface viscosity, micellar stability, and wettabiliy.152 Surface tension
measurements performed on catanionic mixtures lead to the conclusion that electrostatic
interactions between oppositely charged ionic head groups enhance the adsorption of
surfactants and decrease the minimal molar area of surfactant molecules at the air-water
interface.130, 152 In the high concentration range above the cmc, the formation of catanionic
multilayers is reported.153

Ambiguous influence of catanionic surfactant mixtures on the stabilization of foam
films and foams

Studies on the stabilization of single foam films and foam formation of catanionic surfac-
tant mixtures are quite rare. This is rather surprising as enhanced or reduced foamability
and foam stability is of interest to many applications. Although the application of liquid
foams is widespread, too little is yet understood about how to control their stability and
performance. Manev et al could show that the presence of tetraalkylammonium counter
ions in aqueous foams and thin film lamella stabilized by SDS can act either to promote
or to prevent foam stability depending on the chain length of the alkyl group.46 Shah and
coworkers examined the enhanced foamability and foam lifetime of catanionic surfactant
mixtures longer in alkyl chain length:154 sodium dodecyl sulfate as anionic species and
quaternary alkylammonium salts of different chain length (C10, C12, C14, C16) as cationic
one. It was concluded that the ability to form stable micelles leads also to stable foams.
On the other hand, foamability is low because micelles must be broken up into monomers
for adsorption onto the newly created interfaces of bubbles within the foam. Additionally,
it could be demonstrated that foam stability is also affected by chain length compatibil-
ity. The biggest synergism arises in mixtures of similar surfactant chain length, sodium
dodecyl sulfate (C12) and dodecyltrimethylammonium bromide (C12). Another parameter
that has an important influence on foam stability is the gas flow rate while producing the
foam. Foaming and foam stability, both are strongly affected by the gas flow rate used
to produce the foam. In foaming experiments it was also observed that the coarsening
is very slow. It remains unclear if the reduced gas diffusion is due to the tight packing
of the surfactant pairs at the surface or because of vesicles that are trapped between gas
bubbles. Extraordinary stable foams are also observed for mixtures between the cationic
cetyl trimethylammonium chloride (C16TACl) and the anionic myristic acid (C13COOH).4

Foamability was essentially determined by the concentration of unbound surfactant at
non-equimolar mixing ratios and the adsorption processes at short time scale. Rapidly
adsorbing surfactants are therefore essential for successful foam generation. Furthermore,
the formed catanionic surfactant complexes created highly packed layers at the air-water
interface, which were strongly viscoelastic and confer high disjoining pressures. As a re-
sult the interfaces were extremely stable against coalescence and coarsening. Also the
presence of micron-sized catanionic vesicles within the liquid foam films massively slowed
down foam drainage. Non-dialyzed solutions of the same surfactant mixture produced
even more stable foams than samples with their counter ions removed.14

In general, overall foam stability is based on the stability of the building blocks, the
single foam films. A recent study examined foam film stabilization of mixtures of dodecyl
(C12) and tetradecyltrimethylammonium bromide (C14TAB) with several anionic counter
surfactants (styrene sulfonate, sodium decanoate and sodium decyl sulfonate).155 It was
demonstrated that type and amount of anionic surfactant added to a cationic surfactant
solution presents a tool for tailoring the thickness and stability of foam films. Head group-
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head group interactions as well as hydrophilic/hydrophobic balance of the surfactant
molecules dominated the functionality and stability of these mixtures. Surfactants can
either act as a salt or co-surfactant depending on its molecular functionality and bulk
concentration.

2.2 Mixtures of oppositely charged polyelectrolytes and
surfactants

Oppositely charged polyelectrolyte/surfactant mixtures are essential components of count-
less products such as detergents, paints and shampoos.156, 157, 158 It is important to un-
derstand the interactions of such species in the bulk and at the surfaces to predict their
physicochemical behavior and to optimize performance. For instance in decalcification
processes strong attraction between polyelectrolytes and surfactant is necessary in order
to remove the polyelectrolyte/calcium complexes. In contrast to that in cleaning products,
including a polymer for surface protection, attraction between polymers and surfactants
has to be avoided. However, the interactions between polyelectrolytes and surfactants are
quite manifold and include always hydrophobic interactions. Depending on the system
electrostatic interaction or hydrogen bonding can be predominant.

2.2.1 Adsorption at the air-water interface

Measuring surface tension is the main tool for studying adsorption processes at the
air/solution interface. Mixtures of surfactants and polyelectrolytes often produce con-
fusing results, apart from the well known surface tension isotherms of pure surfactants.52

For polymer/surfactant mixtures, the situation is more complex and a diverse number
of different surface tension isotherms have been observed.159, 160, 161 In general the surface
tension behavior for oppositely charged polyelectrolyte/surfactant mixtures is far more
complex than for mixtures with neutral polymers.52 In the latter case, the discontinuities
in the surface tension most often can be ascribed to phase changes taking place in the
bulk phase. On the contrary, the surface tension behavior for the oppositely charged
polyelectrolyte/surfactant systems varies from system to system and is more difficult to
interpret.

Surface tensiometry studies are usually conducted with fixed polyelectrolyte concentra-
tion and varied surfactant concentration. Typical concentration ranges are 10−4 to 10−2

(mono)mol/l for the polyelectrolyte (polyelectrolyte concentration refers to the concen-
tration of monomer units) and 10−6 to 10−2 mol/l for the surfactant. At low surfactant
concentrations (below 10−4 mol/l), the addition of polyelectrolytes leads to the forma-
tion of surface active complexes that lower the surface tension to a larger extent than
the addition of a pure surfactant or polyelectrolyte. This happens at the critical surface
aggregation concentration (csac).38, 162 A plateau in surface tension starts close to the
critical aggregation concentration (cac). In this concentration regime, added surfactant is
incorporated into bulk aggregates and it does not adsorb at the surface. Related to this
the solution is often turbid. In this case, the polyelectrolytes are hydrophobised by the
surfactant and the hydrophobic domains aggregate. After reaching a certain dimension
the complexes may precipitate out of the solution.163 The cac depends on many parame-
ters like surfactant chain length, polyelectrolyte concentration or degree of charge.164, 165
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The cac increases with increasing surfactant chain length due to the stronger hydrophobic
interactions between the two compounds. In case of strong hydrophobic interactions be-
tween the polymer and the surfactant, a depletion of complexes at the interfaces occurs.
In this case complexation arises from hydrophobic interaction and the resulting complexes
are charged and therefore hydrophilic, which explains the depletion from the interface.
Polyelectrolytes with a high degree of charge show a stronger electrostatic interaction
with oppositely charged surfactants, as polyelectrolytes possessing only a few charged
monomer units. The formation of complexes is favored and the cac decreases with in-
creasing polymer charge density.166, 167 The chain length of the polymer has no influence
on the cac but in case of polystyrene sulfonate (PSS) a length of at least 20 monomer
units is needed to show polymeric behavior.168 At concentrations above the cac, surface
tension isotherms can be categorized into two different types.52

Type 1 surface tension isotherms (i.e. in case of PSS and C12TAB mixtures)169 show
a broad plateau at the cac and finally coincide with the isotherm of the pure surfactant
(see Figure 2.3 a) ). This second break point in the surface tension isotherm is usually
located at the critical micelle concentration of the pure surfactant. Above this point the
surface is densely covered and the surface tension is constant. It is assumed that most of
the polymer is redissolved within the bulk phase.

Figure 2.3: Characteristic surface tension isotherms for oppositely
charged polyelectrolyte/surfactant mixtures.
a) Type 1 adsorption behavior for aqueous solutions of PSS as a func-
tion of added C12TAB. PSS concentrations are 0 ppm, 20 ppm(×),
50 ppm(#), 100 ppm(�) , and 140 ppm (3) . The graph is reprinted
with permission.169 Copyright 2002 American Chemical Society
b) Type 2 adsorption behavior for aqueous solutions of PDADMAC
as a function of added SDS. PDADMAC concentrations are 0 ppm( ),
10 ppm(#), 20 ppm(×), 50 ppm(3) , and 80 ppm (�) . The graph
is reprinted with permission.170 Copyright 2002 American Chemical
Society.

The most striking feature for type 2 adsorption behavior (i.e. SDS and PDADMAC)170

is a peak in the surface tension isotherm (see Figure 2.3 b) ). The rise in surface tension
is shifted to higher surfactant concentrations as the polymer concentration is increased,

19



2 Scientific background

but also depends on the charge density of the polymer.171, 172 Campbell et al. showed
that such a rise in surface tension in some cases can be attributed to precipitation and
sedimentation in the bulk phase.54, 173

In general the distinction between type 1 and 2 adsorption behavior are extremes and
a lot of intermediate situations have been observed.161, 164

2.2.2 Topology and conformation of the surface layers

Surface tensiometry alone fails to resolve the structure of the surface monolayer. Knowing
thickness and composition of both, polymer and surfactant of the surface layers from neu-
tron reflectivity (NR) and ellipsometry helps for interpreting the surface tension isotherms.
Especially neutron reflectivity determines both, the composition and thickness of a mixed
layer.52 Not only the adsorbed amount of surfactant can be measured, but contrast vari-
ation can be used to distinguish between the different components in mixed systems.
Hence, it is possible to determine the surface coverage (surface excess) and mole fraction
of the different components at an interface.52

At low surfactant concentration, a synergistic decrease of the surface tension is due
to the co-adsorption of surfactant and polymer at the air/water interface. NR measure-
ments indicate that the polymer couples to a surfactant monolayer and frequently adopts
a flat and parallel conformation at the air/water interface.169, 174 The driving force for
this complexation are electrostatic and hydrophobic attraction forces. The head groups
of the surfactant molecules are attracted by the charged polymer segments. Additionally,
the hydrophobic surfactant tails interact with the hydrophobic backbone of the polyelec-
trolyte.

As already mentioned in section 2.2.1, Penfold et al distinguished the adsorption be-
havior of polyelectrolyte/surfactant mixtures into two categories. Type 1 systems adsorb
very strongly at the air-water interface and form thick layers (around 6 nm and more) with
increasing surfactant concentration. These layers are thick and contain a large amount of
surfactants. Therefore the adsorption cannot be described in terms of a monolayer of sur-
factant with some extended polymer. NR data indicated that the internal structure of the
thick adsorbed layers is comprised of two layers that are higher concentrated in surfactant
than a third layer between them.52 The thick layer region is described by some sort of
sandwich distribution of surfactant and polymer. Multilayer formation similar to that just
described has been observed for a number of other polyelectrolyte/surfactant mixtures:
PVPmI with SDS;169 PEI with SDS;171 PAA with C12TAB175 and PDMAEMA with
SDS.176 Additionally, Monteux and co-workers studied mixtures of C12TAB and NaPSS
with ellipsometry and deduced the presence of a thick adsorbed polymer/surfactant layer
at the air/water interface.165 Usually the NR experiment is not sensitive to the lateral
structure and therefore cannot distinguish between a layer of micelles (or rods) and a more
or less ordered bilayer type of structure. It is noteworthy that the overall pattern of sur-
face tension varies considerably between different mixtures, although neutron reflectivity
profiles are similar.161, 169, 171, 175

Type 2 mixtures are known to adsorb at the air-water interface only as a thin mono-
layer formed from polyelectrolyte/surfactant complexes. Often, these systems are anionic
surfactants with cationic polyelectrolytes. Examples are SCnS with PDADMAC170 or
starch.172 Another example for an oppositely charged mixtures is C16TAB with NaPSS.177

Remarkably, the evaluated surface excess for the respective surfactant is nearly constant
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for the whole concentration range examined. This is valid even if surface tension isotherms
exhibit a peak (compare Figure 2.3 b)). The maximum amount of SDS adsorbed at the
surface corresponds to that of a monolayer and the adsorbed layer thickness is approxi-
mately 2 nm (20 Å) over the whole concentration range.170 From this it seems clear that
there is no adsorption of thick polymer/surfactant complexes. However, at low surfactant
concentrations the amount of SDS at the interface is substantially higher than for SDS
in the absence of polymer. It is obvious that there is cooperative binding (synergistic
effect) of surfactant and polymer at low surfactant concentrations, which accounts for the
initial decrease in surface tension before the peak. A significant amount of surface ad-
sorbed polymer is present over the entire concentration range. Independent of the overall
polyelectrolyte concentration the polymer volume fraction is fairly constant at 35-40%
for surfactant concentrations below 10−4 mol/l. Above this concentration the amount of
polymer decreases steadily with increasing surfactant concentration. However, still 20%
of polymer is present at the surface even above the cmc. An estimated polymer layer
thickness was obtained from NR measurements of mixtures dSDS and hPDADMAC in
D2O. The variation in polymer layer thickness with increasing surfactant concentration
is fairly constant (2.4 - 2.6 nm) below a SDS concentration of 5 · 10−4 mol/l, which is
significantly thicker than the layer thickness of pure surfactant. Above 5 · 10−4 mol/l
SDS, the thickness decreases to around 2 nm, which is similar to that for the pure sur-
factant. The polymer layer thickness is slightly higher at higher polymer concentration.
This observed thickness change suggests that there is a change in the conformation of
the polymer at the surface. The observed drop in the amount of adsorbed surfactant at
10−4 mol/l SDS coupled with the decrease in adsorbed polymer suggests that the peal in
surface tension is caused by the depletion of polymer/surfactant complexes (soluble or in-
soluble). Indeed, precipitation occured around this concentration regime for the mixture
with 80 ppm polymer. Furthermore it was concluded that the peak in surface tension is
not only due to precipitaion, but also extremely sensitive to conformational changes of
the adsorbed species.170

Apart from these findings, a broad variety of surface adsorption behavior different from
the two types mentioned above is reported.178, 166, 176, 167 It is possible that the surface
layer contains adsorbed bulk complexes. It has been reported that the thick layers, some-
times observed above the cac, form microgels from adsorbed bulk complexes.176 Further
addition of surfactant causes a decrease in layer thickness and the solution becomes turbid.
In consequence, the addition of surfactant produces a phase separation (precipitation).167

When precipitation occurs, a sharp increase in thickness is observed just before phase
separation, and a small thickness maximum is sometimes observed around cac.178 Ellip-
sometry studies of C12TAB mixed with CMC166 show that the thickness remains constant
along the cac plateau region. Once the polymer is nearly saturated with surfactant (also
referred to as the isoelectric point - IEP), the aggregates become hydrophobic and, there-
fore adsorb at the air/water interface. It results an increase in the layer thickness and
coincides with a decrease in surface tension. A maximum layer thickness of 19 and 28
nm is observed at high C12TAB concentrations (3 mM) and comparable to the hydro-
dynamic radii of the bulk complexes of 20 and 25 nm.163, 179 It is concluded that the
surface layer is composed of bulk complexes adsorbed from the solution. The complexes
formed at higher polymer concentrations or from surfactants with longer carbon chain
lengths contain much more water and are therefore much larger. With increasing sur-
factant concentration surface composition changes even if a plateau in surface tension is
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observed. For example, in some cases surface excess of surfactant and polymer continues
to increase at concentrations above the break point.169, 177 Monteux et al. have reported
that the thickness of the adsorbed surfactant/polymer layer constantly increases up to
high surfactant concentrations and, only at very high concentration (0.28 mol/l C12TAB),
the formed surfactant/polymer complex is apparently desorbed, leaving only a surfactant
monolayer at the surface.164

2.2.3 Foam film formation and stability

Most of homopolyelectrolytes in water do not form stable foam films due to a missing
amphiphilic character. Surfactants have to be added to form stable films. In this case the
interaction between surfactant and polyelectrolyte plays a decisive role on the drainage
and stability of foam films and therefore the macroscopic foam. The influence of polyelec-
trolyte/surfactant mixtures is due to their excess or depletion in the interfacial region and
their texture or structure formation in the film bulk.180 Depending on the charge combi-
nation of the used polyelectrolytes and surfactants, either an electrostatically stabilized
CBF or a sterically stabilized NBF is formed as a final state before film rupture.77

So far NBFs have been observed only for mixtures of nonionic surfactants and polyca-
tions.181 All other combinations form electrostatically stabilzed CBFs. Ionic surfactants
adsorb at the air/water interface and a pronounced repulsion between the surfaces takes
place. In the case of equally charged polyelectrolytes and surfactants both compounds
repel each other, which enhances the overall electrostatic repulsion within the film.181

For films of oppositely charged mixtures it is assumed that the polyelectrolyte chains
form complexes with the surfactants and adsorb at the interface. A charge reversal at
the interface occurs and leads to an electrostatic repulsion between the interface and the
polylelectrolyte in the film core. Both situations lead to the formation of a CBF which is
stable up to high pressures. The stability is explained by a strong electrostatic repulsion
between the polyion and the oppositely charged film surfaces.

For foam film studies, it is important that the concentrations of polyelectrolyte and
surfactant are carefully chosen to get homogeneous and continuously thinning films. To
avoid structural forces within the film, the surfactant concentration should be below the
cmc and the concentration of the polyelectrolyte below the critical overlap concentration
(c*).182, 183, 184 C* corresponds to the polyelectrolyte concentration where parts of poly-
electrolyte molecule start to overlap and form a network. In addition, it is important to
choose the composition of both components in such a way that the critical aggregation
concentration (cac) is not exceeded. Otherwise aggregates are formed in solution which
prevent the formation of homogeneous films.24

2.2.4 Mixtures of alkytrimethylammonium bromides and PAMPS 1

C14TAB and highly charged PAMPS

Preliminary studies revealed that the surface tension of PAMPS/C14TAB mixtures are
strongly dependent on the PAMPS concentration and shows a characteristic non-monotonic
behaviour (Figure 2.4).185 In contrast to the more common protocol, in this study the
surfactant was fixed at 10−4 mol/l while the polyelectrolyte (PAMPS) concentration was

1These chapters are based on the work of Dr. Nora Kristen-Hochrein.185, 155, 186
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varied between 10−5 and 3 · 10−3 mol/l. Note that the polyelectrolyte concentration given
refers to the corresponding concentration of monomer units.

Figure 2.4: Surface tension isotherm of PAMPS/C14TAB solutions

with fixed C14TAB (10−4 mol/l) and variable PAMPS concentrations.

The dashed line corresponds to the surface tension of a (10−4 mol/l)
C14TAB solution. Reprinted with permission from.185 Copyright 2009
American Chemical Society.

The surface adsorption behavior can be classified into three different concentration
regimes. In the first regime (I) (below c(C14TAB) =10−4 mol/l), the addition of even very
small amounts of PAMPS reduce the surface tension compared to the surface tension of the
pure compounds. The counterions of the polyelectrolyte are exchanged by the surfactant
molecules what increases the entropy and, therefore favor complex formation.187 The
formed hydrophobic polyelectrolyte/surfactant complexes adsorb at the surface and lower
the surface tension. In the second regime (II), just above c(C14TAB) =10−4 mol/l, there
is an excess of polyelectrolyte segments present in the solution. Not every charge of the
anionic polymer chain can be neutralized by a surfactant molecule and it is assumed that
the net charge of the resulting polyelectrolyte/surfactant complex is negative. Therefore it
was concluded that PAMPS/C14TAB complexes are hydrophilic and material is released
from the surface resulting in an increase of the surface tension. In the third regime
(III), the surface tension decreases again with increasing PAMPS concentration. Internal
electrostatic screening may render the polymer less charged and more surface active.168

Foam film stability is a result of the arising net charge at different PAMP/C14TAB mix-
ing ratios. At very low PAMPS concentration the net charge is positive due to adsorbed
C14TAB at the surface. This leads to an electrostatic repulsion of the film surface and
thus to stable foam films (Figure 2.5).

With increasing polyelectrolyte concentration, the charge is reduced. The stability
of the foam films follow this trend and foam film stability decreases. At the nominal
isoelectric point (IEP), where the nominal charge of the system equals the surfactant
charge, no stable films are formed at all. Above the IEP the film stability increases
again. The found foam film stability is related to a complex change in the nature of the
polyelectrolyte/surfactant aggregates. Surface coverage seems to have a minor influence
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Figure 2.5: Stability of PAMPS/C14TAB foam films in terms of the
maximum disjoining pressure Πmax before film rupture as function of
the PAMPS concentration. The dashed line corresponds to the sta-
bility of a foam film stabilized with a 10−4 mol/l C14TAB solution.

Reprinted with permission.185 Copyright 2009 American Chemical So-
ciety.

on the stability of foam films. The most stable films are formed in a concentration regime
where the surface tension has the highest values, what indicates a low surface coverage.
On the other hand films formed from PAMPS/C14TAB mixtures low in surface tension
and therefore high surface coverage are very unstable. As a consequence the overall net
charge in the system is supposed to play a major role in the stabilisation of foam films.
The exact surface composition on the other hand remains unknown and merits further
investigation.

Influence of polymer charge density -
C14TAB and PAMPS with a charge degree of 60%

The substitution of PAMPS with a co-polymer of lower charge density, PAMPS60, lead
to a similar trend in the surface tension isotherm, but of slightly lower absolute values155

(Figure 2.6). The addition of PAMPS60 to the surfactant solution has an larger influ-
ence on the surface tension, even though the charge density and therefore electrostatic
attraction between PAMPS60 and C14TAB is reduced. Similar to what was observed
for PAMPS/C14TAB mixtures, a rise in surface tension can be observed With increasing
PAMPS60 concentration. In contrast to PAMPS/C14TAB mixtures, the resulting peak
in surface tension is not as pronounced. In fact a plateau at around 60mN/m is observed.
It is concluded that material is released from the surface and only less material is still
present at the surface. The reduction of charge density increases the hydrophobicity of the
polymer. As a consequence the formed PAMPS60/C14TAB complexes are more surface
active as their PAMPS/C14TAB counter parts. In contrast to the surface tension, the
measured dilational surface elasticity was almost the same over the whole concentration
range investigated. This observation suggests that the amount of material present at the
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Figure 2.6: Surface tension isotherms of PAMPS/C14TAB and

PAMPS60 solutions with fixed surfactant (10−4 mol/l) and variable
polyelectrolyte concentrations. Reprinted with permission from.155

Copyright 2011 American Chemical Society.

surface is nearly constant.
The trend in foam film stability is similar to the one observed for PAMPS/C14TAB mix-

tures, but the overall stability is always lower for PAMPS60/C14TAB mixtures. PAMPS60
has less charged monomer units as PAMPS within the polyelectrolyte chain. Conse-
quently, the overall repulsion that arises from the charged polymer segments is weaker,
and the corresponding foam films are less stable.

Influence of the surfactant chain length -
C12TAB and fully charged PAMPS

Surface tension isotherm of PAMPS/C12TAB mixtures (Figure 2.7) resembles the trend
found for PAMPS/C14TAB mixtures, but the reduction in surface tension upon mixing
is less pronouncend. At low polyelectrolyte concentrations the surface tension of the
mixtures is slightly reduced compared to the surface tension of a 10−4 mol/l C12TAB
solution. At low polyelectrolyte concentrations more surfactant molecules than polyelec-
trolyte segments are available and the charges of the polymer units can be complexed
by C12TAB. Hydrophobic polyelectrolyte/surfactant complexes are formed what leads
to a reduction of the surface tension. In analogy to mixtures of PAMPS/C14TAB and
PAMPS60/C14TAB a rise in surface tension and a respective decrease in dilational sur-
face elasticity is detected around the isoelectric point. The absolute reduction in surface
tension, as well as the lower observed surface elasticity indicates a lower surface coverage
in case of PAMPS/C12TAB mixtures.

C12TAB, unlike C14TAB, cannot form stable films from pure surfactant solutions at a
concentration of 10−4 mol/l. This is due to the shorter hydrocarbon chain resulting in a
lower surface activity and a reduced Gibbs elasticity.111 The addition of low amounts of
PAMPS (already at a bulk polymer concentration of 3 · 10−5 (mono)mol/l on the other
hand leads to the formation of stable foam films. Figure 2.8 displays foam film stability
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Figure 2.7: Surface tension isotherms of different polyelec-
trolyte/surfactant solutions with fixed surfactant concentration (10−4

mol/l) and variable polyelectrolyte concentration. The dashed line cor-
responds to the surface tension of pure C12 and C14TAB at (10−4

mol/l). Reprinted with permission.186 Copyright 2010 American
Chemical Society.

Figure 2.8: Stability of foam films in terms of the maximum disjoining
pressure Πmax before film rupture as function of the bulk PAMPS con-
centration. Reprinted with permission.186 Copyright 2010 American
Chemical Society.

for mixtures of fixed surfactant concentration of 10−4 mol/l with varying PAMPS concen-
tration. Below the nominal IEP of 10−4 mol/l, weakly stabilized CBFs are formed. Stable
films are formed even at the IEP. In contrast to this observation, if C14TAB is used as a
surfactant, the foam film is completely destabilized. At bulk polymer concentrations of
10−4 (mono)mol/l and above very stable foam films are formed. Even much more stable
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as observed for the PAMPS/C14TAB and PAMPS60/C14TAB mixtures. The most sta-
ble foam films are formed for mixtures exhibiting the lowest surface tension values and
therefore the lowest surface coverage. From this findings it was concluded that not only
material present at the surface but also within the film core contributes to the foam film
stabilization.

2.3 Thin liquid films

In colloidal dispersions like foams, emulsions and suspensions, the dispersed phase (i.e.
bubbles, droplets, particles) is separated from the continuous phase through thin films.
The thickness of thin liquid films is dominated by interactions between the two interfaces.
Energy barriers are created, holding every dispersed system in a metastable state. The
mechanical balance of thin liquid films is characterized by the disjoining pressure Π.

2.3.1 Disjoining pressure

The properties of the interfacial region are different to those of the corresponding bulk
phase. If two interfaces approach each other until very small separation (around 100 nm)
the bulk properties are negligible and the thin film is characterized mainly by surface
interaction.28 In general both attractive and repulsive interactions are combined in the
disjoining pressure concept.188 A more general definition189 states that in mechanical
equilibrium the disjoing pressure Π(h) is equal to the difference between the pressure in
the film (normal to the plane-parallel film surfaces (PN)) and the intrinsic pressure in the
initial bulk phase volume ((PB))

Π(h) = PN − PB. (2.1)

The thermodynamic definition of the disjoining pressure for a film of thickness h, in
equilibrium with the bulk phase at constant temperature T, overall pressure P and mole
numbers of the substances Ni is expressed in changes of the Gibbs free energy ∆(G) per
unit of constant cross-sectional area A

Π(h) = −
(
dG

dh

)
T,P,A

. (2.2)

The disjoining pressure in a thin liquid film originates from different intermolecular
interaction. Therefore, Π(h) is the sum of different components

Π(h) = Π(h)el + Π(h)vdW + Π(h)steric + Π(h)hydrophobic. (2.3)

Πel : electrostatic double layer repulsion).

ΠvdW : van der Waals dispersion attraction.

Πsteric : steric and short-range structural repulsion.

Πhydrophobic : hydrophobic attraction.
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Repulsive interactions stabilize a thin film, whereas attraction can lead to destabiliza-
tion (i.e. foam film rupture) of the system. The electrostatic and van der Waals forces
are well understood in terms of the DLVO theory.190

DLVO-theory

The DLVO theory was originally developed to explain the coagulation of dispersed par-
ticles,191 but in general can be applied to all kinds of dispersions. Coagulation is mainly
explained by the interplay between two interactions: van der Waals attraction and elec-
trostatic double layer repulsion.

Surface charges (i.e. ions or ionic surfactants adsorbed at interfaces) cause an electrical
field. This electrical field attracts counter ions. A layer of surface charges and counter
ions form an electric double layer. The electrostatic double layer repulsion in foam
films is due to the overlapping of the diffuse electric double layers of the two electrically
charged film interfaces at small distances (∼ 2λDebye). The electrostatic contribution Πel

to the disjoining pressure can be calculated by solving the Poisson Boltzmann equation
under certain boundary conditions29 . in the course of the Debye-Hueckel approximation
Πel is given by

Πel = Π0e
− h
λDebye , (2.4)

where h is the distance from the surface and λDebye is the characteristic decay length
of the surface potential away from the surface.

Π0 is related to the surface potential Ψ0 by the relation

Π0 = 64kT%∞

(
tanh

(
zeΨ0

4kBT

))2

, (2.5)

where %∞ is the number density of the ions.
The Debye length λDebye is given by

λDebye =

√
ε0εkBT

e2NA

∑
Z2

i ci
, (2.6)

where ε is the elecric constant and ε0 denotes the relative dielectric constant of the
medium, kB is the Boltzmann constant, T the temperature, e the elementary charge and
NA the Avogadro constant. The product of the ion valence Zi and the bulk concentration
of the electrolyte ci (dimension 1

m3 ) corresponds to the ionic strength I of the system

I =
1

2

∑
Z2

i ci, (2.7)

Increasing the ionic strength of a colloidal system results in a decrease in Debye length
(i.e. interactions become short range due to screening).

From the surface potential Ψ0 the surface charge density can be directly calculated by
using the Grahame equation191

σ =
√

8εε0c0kBTsinh

(
eΨ0

2kBT

)
. (2.8)

28



2.3 Thin liquid films

In symmetric films (like foam films), the identically charged film surfaces repel each
other. As a consequence, Πel has to be positive and stabilizes the film. Electrostatic
repulsion occurs in foam films with non-ionic surfactants as well,33 where the charge
cannot originate from the surfactant. It is concluded that the pure air/water interface
has to be charged as well. It is speculated that the interface is slightly negatively charged
due to the adsorption of OH– ions.192, 193

In addtion to electrostatic double layer forces van der Waals component ΠvdW have
long been recognized as being important in thin liquid films. Van der Waals attraction
originate from interactions between permanent and/or induced dipoles.191 In general,
three different dipolar interactions are distinguished: the Keesom (interaction between
two permanent dipoles), the Debye (interaction between a permanent dipole and an in-
duced dipole) and the London interaction (interaction between two induced dipoles). The
latter discribes very weak interactions present between all kinds of molecules, even be-
tween neutral species. In neutral molecules, dipoles are temporarily induced by circulating
electrons around the atom nucleus. At every instant the molecule is therefore polar. Only
the direction of the polarity changes with the frequency the electron circulates. When
such oscillators approach each other, they start to interact. Van der Waals interactions
can be either attractive or repulsive. Between two similar materials the resulting van der
Waals interaction is always attractive. If two media interact across vacuum (or pratically
a gas), the van der Waals interaction is also attractive. Van der Waals interactions be-
tween different materials across a condensed phase can be repulsive. As van der Waals
interactions become significant at short interspaces, this plays an important role in adhe-
sion, adsorption, wetting and of course in thin liquid films. The van der Waals interaction
between the surfaces of a foam film (flat, planar, parallel and infinitely expanded surfaces)
can be calculated from the microscopic method introduced by Hamaker.29, 191 It is based
on the pairwise summation of the individual dispersion interactions between molecules.
In order to describe the interaction between two macroscopic bodies the molecular inter-
action potential is integrated over the volume of the system. The resulting van der Waals
interaction in a foam film is distance dependant and can be described by

ΠvdW = − A

6πh3
(2.9)

where A represents the Hamaker constant and h is the local film thickness. The
Hamaker constant A is characteristic for each system. For symmetric films, like foam
films (air-water-air), the Hamaker constant is always positive, which leads to an attrac-
tive van der Waals interaction (approximately 3.7 · 10−20 Pa). This force is short range
(∼ 10 nm), compared to the electrostatic double layer force. It comes into account when
the electrostatic barrier is overcome and can lead to film rupture.

The DLVO theory was designed for dilute solutions of symmetrical electrolytes at low
surface potential and is based on the assumptions that the solvent can be treated as a
continuum characterized by a dielectric constant. Furthermore, it is assumed that ions
can be treated as point charges, and that the van der Waals and electric double layer
forces are independent of each other and additive. Later work showed that the DLVO
theory breaks down at high concentrations (above 10−3 mol/l) and the assumptions are
no longer valid.194
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Steric and structural repulsion

The disjoining pressure at very small surface separations cannot be described in terms
of the DLVO-theory. An additional interfacial repulsion can arise due to steric con-
finement effects generated either by the compression of the surfactant molecules on
each film surface, by the layering of solvent molecules, or by hydrogen bonding effects.29

Another repulsion may arise due to undulations or thermo-mechanical fluctuations of the
film interfaces.61 These short-range steric forces are the reason for the stability of very
thin Newton black films even when all solvent has been squeezed out from the film.38

Other contributions to the disjoining pressure, i.e. the structural ordering, are di-
rectly linked to the arrangement of molecules, aggregates or particles within the film.
The influence of structural ordering have been observed in micellar solutions, as well as
in systems containing particles195, 196 or polyelectrolytes.27, 197 The presence of structural
ordering in a liquid film leads to oscillations in the disjoining pressure isotherm resulting
in a stepwise film thinning of foam films. An exponentially decaying cosine function can
be used to describe this oscillatory disjoining pressure180

Πstructural = Ae−(hλ)cos

(
2πh

d

)
. (2.10)

Where A is the oscillation amplitude, λ is the decay length, h is the thickness of the film
and d the oscillatory period. When the two interfaces approach each other, a layer-wise
expulsion of colloids or aggregates from the film occurs. This expulsion is manifested
as a stepwise film thinning (stratification process). The characteristic step size ∆(h) is
related to the period of the oscillation d and depends on the ordering length scale of the
system. This characteristic ordering length can be the effective diameter of a micelle or
the mesh size of a polymer network, and scales with the concentration of the structure
inducing molecules. The change in film thickness, ∆(h) depends on if the polymer is
either spherical (also for particles, micelles) or linear.77

Hydrophobic interaction

It is well established that in addition to the van der Waals attraction another attraction
occurs between hydrophobic surfaces immersed in a aqueous solution,198 the hydrophobic
effect. It mainly combines two different contributions. The first one is short ranged and is
attributed to changes in the water structure when two surfaces approach each other. The
second is very long ranged and extend out to 100 nm. Its origin is still an open question
and subject to extensive research.150, 199 The hydrophobic effect is mainly used to explain
long-range attraction between hydrophobic surfaces or the rupture of films at thicknesses
of several tens of nanometer, where the range of attractive dispersion forces is too short.
In this respect it is assumed that hydrophobic interactions play a negligible role within
this thesis.

2.3.2 Disjoining pressure isotherm

To obtain information about the predominant interactions acting in a foam film, equilib-
rium disjoining pressure isotherms are measured. Disjoining pressure isotherms display
the resulting disjoining pressure in variation of the actual film thickness (Π(h)-curve -
Figure 2.9). In a quasi-static state, the disjoining pressure balances the excess pressure
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acting on the film. The isotherm is characteristic for differnt surfactants and strongly
depends on the surfactant concentration, surface active additives (i.e. polyelectrolytes,
particles) or the ionic strength of the solution. Not all regions of the Π(h)-curve are
stable. Only the highlighted parts with a negative slope correspond to stable foam films.

Figure 2.9: Schematic sketch of a Π(h)-curve (black line). The three
main contributions to the disjoining pressure Π are the electrostatic
double layer repulsion (Πel), the van der Waals attraction (ΠvdW ),
and the steric repuslion (Πsteric). The principle trend of the single
contributions is indicated by the dashed lines. A thickness and dis-
joining pressure of a CBF is due to electrostatic repulsion, while the
thickness of a NBF is governed by steric repulsion of the surface active
molecules.

In general, two foam film types can be distinguished: an electrostatically stabilized com-
mon black film (CBF), ranging between 10-100 nm in thickness and a Newton black film
(NBF) with a thickness of less than 10 nm. The thickness and disjoining pressure of a CBF
is governed by electrostatic repulsion and, therefore depends on surface charges present
at the surface (see section 2.3.1). Upon pressure increase the corresponding disjoining
pressure increases and the film thins, what is related to an increasing electrostatic bar-
rier. Once the pressure applied to a foam film is sufficient to overcome the electrostatic
barrier the corresponding foam film either ruptures (due to van der Waals attraction)
or it transforms into a NBF (stabilized by the steric repulsion between the surfactant
molecules adsorbed at the film interfaces). In case of NBF formation, thin black spots
nucleate within the CBF and spread over the whole film within several seconds (Fig-
ure 2.10). During CBF-NBF sometimes bright spots can be observed in the liquid rim
separating the NBF from the CBF. These so called Rayleigh instabilities correspond to
thicker film domains in which excess liquid is transported to the liquid reservoir (Plateau
borders).26

Inside a NBF no free water molecules, but only bound hydration water is present around
the surfactants headgroups. Hence, the film thickness is roughly twice the length of the
surfactant molecule.28 In general, the transition from a CBF to a NBF is discontinuous
and appears as a step in the disjoining pressure isotherm.

31



2 Scientific background

Figure 2.10: Transition of a CBF (left side) into a NBF (right side).
The transition occurs spot like and the thinner film domain expands
continuously over the whole film.

Within this work the Thin Film Pressure Balance (TFPB) technique is used to mea-
sure disjoining pressure isotherms. With this method only the mechanically stable parts
(positive disjoining pressure in Figure 2.9) of the disjoining pressure isotherm are acces-
sible.
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3.1 Materials and sample preparation

3.1.1 Mixtures of oppositely charged surfactants

The cationic alkyl trimethyl ammonium bromides (C12TAB, C14TAB and C16TAB - Fig-
ure 3.1 a) - c)) were purchased from Sigma-Aldrich (Steinheim, Germany) and recrystal-
lized three times from acetone with traces of ethanol. The purity of the surfactants was
verified by surface tension measurements. 99.9 % pure sodium dodecyl sulfate (SDS - Fig-
ure 3.1 d)) was purchased from Sigma-Aldrich and used as received. As SDS hydrolyses
in aqueous solutions to dodecanol,200 the stock solution was equilibrated 3 days prior to
sample preparation. All sample solutions were prepared from deionized water (Milli-Q;
total organic content = 4 ppb; resistivity = 18 mΩ · cm). The mixed SDS/CnTAB sam-
ple solutions were prepared by combining equal volumes of stock solutions with twice the
desired concentration of the respective surfactant. All glassware (except the foam film
holder) was cleaned with the basic detergent mixture Q9 (Ferak Berlin GmbH) and rinsed
thoroughly with water before use. After cleaning the porous glass disc with ethanol and
water for several times, the foam film holder was boiled for 48 h in water.

Figure 3.1: Chemical structures of a) C12TAB b) C14TAB c) C16TAB
and d) SDS

3.1.2 Mixtures of oppositely charged surfactants and polyelectrolytes

Particular purified deionized water (Milli-Q water; total organic content = 4 ppb; resis-
tivity = 18 mΩ · cm) was used for sample preparation. The cationic surfactants, C14TAB
(tetradecyl trimethyl ammonium bromide) and C12TAB (dodecyl trimethyl ammonium
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bromide) were purchased from Sigma-Aldrich (Steinheim, Germany) and recrystallized
three times from acetone with traces of Ethanol.35 The high purity of the surfactant is
verified by surface tension measurements. Deuterated C14TAB (dC14TAB) and C12TAB
(dC12TAB) (CDN Isotopes; Quebec, Canada) were used as received. The anionic poly-
electrolyte PAMPS (poly (acrylamidomethyl propanesulfonate) sodium) had a nominal
charge degree of 100% (Figure 3.2 a)). PAMPS60 is the copolymer poly[tris (hydrox-
ymethyl)methyl]acrylamide co acrylamido methyl propanesulfonate (PTRIS-co-AMPS)
with a nominal charge fraction of 60% (Figure 3.2 b)). Both polyelectrolytes were a gift
from André Laschewsky and used as received.201 All samples were prepared with a fixed
C14TAB (C12TAB) concentration of 10−4 mol/l and different polyelectrolyte concentra-
tions. The given polyelectrolyte concentrations in this work are the concentrations of
the respective monomer units. The mixed polymer/surfactant samples were prepared by
adding equal volumes of a solution with twice the desired concentration of surfactant to a
solution with twice the desired concentration of PAMPS. All prepared samples showed no
turbidity or precipitation and remained stable for several weeks. For neutron reflectivity
experiments, mixed polyelectrolyte samples with deuterared dC14TAB and dC12TAB in
D2O and air contrast matched water (ACMW; 8.1 vol % D2O in H2O) were prepared.
The composition of the contrast matched surfactant cmC14TAB is 4.5 vol % dC14TAB in
hC14TAB. All prepared sample solutions were free of turbidity or precipitation.

Figure 3.2: Chemical structure of a) PAMPS and b)PAMPS60

3.2 Methods

3.2.1 Thin film pressure balance - TFPB

The thin film pressure balance is a common method to measure disjoining pressure
isotherms. The TFPB technique was developed by Mysels and Jones202 and impoved by
Exerowa.203 It allows the investigation and measurement of disjoining pressure isotherms
of horizontal, free standing foam films (see also section 2.3). In the original model of a
TFPB, the film is formed in a glass ring where the liquid is sucked out through a small
hole (Sheludko cell). This method has strong limitations regarding the applicable dis-
joining pressure range due to the low capillary entry pressure of the hole. In addition to
that, this setup prevents an equal drainage of the film. These limitations are overcome
by the porous plate technique, proposed by Exerowa.73 Here the film is formed in a hole
with a diameter of about 1 mm. The hole is drilled into a porous glass disc with a well
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defined porosity. For our experiments the porosity P4 was used, what corresponds to a
pore size of 10-15 µm. Figure 3.3 shows the setup of the home-built TFPB used for the
experiments.

Figure 3.3: Technical schema of the TFPB setup.

The measuring cell is a stainless steel cell which is equipped with a quartz window that
allows to monitor the film. The whole cell is connected to a temperature control unit. The
film holder (the porous glass disc attached on u-tube shaped glass capillary) is placed in
the sealed cell and connected to the ambient atmosphere. A small container with sample
solution is positioned in the cell to guarantee a saturated vapor atmosphere. The applied
pressure to the film is adjusted via a computer controlled motor driven syringe pump. Two
differential pressure transducers (DPT) (from MKS Instruments, Muenchen, Germany)
are used. One transducer allows the fine regulation for low pressures up to 1000 Pa and
the other for pressures up to 10000 Pa. Increasing the gas pressure in the chamber leads
to a flow of excess liquid out of the droplet into the pores of the glass disc. Applying a
constant pressure on the liquid droplet leads to the formation of a symmetric and almost
planparallel foam film. At equilibrium, the difference between the inner and the outer
pressure is balanced by the disjoining pressure Π in the film. The film is monitored with
an optical microscope (Nikon, Duesseldorf, Germany) and illuminated by cold filtered
white light. The reflected light beam is split into two parts: one is used to record the film
with a video camera (Pulnix Deutschland GmbH, Alzenau, Germany), while the other
light beam is sent through a narrow band-pass filter (λ = 632 or 550 nm depending on
the experimental setup) and amplified by a photomultiplier. From the measured intensity
of the reflected light, the films thickness is calculated (see later paragraph).

Measurement of disjoining pressure Π

At equilibrium, the disjoining pressure Π is balanced by the capillary pressure Pcapillary

and can be directly determined from the difference between the pressure in the film Pfilm

and the pressure of the liquid reservoir Pliquid

Π = Pcapillary = Pfilm − Pliquid. (3.1)
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At equilibrium, the pressure inside the film Pfilm equals the gas pressure Pgas in the
cell

Π = Pgas − Pliquid. (3.2)

Pliquid is determined by the external atmospheric pressure Patmosphere, the capillary
pressure and the hydrostatic pressure of the liquid in the attached glass capillary what
leads to the following relationship

Π = Pgas − Patmosphere +
2γ

r
−∆ρghc = ∆P +

2γ

r
−∆ρghc. (3.3)

∆P is directly measured by the differential pressure transducer. The capillary pressure
is determined by the surface tension of the sample solution γ, and the inner radius r of
the capillary tube. The hydrostatic pressure is calculated from the height of the liquid
column hc, above the level of the film. ∆ρ is the density difference between the solution
and the gas phase, and g the gravitational constant.

Determination of the film thickness

To measure the thickness of a foam film, the film is illuminated with white light and the
intensity of the reflected light is recorded. The incoming light is reflected at the upper and
the lower film interface and the two waves interfere with a phase difference that is corre-
lated to the film thickness. The interferometric method developed by Sheludko204 scales
the intensity of the interfered light with the interference minimum Imin and maximum
Imax. In case of a symmetric film, the film thickness is calculated according to

heq =
λ

2πns

arcsin

√
∆

1 +
(
4R (1−∆) / (1−R)2) (3.4)

with

∆ =
I − Imin

Imax − Imin

(3.5)

and

R =
(ns − 1)2

(ns + 1)2
(3.6)

where λ is the wavelength of the used interference filter (632 or 550 nm), ns the refractive
index of the sample solution (ns=1.33) and I the instantaneous light intensity. Imax

and Imin are determined during film formation and after film rupture, respectively. At
maximum intensity, the foam film has a thickness of 118/103 nm, depending on the
wavelength of the interference filter. With decreasing film thickness, the film gets darker
due to the increasing destructive interference between the two reflected light waves.

The equivalent thickness in equation 3.4 is slightly thicker than the true film thickness
h, because the adsorption layers at the film interfaces have a slightly higher refractive
index than the aqueous core.24 It is possible to correct heq by applying a three-layer
model, taking the different refractive indices into account. Since the difference in h and
heq is relatively small for foam films (below 5%), it can be neglected in consideration of
the experimental error.
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Measurement procedure

The employed film holders are self-made by connecting a porous glass disc (Robu, Hattert,
Germany) to a glass capillary (inner diameter = 3 mm). The discs are of porosity P4 and
30 mm in diameter. A hole of diameter 1 mm was drilled inside each disc in which the
foam film is formed. The film holder is placed inside the measuring cell while the glass
capillary ensures contact with the outer atmosphere.

Prior to each measurement, the film holder was cleaned 10 times with ethanol and Milli-
Q water and boiled in hot water for several hours. Due to adsorption of the surfactants
in the capillaries of the porous discs, a new film holder is used per particular sample
system. All surfactant solutions were freshly prepared from stock solutions prior to each
measurement. All glassware, except the film holders, was cleaned in a Q9 cleanser solution
over night and thoroughly rinsed with Milli-Q water afterwards.

Directly before the measurement, the film holder was boiled in hot water for 30 min,
dried in a nitrogen stream, rinsed 5 times with the respective sample solution, and im-
mersed into the solution for 2 h to ensure saturation of the pores with the sample solution.
The immersed film holder was placed in the sealed measuring cell to saturate the atmo-
sphere. 30 minutes before starting the measurement, the holder was pulled out of the
solution. For each data point, the intensity I of the reflected light was recorded until I
was almost constant for 600 s. Each experiment was reproduced at least 3 times at an
ambient temperature of 23◦C.

Calculation of the disjoining pressure isotherms

Charged planar surfaces are characterized by the surface charge density σ and the surface
potential Ψ0 (compare section 2.3). The liquid in contact with the planar surface has an
impact on the two parameters due to the presence of electrolytes in the solution.

In general the Poisson-Boltzmann equation is used to describe the ion distribution in an
electrolyte solution in distance of a charged interface. The Poisson-Boltzmann equation
is the combination of the Poisson equation

ε0εr∇2Ψ = −ρ, (3.7)

(∇ is the Laplace operator and εr is the dielectric constant of the solution) which
describes the charge distribution ρ within a electrostatic potential originating from a
charged surface and the Boltzmann distribution, for modeling the charge (ion) distribution
ρ.

ρ ∼=
∑

zici,0e
−
(
zieΨ

kBT

)
, (3.8)

where e is the elementary charge, zi is the charge number, ci,0 is the concentration of
ion i in the bulk solution, kB is the Boltzman constant and T is the temperature.

To calculate the surface potential Ψ0 of foam films, disjoining pressure isotherms are
simulated using the PB software written by Per Linse.205 In this program, the nonlinear
Poisson-Boltzmann equation is solved under the assumption of constant potential. The
intervening liquid is in equilibrium with a bulk electrolyte solution. Because of the sym-
metry of the thin film, the system is simplyfied to a half box model. To obtain a unique
solution, two boundary conditions are needed. The first one is a simple symmetrical con-
sideration which assumes that the electrical field vanish at the mid plane of the foam
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film. The second boundary condition arises from the requirement of electroneutrality.
The total charge of the counterions between two surfaces must equal the charge at the
surface.

3.2.2 Static surface tension

Within this study, the surface tension was measured with a K11 tensiometer (Kruess,
Germany) using the du Nouy ring method. This method is based on balancing the force
between the liquid meniscus and a thin Ir-Pt wire ring with radius R. Briefly before the
ring is detached from the liquid surface, the surface tension of the sample solution can be
obtained:

γ =
F

4πR
(3.9)

Each sample solution was prepared one day beforehand. Prior to the measurement
the sample solution was given in a Teflon through (diameter 5 cm) and left 15 minutes
to equilibrate. The surface tension was measured at room temperature until a constant
value was detected.

3.2.3 Dynamic surface tension

A liquid drop of sample solution was created at the tip of a capillary. Images of this drop
were recorded over time. This setup allowed to monitor a change in drop shape and there-
fore surface tension. With this setup time-dependent adsorption behavior of surfactants
at the air/water interface can be investigated. The experiments were performed using an
OCA 20 pendant drop measuring system (Dataphysics, Germany). The adsorption be-
havior was studied on a time scale of about 2000 s. To prevent evaporation (and therefore
a rise of surfactant concentration within the drop) the measuring cell was saturated with
sample solution. During the experiments the temperature was kept at 23◦C. Prior to each
measurement, all glassware was cleaned with a 5% solution of Q9 cleaning solution and
thoroughly rinsed with Milli-Q water. To test the purity of the experimental setup , the
surface tension of pure water was determined before each measurement.

3.2.4 Dilational surface elasticity

Surface elasticity of the SDS/C12TAB mixtures was measured at room temperature using
a PAT1 (Sinterface Technologies, Berlin, Germany). This device created a pendant drop
of the surfactant solution at the tip of a capillary. The capillary was placed in a closed
cuvette with a small reservoir of the sample solution at the bottom to prevent evaporation
of the liquid drop. The drop was left at least 2 h to equilibrate prior to each measurement.
To determine the dilatational surface elasticity, harmonic oscillations of the drop volume
were induced via a computer-controlled dosing system. Therefore the respective surface
area A fluctuates and surface area and surface tension γ were monitored over time by
drop shape analysis. The frequency of oscillation varied between 0.01 and 0.2 Hz. The
dilational deformation of the droplet (variation in surface area) causes a change of the
surfactants surface concentration: expansion leads to dilution of the surface layer and
hence, to a increase of the surface tension, while the contraction of the interface results
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in a decrease of γ. At a given area oscillation the change of surface tension is a measure
of the dilational elasticity ε(ν).16

ε (ν) =
∂γ

∂lnA
= εr + iεi = εr + i2πνη (3.10)

The dilatational surface elasticity is a complex quantity of the elastic modulus εr (stor-
age modulus) and the dilational surface viscosity εi (dissipation modulus). The surface
elasticity modulus is calculated from the amplitude ratio of the oscillating surface ten-
sion and surface area, whereas the phase shift between the two determines the dilational
surface viscosity.

3.2.5 Foaming tests

A quick and simple method of turbulent mixing was used to test foamability and foam sta-
bility of the surfactant sample solutions. Before each experiment the beaker was cleaned
with the basic detergent mixture Q9 (Ferak Berlin GmbH) and washed several times with
Milli-Q ultra pure water. A volume of 10 ml test solution was given into a 50 ml beaker
(3,4 cm of diameter), agitated and finally the time needed for the whole foam to collapse
was measured. As agitation device an ordinary cappuccino creamer (IKEA) is used. Each
sample solution was dispersed for 5 seconds always at the same immersion depth. For
higher concentrated surfactant solutions, a maximum absolute foam height of roughly 5
cm could be reproduced in all cases. It has to be mentioned that the maximum foam
height obtained with this method was around 5 cm (independent of the agitation time)
and therefore does not allow to investigate foamability of the sample solutions.

Using the described procedure, a foam of spherical shaped bubbles containing a high
liquid fraction (Kugelschaum) is obtained.206 The overall bubble size as well as the bub-
ble size distribution is rather small and not discussed at any detail within this thesis.
After dispersion the foam starts to drain, leading in all cases to a polyhedral dry foam.
Drainage rates or the absolute time needed for the conversion of a Kugelschaum into a
polyhedral one are also not discussed in detail within this work. After the foam is com-
pletely transformed into a polyhedral foam, it starts to decay over time. Within this
thesis, foam stability is discussed in terms of absolute stability (time elapsed till the foam
is completely collapsed). Note, vigorous handshaking leads to more polydisperse foams
(polyhedral foams) that decay more rapid as foam produced by the agitation method.4

3.2.6 Neutron reflectivity

Neutron reflectivity (NR) measurements were performed on the horizontal neutron re-
flectometer FIGARO at Institut Laue-Langevin (Grenoble, France).54 FIGARO is the
shortcut for Fluid Interfaces Gracing Angles ReflectOmeter. It is a high-flux time-of-
flight intstrument, versatile especially for the study of molecular adsorption layers at
air/liquid interfaces. Most experiments exploit isotopic contrast variation to determine
the structure and composition of surface layers and the availability of multiple chopper
discs allows a variable wavelength resolution. For the experiments presented in this the-
sis, FIGARO was used with a chopper pair giving neutron pulses with 5.6% dl/l in the
wavelength range l = 2-30 Å. Data acquisition was carried out at fixed incident angles
of Θ = 0.62◦ and 3.8◦ for an average acquisition time of less than 1 h each. Reflectivity
data were normalized relative to an bare air/D2O surface. All samples examined were left
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to reach steady state prior to each experiment. The resulting data from the two different
angles was conform with each other what shows that the interfacial layers did not change
significantly during the measurements. The neutron reflectivity profiles presented show
the intensity ratio of neutrons in the specular reflection to those in the incident beam
with respect to the momentum transfer, Q, defined by,

Q =
4πsinθ

λ
(3.11)

To resolve the surface constitution and thus the surface excess of polymer and sur-
factant, NR experiments were made with polyelectrolyte/surfactant mixtures of four
different isotopic contrasts: PAMPS/dC14TAB in ACMW, PAMPS/dC14TAB in D2O,
PAMPS/hC14TAB in D2O, and PAMPS/cmC14TAB in ACMW.

Analysis of the NR data assumes a simple slab model following the Abeles matrix
approach (section 3.2.6). A basic assumption for this approach is a layer wise adsorption of
surfactants and polyelectrolytes at the surface (details see section 3.2.6). The reflectivity
of each particular layer is characterised by its refractive index, n, and its thickness.207 It is
convenient to discuss neutron reflectivity in terms of the scattering length density (SLD),
ρ, rather than the refractive index, n, because the neutron refractive index is always very
close to unity.52 The SLD depends on the number densities of each atomic species and
its characteristic scattering length. When using sets of isotopic data, it is necessary to
establish how the scattering length density of a given layer varies with isotopic substitution
and to optimize the adopted structure to fit simultaneously the reflectivity profiles from
different isotopic species. This may become a difficult exercise if the structure of the
interface is complicated. There is always the risk that the final structure is not a unique
solution.

In general hydrogen, deuterium isotopic substitution can be used to make neutron
reflection sensitive to any part of the adsorbed layer, whether the surfactant or the poly-
electrolyte.208, 209 Further it is possible to mix D2O and H2O in a ratio (0.081 mol fraction
of D2O in H2O) to adjust its scattering length density to the one of air. This mixture is
called air contrast matched water (ACMW). No reflection at all occurs from the air/water
interface, but only from the material absorbed at the interface. For a solution of deuter-
ated species in ACMW, reflection will only occur if there is adsorption of the deuterated
material at the surface. It is therefore possible, by varying the isotopic composition, to
obtain information about the surface adsorption of a particular species in a mixed system
(Figure 3.4).
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Figure 3.4: Examplary neutron reflectivity curves of PAMPS/C14TAB
mixtures in 3 different contrasts.

Reflectivity profiles of surfactant monolayers

The simplest possible model of an adsorbed surfactant monolayer is to assume a layer
of uniform refractive index (uniform composition) which is different from the refractive
index of the surrounding solution. Although the refractive index is a convenient property
for discussing reflection of light (i.e. ellipsometry), the neutron refractive index is close
to unity that it is more convenient to discuss reflection in terms of the scattering length
density (SLD) ρ, which is related to the refractive index n by,

n = 1− λ2

2π
ρ. (3.12)

where λ is the wavelength of the incident neutron beam. The scattering length density
ρ is defined as,

ρ =
∑

bi ·ni (3.13)

with bi the scattering length and ni the number density of the atomic species i. The
neutron scattering length is an empirically determined quantity and the sensitivity of neu-
tron reflection to aqueous polyelectrolyte/surfactant systems depends on it being different
for hydrogen and deuterium (bH = −3.74 · 10−5Å / bD = 6.67 · 10−5Å). For D2O the SLD
is positive and, thus the neutron refractive index is less than 1. As a result the refrac-
tive index of D2O is lower than that of air and, therefore total reflection at the air/D2O
interface below a critical glancing angle occurs. The presence of a totally reflected beam
gives a means of determining the absolute intensity of the reflectivity and is an important
feature. The neutron reflectivity R of a uniform monolayer (label 1) located between air
(label 0) and a substrate (label 2) is given by,

R = |R|2 =
r2

01 + r2
12 + 2 · r01 · r12 · cos(2β1)

1 + r2
01 · r2

12 + 2 · r01 · r12 · cos(2β1)
(3.14)
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where r is the corresponding Fresnel reflection coefficient and β is the phase shift on
traversing the layer of thickness τ .

It is customary in neutron reflection experiments to define the reflectivity R in terms
of the momentum transfer qz rather than the angle of incidence θ.

qz =
4πsinθ

λ
. (3.15)

The surface coverage is normally determined by fitting the model of a uniform monolayer
to the measured reflectivity. The reflectivity of a monolayer is given by,

R ≈ 16π2

Q2

[
(ρ1 − ρ0)2 + (ρ2 − ρ1)2 + 2(ρ1 − ρ0)(ρ2 − ρ1)cos(Qτ1)

]
. (3.16)

In ACWM (ρ0 = 0 and ρ2 = 0) the equation simplyfies into,

R ≈ 16π2

Q2
(4ρ2

1sin
2

(
Qτ1

2

)
) (3.17)

where ρ1 is the scattering length density of the surfactant and τ is the thickness of the
adsorbed surfactant layer. With the thickness τ being the fitting parameter it combines
with the scattering length density to give the surface coverage of the surfactant (surface
excess) Γs,

Γs =
ρ1τ1

Nab1

(3.18)

where Na is the Avagadro number, τ1 is the fitted thickness of the surfactant layer, ρ1

and b1 the scattering length density respectively the scattering length of the surfactant.
If the contrast situation is deuterated surfactant in ACMW, the reflection experiment is
extremely sensitive to Γsurfactant, because of the quadratic dependence of R on Γ. Since
the thickness τ of the layer must be sensitive to the choice of model for the distribution
(water content / roughness) of surfactant along the surface normal, it might be thought
that the derived coverage would also be model dependent. This is not the case because,
although a range of τ will usually fit a given profile (especially at lower coverages), the
corresponding values of the scattering length density vary inversely so that they exactly
compensate. The factors that determine the accuracy of the calibration are the accuracy
of the background determination, and the statistical quality of the data. In principle,
there should be no calibration error because measurements down to below the critical
angle for total reflection gives a reflectivity of unity, to which everything else can be
scaled. In practice, the reflectivity from a pure D2O surface is usually used to calibrate
surfactant experiments. The reproducibility of the reflectivity of clean D2O and of the
instrumental settings on a reflectometer are such that calibration errors should be small.54

Reflectivity profiles of mixed polyelectrolyte/surfactant layers

For a system, containing more than one species adsorbed at the surface (i.e. poly-
mer/surfactant mixtures), the coverages of the individual components can be determined
by measuring the reflectivity for the deuterated surfactant in ACMW in the presence of
protonated polymer and repeating the measurement with deuterated polymer and proto-
nated surfactant. The resulting reflectivity is almost entirely from the deuterated species
since the scattering length density of the protonated species is negligible.
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When deuterated polymer is not available, the coverage of the polymer can be obtained
indirectly as follows: first, the surface coverage of surfactant is determined by measur-
ing the reflectivity of the deuterated surfactant with the protonated polymer in ACMW
and using equation 3.18. The reflectivities are then measured for mixtures consisting of
deuterared surfactant with protonated polymer in D2O and protonated surfactant with
protonated polymer in D2O, which lead to the density profile of water along the surface
normal. The density profile, and hence the coverage, of polymer can be estimated from
the profile of displayed water. Another possibility is to mix hC14TAB and dC14TAB in
a 100 to 6.6 ratio to adjust its scattering length density (Figure 3.5). Referring to air
contrast matched water (ACMW) the term contrast-matched surfactant (cm-surfactant)
is used in the following.

Figure 3.5: Reflectivity curves of dC14TAB and cmC14TAB for an ad-

sorbed surfactant monolayer at the cmc (3.5 · 10−3mol/l). The resid-
ual signal in case of cmC14TAB is due to impure surfactant and re-
flection from the Teflon through.
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Analysis software and basic fitting parameters

Fitting software Motofit
Motofit is a software package for implementation into the data analysis software IGOR

PRO (version 6.22A), that aids the simultaneous least square fitting of multiple-contrast
specular neutron reflectivity data, using the Abeles Matrix formalism.209 The Abeles ma-
trix method is a further development of the optical matrix approach207 in which one can
only include roughness at interfaces by further sub-division in small layers. The Abeles
method, utilizing reflection coefficients overcomes this limitation by defining a charac-
teristic matrix per layer. This allows a computationally fast calculation of the specu-
lar reflectivity from a stratified interface, as a function of the perpendicular momentum
transfer Q.209, 210 Often contrast-variation technique is employed in neutron reflectivity
experiments to highlight scattering from different structural components that are present
at a surface or interface. The advantage of this technique is that the structural model used
to describe the interfacial scattering length density profile must apply to all the contrast
measured. In this approach the measured reflectivity depends on the variation in the
scattering length profile ρ(z) perpendicular to the interface. Although the SLD-profile is
normally a continuously varying function, the interfacial structure can often be well ap-
proximated by a slab model in which layers of thickness τ and roughness s are sandwiched
between super- and sub-phases (i.e. air and substrate). Motofit provides robust and fast
optimization, with a choice between Levenberg-Marquardt and Genetic optimization.

Scattering length density The scattering length densities (SLD) used in the evaluation
of the NR data are calculated with the inbuilt SLD calculator of the fitting software
Motofit. The formula used to calculate the SLD is

ρ =

∑n
i=1 bci
Vm

. (3.19)

In this equation Vm is the molecular volume of the material and bci is the bound coherent
scattering length of the ith atom of a molecule with n atoms.

SLD of C14TAB: The SLD of the surfactant forming the upper layer was calculated

with the inbuilt SLD calculator in Motofit using a molecular volume of Vm = 400Å
3

for

the C14-hydrocarbon chain and Vm = 133Å
3

for the TAB head group211 (table 3.1).

Table 3.1: Used scattering length densities for model calculations

scattering length molecular volume, SLD

[fm] Vm [Å
3
] [ · 10−6Å

−2
]

hC14-chain -19,8 400 -0,5
dC14-chain 286,6 400 7,16
hC12-chain -14,4 350 -0,42
dC12-chain 245 350 7,00
hTAB-head 2,43 133 0,18
dC14hTAB 288 533 5,41

PAMPS 232 1,56

44



3.2 Methods

SLD of PAMPS: Vm of PAMPS is determined from the measurement of the density
of different PAMPS solutions varying in concentration. The density was measured with
a densiometer (DMA 4500, Anton Paar). The operating method of this densiometer is
an oscillating U-tube. The measurement to determine the density of liquids is based on
an electronic measurement of the frequency of oscillation, from which the density value
is calculated. To calculate the molecular volume the density of aqueous PAMPS solution
with different mass fractions ωPAMPS = mPAMPS

mtotal
at a constant temperature of 23◦C have

been measured.
The density of the polyelectrolyte PAMPS in dependence of the mass fraction ωPAMPS

can be described by the following formula212

1

ρ(ω)
− Vmol,PAMPS

MMPAMPS

·ω =
nwater ·Vmol,water

nPAMPS ·MMPAMPS + nwater ·MMwater

(3.20)

and

1− ω
ρwater

=
nwater ·Vmol,water

nPAMPS ·MMPAMPS + nwater ·MMwater

. (3.21)

Combining equation 3.20 with 3.21 leads to:

1

ρ(ω)
=

(
Vmol,PAMPS

MMPAMPS

− 1

ρwater

)
·ω +

1

ρwater

(3.22)

If one plots 1/ρ(ω) vs. the mass fraction ω (Figure 3.6), the slope α of this linear
function equals,

α =

(
Vmol,PAMPS

MMPAMPS

− 1

ρwater

)
(3.23)

Figure 3.6: Inverse density of aqueous PAMPS solutions as a function
of the PAMPS mass fraction ω. From the slope the scattering length
density can be calculated. Details are given in the text.

From this the molecular Volume Vmol,PAMPS can be calculated:
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Vmol,PAMPS = MMPAMPS ·
(
α +

1

ρwater

)
(3.24)

To obtain the molecular volume Vm in Å
3

one has to do the following correction:

Vmol,PAMPS =
Vmol,PAMPS

NA
(108)3

(3.25)

with NA being the Avogadro constant.
PAMPS has a molar mass per monomer unit of MMPAMPS = 220.3g/mol. With the

slope α from Figure 3.6 one obtains a molecular Volume for PAMPS of Vm,PAMPS = 232Å
3
.

Inserting Vm,PAMPS into the SLD-calculator of Motofit gives a SLD of 1.56 · 10−6Å
−2

,
which is used for all fittings of NR data.

Data fitting

Traditionally in the literature a method used to determine the interfacial composition of
polyelectrolyte/surfactant mixtures is NR measurements over the full Q-range accessible,
while exploiting isotopic substitution of the surfactant and the subphase. Nevertheless,
in the absence of deuterated polyelectrolyte, the precision in its surface excess is poor
because its quantification is ambiguous due a similar effect on the data from surface
roughness which a priori is unknown. First, this method was carried out, as well as two
others which were used in recent studies to good effect. One is NR measurements at low
Q-values only where the scattering excess in two different isotopic contrasts may be taken
as a more direct quantification of the interfacial composition (at the expense of structural
information which is not resolved).213, 214 The other is the co-modelling of one isotopic
contrast from NR with ellipsometry data.215, 216

Compositional analysis method 1: NR data from 3 isotopic-contrasts over the full
Q range

To obtain the surface composition, P/S mixtures of three different isotopic contrasts
are co-modeled to give consistent fits (PAMPS/dC14TAB in ACMW; PAMPS/hC14TAB
in D2O and PAMPS/dC14TAB in D2O). The contrast PAMPS/dC14TAB in ACMW is
most sensitive to the amount of adsorbed surfactant. In a first approach, the interfacial
structure is modeled as a single uniform layer consisting of surfactant chains only. From
this we obtained the surfactant layer thickness. In a next step we extended the surfactant
layer into a two-layer model consisting of surfactant chains and head groups. From this we
obtained the layer roughness and calculated the water content in the layer. The contrast
PAMPS/dC14TAB in D2O is most sensitive to the amount of polymer adsorbed to the
surfactant head groups, as the scattering length density of dC14TAB is close to that of D2O
resulting in an inversion in the scattering length density profile normal to the interface.
For this reason we extended the model to a three-layer model comprising (1) surfactant
chains and (2) head groups, each with a volume fraction of unity, and (3) adsorbed
hydrated polymer underneath with a fitted volume fraction. We fitted the thickness and
water content of the polymer layer. In a last step we performed co-refinement on the three
different contrasts using the three layer model until consistent parameters are achieved.
The surfactant and polymer surface excesses, ΓC14TAB and ΓPAMPS, were calculated using
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ΓC14TAB =
ρC14TAB · dC14TAB

bC14TAB ·NA

(3.26)

and

ΓPAMPS =
ρPAMPS · dPAMPS · νf,PAMPS

bPAMPS ·NA

(3.27)

where b, ρ and d are scattering length, scattering length density and the thickness of
the respective layer. νf,PAMPS is the volume fraction of PAMPS. The used parameters
for C14TAB and PAMPS are given in the Supporting Information. While modeling data
from several isotopic contrasts is an established method of determining the interfacial
composition52, 53, ? the precision on the polymer surface excess is relatively poor due to
the fact that the interfacial roughness is not independently measured. As such, two other
methods of determining the interfacial composition were compared.

Compositional analysis method 2: NR data from 2 isotopic contrasts at low Q only
The second method adopts a recent approach that was used by Abraham et al. to deter-

mine the interfacial composition of DNA/C12TAB213 and poly(sodium styrene sulfonate)/C12TAB
mixtures.214 The approach is based on NR measurements at low Q only of two isotopic con-
trasts of the interfacial layer but with both recorded in ACMW involving different levels of
deuteration of the surfactant. Samples for the determination of the interfacial composition
of PAMPS/C14TAB mixtures were made in the isotopic contrasts PAMPS/cmC14TAB in
ACMW and PAMPS/dC14TAB in ACMW, where cmC14TAB is a mixture of 95.6 %
hC14TAB and 4.4 % dC14TAB to give a scattering length density matched to air and
ACMW. As such the signal in the former contrast is sensitive only to adsorbed PAMPS
(ΓPAMPS) and the signal in the latter contrast is sensitive to both adsorbed PAMPS and
adsorbed surfactant but weighted strongly on the latter. The scattering excesses mea-
sured for the two samples were used to solve uniquely the interfacial composition. The
scattering length density (ρ) and thickness (d) of a single thin interfacial layer may be
fitted at low Q with the product insensitive to details of a more complex model. The
derived products of scattering length density and thickness were related to the interfacial
composition through the solving of the following simultaneous equations:

(ρ · d)1 = NA · bPAMPS ·ΓPAMPS (3.28)

(ρ · d)2 = NA(bPAMPS ·ΓPAMPS + bdC14TAB ·ΓdC14TAB) (3.29)

In this approach the background was not subtracted from the reflectivity profiles before
analysis. Instead, the background was refined to 2.3 · 10−5, which was the lowest level
possible where a fit of a fictional layer on a clean air/ACMW measurement resulted in no
surface excess. Following this calibration, any enhanced scattering from the measurements
of the P/S mixtures could be attributed to the adsorption of polymer and/or surfactant.

Compositional analysis method 3: NR data from 1 isotopic contrast in ACMW at
low Q only combined with ellipsometry data

The third method adopts a recent approach that was used by Angus-Smyth et al.
to determine the interfacial composition of poly(ethylene oxide)/sodium dodecyl sulfate
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(PEO/SDS)215 and poly(ethylene imine)/SDS mixtures216 at the dynamic air/liquid in-
terface of an overflowing cylinder. The approach is based on the co-modeling of an NR
measurement at low Q in only one isotopic contrast of the interfacial layer involving
deuterated surfactant in ACMW and an ellipsometry measurement. The approach as-
sumes that appropriate experimental quantities, (ρ · d) in NR and ∆surf in ellipsometry,
are additive functions of the surface excesses of PAMPS and the cationic surfactant,
ΓPAMPS and ΓC14TAB , respectively:

(ρ · d) = NA(bPAMPS ·ΓPAMPS + bdC14TAB ·ΓdC14TAB) (3.30)

and

∆surf = AΓC14TAB +BΓPAMPS (3.31)

where A and B are scaling factors used to relate the sensitivity of the measured el-
lipsometric phase shift to the surface excess of C14TAB and PAMPS, respectively. A
simple linear relationship between the quantities was assumed: the value A = 2.54 · 10−14

Å2/mol was determined from measurements of ∆surf (ellipsometry) and (ρ · d) (NR) of
a C14TAB monolayer at limiting surface coverage. The value B = 3.80 · 10−14 Å2/mol
was determined by solving equations (3.36 and 3.37) using the measured refractive index
increment of the polymer, dn/dc = 0.13.

Samples of pure C14TAB solution for the surface tension to surface excess calibration for
the combined NR/ellipsometry modeling approach were measured in the isotopic contrast
dC14TAB/ACMW only.

3.2.7 Ellipsometry

Samples were also measured with an Optrel Multiskop Ellipsometer (Optrel, Berlin, Ger-
many) using a HeNe Laser (λ = 632.8 nm). Solutions were prepared in a triangular glass
trough. Measurements were performed at an angle of incidence of θ = 50◦, close to the
Brewster angle θB = arctan(nsol/nair) = 53◦ where the measured optical signal is sensitive
to material located at the air/liquid interface. The data acquisition rate was around 0.2
Hz and the spot size of the laser beam on the interface was roughly 1 mm2. Measurements
were performed until a constant signal was detected indicating that the system reached
equilibrium state and the absolute values were averaged over a period of at least 300 s.

Ellipsometry measurements are based on the change in polarization of light reflected
at an interface. The relative amplitude and phase of the p- and s-components change by
different amounts upon reflection. The relative attenuation, Ψ , and the relative phase
shift, ∆, depend on the optical properties of the interface and on the angle of incidence θ.
The ellipsometric angles are related to the Fresnel reflectivity coefficients of the parallel
and perpendicular components, rp and rs, respectively.217

rp
rs

= tanΨei∆ (3.32)

A limitation of ellipsometry measurements at the air/liquid interface is that Ψ is rather
insensitive to thin films. Therefore, we present measurements of ∆ only in this work.
We define the effect of the surface layer on the measured ellipsometric phase shift as
∆surf = ∆(P/S)−∆0, where ∆(P/S) is the measured parameter for a P/S solution and
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∆0 is the value for pure water. In the thin film limit, ∆surf is linearly proportional to the
ellipsometric thickness η,218

∆surf =
g(θ)

λ
η (3.33)

where λ is the wavelength, g(θ) is a function that depends only on bulk properties and
the angle of incidence θ given by218

g(θ) =
4π
√
εr,amb εr−sub cosθ sin

2θ

[εr−sub − εr,amb][(εr−sub + εr,amb)cos2θ − εr,amb]
(3.34)

and εr,amb is the relative permittivity of the ambient medium (air), εr,sub is the relative
permittivity of the substrate (liquid), and εr = n2 (the square of the refractive index).
For optically isotropic interfaces, Drude demonstrated that η can be written as a function
of the relative permittivity profile across the interface εr(z),219

η =

∫
[εr(z)− εr.amb][εr(z)− εr,sub]

−εr(z)
(3.35)

where z is the Cartesian coordinate perpendicular to the interface. The change in η
from the different scattering by capillary waves from sample to sample is neglected. For a
single uniform isotropic layer separated by sharp interfaces, equations 3.33 and 3.35 may
be reduced to

∆surf =
g(θ)(εr,surf − εr,amb)(εr,surf − εr,sub)

εr,surf ·λ
· d (3.36)

where d is the layer thickness. The surface excess can then be calculated using de
Feijters equation:220

Γ =

√
εr,surf −

√
εr,sub

dn
dc

· d (3.37)

where dn/dc is the refractive index increment of the material in the surface layer.

3.2.8 Zeta potential

A Malvern Zetasizer NanoZ (Malvern Instruments, Germany) instrument was used to
measure the zeta potential. The Zetasizer Nano series calculates the zeta potential by
determining the electrophoretic mobility and than applying the Henry equation. The
electrophoretic mobility is obtained by performing LASER Doppler Electrophoresis.

Electrophoresis is the movement of a charged particle relative to the liquid it is sus-
pended in under the influence of an applied electric field. A defined electrical field is
applied across a sample focussed a LASER beam. Particles which move through a mea-
suring volume scatter light. The light scattered at an angle of 17◦ is combined with the
reference beam by an optical modulator. This produces a fluctuating intensity signal
where the rate of fluctuation is proportional to the speed of the particles. The mobility
of the particles can be calculated from the frequency of fluctuations.

When an electrical field is applied across an electrolyte, charged particles suspended
in the electrolyte are attracted towards the electrode of opposite charge. Viscous forces
acting on the particles tend to oppose this movement. When equilibrium is reached
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between these two opposing forces, the particle move with constant velocity. The velocity
of a particle in an electric field is commonly discribed as electrophoretic mobility. The
zeta potential of a particle is related to the electrophoretic mobility by the Henry equation
f(k, a) by:

UE =
2εzf(ka))

3η
. (3.38)

Where z is the zeta potential, UE is the electrophoretic mobility, ε is the dielectric
constant, η is the viscosity. Electrophoretic determinations of the zeta potential are most
commonly made in aqueous media and moderate electrolyte concentration. The Henry
equation f(ka) relates the radius of the particle with its Debye length and represents the
actual size of the particle. In polar media the Henry equation is approximated to 1.5
(Smoluchowski approximation).
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4 Surface adsorption and foaming
properties of oppositely charged
CnTAB/SDS mixtures

4.1 Surface adsorption and thin film formation of
SDS/C12TAB mixtures 2

4.1.1 Introduction

One way to fine tune the physical properties of foams is using oppositely charged surfac-
tant mixtures as foam builders. Oppositely charged surfactant mixtures fascinate through
their versatile bulk phase7, 8, 133 and surface adsorption behavior,10, 11, 12, 13 which results
into a diverse set of physico-chemical properties of the dispersion.14 Due to electrostatic
attraction between the oppositely charged surfactants, catanionic surfactant aggregates
are formed.15, 112 Catanionic surfactant mixtures are promising systems for foam forma-
tion, since they reduce the amount of surfactant required and can assist in the formation
of ultrastable foams.4

In a dry foam with film thicknesses less than 100 nm, the film surfaces strongly interact
and their stability is discussed in terms of surface forces.77 Surface forces originate from
adsorbed molecules at the air/water interface and create an excess pressure normal to
the film interfaces called the disjoining pressure Π. According to the Derjaguin-Landau-
Verwey-Overbeek (DLVO) theory,29 the disjoining pressure Π is the sum of long range
repulsive electrostatic (Πelec), short range attractive van der Waals (ΠvdW ) and repul-
sive steric (Πsteric) interactions24 between the two foam film surfaces. Depending on the
dominating contribution, two different types of foam films are formed: (A) If the film is
stabilized by electrostatic repulsion, a Common Black Film (CBF) is formed, 10-100 nm
thick. The structure of a CBF can be explained by a sandwich model of two adsorption
layers of surfactant molecules with an aqueous core in between.28 CBFs are stabilized
by surface charges and generally observed for foam films formed by ionic surfactant solu-
tions.25, 32, 35, 77 (B) Newton Black Films (NBF) on the other hand, are stabilized by steric
repulsion and only 4-10 nm thick, depending on the thickness of the adsorbed surfactant
layers. Stable NBFs are only formed, when the adsorption layer at the film surface is
densely packed. A NBF consists of a bilayer of surfactant molecules with a high degree
of order containing counter ions and hydration water.24, 30, 31

Whether a CBF or NBF is formed depends on the interfacial charge of the film surfaces.
This charge can be varied by the type of surfactant (nonionic, cationic or anionic), its
concentration and the ionic strength (electrolyte concentration) in solution.28, 222 Another

2Parts of this chapter are published221 . Reprinted with permission. Copyright 2015 the American
Chemical Society
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4 Surface adsorption and foaming properties of oppositely charged CnTAB/SDS mixtures

possibility to vary the interfacial charge is to introduce surfactant mixtures. In thin film
studies, the interfacial charge is usually adjusted by mixing an ionic surfactant with an
uncharged component such as nonionic surfactants,43, 110, 111 polymers27, 223 or by adding
charged polyelectrolytes.185, 181, 186, 197, 224 Only recently Kristen-Hochrein et al. showed
that the type and amount of anionic surfactant, added to a cationic surfactant solution,
presents a tool for tailoring the thickness and stability of foam films.155 Nonetheless, sys-
tematic studies on the influence of oppositely charged surfactant mixtures on foam film
stabilisation are scarcely existing. An important challenge is to understand and control
the influence of aggregation and surface adsorption of oppositely charged surfactant mix-
tures on foam film properties. As model system a mixture of sodium dodecyl sulfate (SDS)
and dodecyl trimethylammonium bromide (C12TAB) is used. Both surfactants are sym-
metric in have the same hydrocarbon chain length and differ only in the head group. In
addition pure C12TAB does not stabilize foam films at bulk surfactant concentrations be-
low its cmc, which makes it easy to recognize the effect of the cationic/anionic surfactant
mixture at the concentrations investigated within this work. To study the complexation
of SDS/C12TAB mixtures at the water/air interface and the impact on foam film forma-
tion and stabilization, a combination of surface tensiometry, dilational surface elasticty
and thin film pressure balance measurements were performed. The SDS/C12TAB mixing
ratio was systematically varied to investigate if surface properties are governed by the
adsorption of whether equimolar or irregular catanionic complexes. The results are used
to rationalize the influence of the mixing ratio on surface composition and thus the type,
stability and thinning behavior of the corresponding foam film.

4.1.2 Results and Discussion

Catanionic surfactant complex formation in SDS/C12TAB mixtures and adsorption
at the air-water interface

Surface tension measurements are a good indicator of surfactant adsorption at the air/water
interface. Figure 4.1 compares the surface tension isotherms of the pure surfactant solu-
tions (anionic SDS and cationic C12TAB) with the isotherm measured for an equimolar
mixture of both surfactants (referred to as SDS/C12TAB 1:1 mixture in the following).
The high critical micellar concentrations (cmc) of the pure surfactants (1.5 · 10−2 mol/l
for C12TAB and 9 · 10−3 mol/l for SDS) reflect their good aqueous solubility and moder-
ate surface activity.42 In contrast, the 5:5 mixture levels off at much lower concentration
(around 3 · 10−5 mol/l). This observed enhanced surface adsorption is similar to results
from other studies of SDS/C12TAB mixtures.144, 145 In case of the SDS/C12TAB mix-
ture the enhanced surface activity results from the formation of highly surface active
stochiiometric catanionic surfactant complexes, also denoted as ion pair amphiphiles.112

The reduced electrostatic repulsion between these catanionic complexes leads to a denser
molecular packing at the interface and causes a higher surface concentration, which is
confirmed by the lower plateau value of the surface tension isotherm in Figure 4.1 (28
mN/m for the catanionic surfactant mixture; in comparison to 38 mN/m for the pure
surfactants). In general, a strong association between SDS and C12TAB is expected from
Collins law of matched water affinities: the trimethylammonium and the sulfate head
group are similar in head group charge density, but of reverse polarity.40, 41 In addition,
the symmetric chain length of the C12TAB and SDS hydrocarbon tail results in a strong
hydrophobic interaction. SDS and C12TAB molecules combine to form charge neutral
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Figure 4.1: Equilibrium surface tension isotherms for pure SDS and
C12TAB solutions and the equimolar SDS/C12TAB mix-
ture. For the mixture the surface tension isotherm is shifted
to much lower concentrations, indicating the formation of
a highly surface active species. The arrows indicate the 3
concentrations investigated in more detail in Figure 4.2.
The error bars of the surface tension measurements corre-
spond to the size of the symbols. Reprinted with permis-
sion.221 Copyright 2015 American Chemical Society.
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4 Surface adsorption and foaming properties of oppositely charged CnTAB/SDS mixtures

catanionic complexes. In this respect it is noteworthy that the measured surface tension
isotherm of the SDS/C12TAB mixture agrees well with isotherms reported for the nonionic
surfactants tetra- and penta-ethylene glycol monododecyl ether.225

To investigate the influence of the SDS/C12TAB mixing ratio on surface adsorption,
3 particular concentrations have been investigated in detail. One concentration was in
the decaying slope (10−5 mol/l) and the other two are in the plateau region (5 · 10−5 and
10−4 mol/l) of the surface tension isotherm. At all concentrations and mixing ratios an
enhanced surface adsorption and thus a reduced surface tension (Figure 4.2) could be
observed. Note that pure surfactant solutions of SDS (10:0), respectively C12TAB (0:10)
showed no pronounced surface activity at the concentrations investigated and the surface
tension is close to the one of pure water. In case of SDS/C12TAB mixtures, a symmetric
behavior was observed. The absolute values of the surface tension for mixtures with excess
concentration of the anionic SDS (mixing ratio 9:1 to 6:4) were similar to mixtures with
excess concentration of the cationic C12TAB (mixing ratio 4:6 to 1:9).

Figure 4.2: Equilibrium surface tension for SDS/C12TAB mixtures
at three different bulk concentrations in variation of the
SDS/C12TAB mixing ratio. If a quantitative formation
of catanionic complexes occurs, the dotted line shows the
surface tension measured for equimolar SDS/C12TAB mix-
tures at comparable concentration (compare Table 4.1).
The error bars of the surface tension measurements cor-
respond to the size of the symbols. These measurements
were performed by Martin Uhlig. Reprinted with permis-
sion.221 Copyright 2015 American Chemical Society.

Surface tension values at different SDS/C12TAB mixing ratios coincide with the sur-
face tension measured for sample solutions containing only the stoichiometric catan-
ionic SDS/C12TAB complex at the corresponding concentration (doted line in Figure
4.2). For example, if catanionic complexes are formed quantitatively, a 5 · 10−5 mol/l 7:3
SDS/C12TAB mixture forms 1.5 · 10−5 mol/l of catanionic complexes. In both cases, for
a 5 · 10−5 mol/l 7:3 SDS/C12TAB mixture and a 1.5 · 10−5 mol/l sample solution of only
the catanionic complex, the measured surface tension was around 28 mN/m. A detailed
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4.1 Surface adsorption and thin film formation of SDS/C12TAB mixtures

comparison between the surface tension measured at different SDS/C12TAB mixing ratios
and the surface tension for equimolar SDS/C12TAB mixtures is shown in Table 4.1. These
observations clearly indicate that surface adsorption is governed by the stoichiometric for-
mation of catanionic surfactant complexes and independent of the mixing ratio.115, 144, 145

Only in the case of mixing ratios with a large excess concentration of SDS (9:1) and
C12TAB (1:9) respectively, the surface tension measured was lower as for the respective
equimolar SDS/C12TAB mixtures (dotted line in Figure 4.2). This enhanced surface ad-
sorption cannot be attributed to the stoichiometric formation of catanionic surfactant
complexes. In this case the enhanced surface adsorption probably results from a syner-
gistic effect between the formed catanionic SDS/C12TAB complexes and the free ionic
surfactant molecules in excess concentration. This observation is an indicaton for the for-
mation of a mixed surface layer composed of catanionic SDS/C12TAB complexes together
with excess of unbound SDS or C12TAB molecules.

Influence of the SDS/C12TAB mixing ratio on foam film properties

Foam films and their characteristic disjoining pressure isotherms are strongly dependant
on the composition of the surfactant monolayer at the film surface. Foam film investi-
gations aim to find out whether surfactant adsorption at the surface is governed by the
presence of equimolar catanionic surfactant complexes or if surface composition varies
with the SDS/C12TAB mixing ratio. Note that a total surfactant concentration of at
least 5 · 10−5 mol/l is required to obtain stable foam films. For SDS/C12TAB mixtures of
a total concentration of 10−5 mol/l, no stable foam films were observed. According to the
SDS/C12TAB phase diagram provided by Herrington et al.139 at such low surfactant con-
centration the formation of self-assembled structures in the bulk solution phase does not
occur. Therefore homogeneous foam films are formed at the low SDS/C12TAB concen-
trations investigated. Foam films prepared from vesicular solutions exhibit microtubular
networks (compare Figure 4.21 in chapter 4.4.2) .

According to the broad plateau in surface tension (Figure 4.2), one may expect that
the surface is completely covered by catanionic surfactant complexes over a wide range
of SDS/C12TAB mixing ratios, which therefore dominate foam film stabilization. In this
case the surface of the foam film would be covered by equimolar catanionic surfactant
complexes and one may expect the formation of identical foam films at all mixing ratios.
In order to carry out a rigorous study of the SDS/C12TAB surfactant mixture thin film
pressure balance measurements were performed. This technique is predestinated to in-
vestigate foam film formation and to measure interaction forces in terms of the disjoining
pressure. Figure 4.3 shows disjoining pressure isotherms for different SDS/C12TAB mix-
tures and a total surfactant concentration of 5 · 10−5 and 10−4 mol/l obtained from thin
film pressure balance measurements. In case of the equimolar 5:5 SDS/C12TAB mixture
a CBF is formed directly at the onset pressure, but transforms into a NBF already at
slightly higher pressure. The thickness of the formed NBF was only around 6 nm and did
not change upon increasing the pressure. The open black circles in Figure 4.3 show the
disjoining pressure isotherm of a foam film stabilized only by the anionic surfactant SDS.
In this case a CBF is formed, which monotonically decreases in thickness with increas-
ing applied pressure and no NBF formation was observed. For foam films stabilized from
mixtures with an excess concentration of the anionic SDS (mixing ratio 6:4 to 9:1), a CBF
was formed at onset pressure. The film thickness of the CBF decreased monotonically
with increasing applied pressure and the film transformed into a NBF at higher pressure.
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Table 4.1: Comparison between surface tension measured at different
SDS/C12TAB mixing ratios and concentrations with the sur-
face tension of the equimolar SDS/C12TAB mixtures (doted
line in Figure 4.2).

mixing ratio surface tension concentration of surface tension
(SDS/C12TAB) catanionic complex equimolar mixture

if quantitatively formed at the same concentration
[mN/m] [mol/l] [mN/m]

c=10−5mol/l
9:1 66.5 10−6 66.9
8:2 58.0 2 · 10−6 58.8
7:3 49.8 3 · 10−6 50.4
6:4 46.3 4 · 10−6 46.4
5:5 45.4 5 · 10−6 45.0
4:6 46.6 4 · 10−6 46.4
3:7 50.2 3 · 10−6 50.8
2:8 58.5 2 · 10−6 58.8
1:9 66.7 10−6 66.9

c=5 · 10−5mol/l
9.6 : 0.4 54.0 2 · 10−6 58.8
9.4 : 0.6 40.4 3 · 10−6 50.8

9:1 31.5 5 · 10−6 42.0
8:2 27.7 10−5 29.8
7:3 28.2 1.5 · 10−5 28.2
6:4 28.3 2 · 10−5 28.2
5:5 28.1 2.5 · 10−5 28.2
4:6 28.2 2 · 10−5 28.2
3:7 27.9 1.5 · 10−5 28.2
2:8 28.0 10−5 29.8
1:9 31.3 5 · 10−6 42.0

0.6 : 9.6 40.4 3 · 10−6 50.8
0.4 : 9.6 54.0 2 · 10−6 58.8

c=10−4mol/l
9.7:0.3 34.1 3 · 10−6 50.8
9.5:0.5 30.5 5 · 10−6 42.0
9.3:0.7 30.2 7 · 10−6 35.0

9:1 28.2 10−5 29.8
8:2 28.3 2 · 10−5 28.2
7:3 28.1 3 · 10−5 28.2
6:4 28.3 4 · 10−5 28.2
5:5 28.2 5 · 10−5 28.2
4:6 28.1 4 · 10−5 28.2
3:7 28.2 3 · 10−5 28.2
2:8 28.3 2 · 10−5 28.2
1:9 28.2 10−5 29.8

0.7:9.3 30.1 7 · 10−6 35.0
0.5:9.5 30.5 5 · 10−6 41.8
0.3:9.7 33.8 3 · 10−6 50.9
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Figure 4.3: Disjoining pressure isotherms for SDS/C12TAB mixtures
of varying mixing ratio at a total surfactant concentration
of a) 5 · 10−5 mol/l and b) 10−4 mol/l. The solid lines
correspond to Poisson-Boltzmann calculations of the dis-
joining pressure isotherms assuming a constant surface po-
tential Ψ. Reprinted with permission.221 Copyright 2015
American Chemical Society.

The formation of a NBF requires sufficient surfactant surface coverage.33, 43, 155 Only for
SDS/C12TAB mixtures showing minimum surface tension, the surface is denseley covered
with surfactant molecules and therefore NBF formation is possible. The pressure at which
the CBF transforms into a NBF increases with increasing excess concentration of SDS. In
case of 10−4 mol/l mixtures, the onset pressure for NBF formation increases from around
300 Pa for the 6:4 mixture to around 600 Pa for the 8:2 mixture. This observation is con-
sistent with an increasing electrostatic repulsion (Πelec) in the disjoining pressure. From
calculations of the disjoining pressure isotherms (solid lines in Figure 4.3) the surface
potential Ψ and therefore the surface charge density q0

29 could be determined. Figure
4.4 displays an increasing surface potential and surface charge density q0 with increasing
excess concentration of SDS for the SDS/C12TAB mixtures. In case of the 10−4 mol/l
5:5 mixture, the immediate formation of a stable NBF of q0 = ”0” mC/m2 is observed.
For this mixing ratio q0 is too low to stabilize a CBF, while the surface coverage is high
enough to stabilize a NBF. With increasing excess concentration of SDS, a CBF prior to
NBF formation could be observed and the surface charge increases to 1.64 mC/m2 for
the 9.5:0.5 mixture (only CBF formation). In contrast to a NBF, CBFs are stabilized
by surface charges and generally observed for foam films formed from ionic surfactant
solutions.25, 32, 35, 77 The higher surface charge in case of mixtures with excess concentra-
tion of SDS may result from an excess of adsorbed SDS molecules at the surface. This
variation in surface charge is a clear indication that surface composition changes with the
SDS/C12TAB mixing ratio and the surface is not solely covered with catanionic complexes.

DLVO model fittings on the other hand underline that catanionic surfactant complexes
are quantitatively formed at all mixing ratios. Figure 4.5 shows the good correlation
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Figure 4.4: Plot of the surface potential (open symbols) and respective
surface charge (full symbols) extracted from Poisson Boltz-
mann calculations of the disjoining pressure isotherms in
Figure 4.3. Reprinted with permission.221 Copyright 2015
American Chemical Society.

between the Debye length (which corresponds to the ionic strength in solution) extracted
from Poisson-Boltzmann calculations of the foam films in Figure 4.3, with the theoreti-
cal Debye length expected if a quantitative formation of catanionic surfactant complexes
is assumed. Complete ion dissociation of a 10−4 mol/l SDS solution (into charged sur-
factants and counter ions) leads to a total concentration of 2 · 10−4 mol/l free ions in
solution and, therefore exhibits a Debye length λ of 30.5 nm. Varying the mixing ratio of
the SDS/C12TAB mixture from 9:1 to 5:5, increases the concentration of charge neutral
catanionic complexes from 10−5 to 5 · 10−5 mol/l. Therefore, the concentration of free ions
in solution decreases from 1.8 · 10−4 mol/l (9:1 mixture) to 10−4 mol/l (5:5 mixture). As a
result the Debye length of the respective sample solution increased from 32.1 to 43.1 nm.
The formation of charge neutral catanionic SDS/C12TAB surfactant complexes leads to a
reduced electrostatic repulsion in both, lateral and normal direction to the film surfaces.
As a result the film surface is densely covered with catanionic complexes and very thin
NBFs are stabilized at all SDS/C12TAB mixing ratios.

Compared to what was observed for SDS/C12TAB mixtures with excess SDS (mixing
9:1 to 6:4), a completely different behavior was observed for foam films stabilized by
SDS/C12TAB mixtures with excess concentration of C12TAB (mixing ratio 4:6 to 1:9). In
all cases, CBF-NBF transition occurred directly after film formation at the onset pres-
sure and no electrostatic contribution to the disjoining pressure was detected. Further-
more, all observed foam films were unstable. By chance, a stable NBF could be observed
for several minutes, but the film gets ruptured during or after the NBF transition was
completed. This observation was independant of the total surfactant concentration and
5 · 10−5 mol/l to 10−4 mol/l solutions showed similar stability. Note, in contrast to SDS,
pure C12TAB does not stabilize foam films in the investigated concentration regimes. In
general, C12TAB does not form stable foam films at concentrations lower than its cmc
and the reduced foam film stability is normally explained with a lower surface elasticity111
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Figure 4.5: Comparison of the expected Debye length λ if a quanti-
tative formation of catanionic SDS/C12TAB complexes in
the 10−4 mol/l bulk solution is assumed, with the Debye
lengths obtained from Poisson Boltzmann calculations of
the disjoining pressure isotherms shown in Figure 4.3 b).
The doted line corresponds to the Debye length expected if
a complete dissociation of all ions (surfactants and coun-
terions) in solution occurs. Reprinted with permission.221

Copyright 2015 American Chemical Society.
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. Therefore, different surface elasticities may explain the different foam film stabilities
observed for the SDS/C12TAB mixtures.

Dilational surface elasticity in dependance of the SDS/C12TAB mixing ratio Surface
tension data indicates a high surface coverage at all SDS/C12TAB mixing ratios and the
concentration of catanionic complexes is always sufficient to induce NBF formation. A
completely different foam film stability was observed for SDS/C12TAB mixtures with
excess concentration of either SDS or C12TAB. Foam films stabilized by mixtures with
excess concentration of SDS (9:1 to 5:5) were stable, whereas films stabilized from mixtures
with excess concentration of C12TAB (4:6 to 1:9) were unstable and ruptured. In this
respect it was investigated to what extend dilational surface elasticity properties account
for the different foam film stabilities observed.

Figure 4.6 exhibits the measured dilational surface elasticity at different drop oscilla-
tion frequencies for SDS/C12TAB mixtures at a total surfactant concentration of 5 · 10−5

mol/l in dependance of the overall mixing ratio. Similiar to what was found for the sur-
face tension (Figure 4.2), a symmetric distribution of the dilational surface elasticity was
observed. The dilational surface elasticity for SDS/C12TAB mixtures with excess concen-
tration of SDS (9:1 to 7:3) is similar to the one for mixtures with excess concentration of
C12TAB (3:7 to 1:9). Maximum surface elasticity was observed for the equimolar 5:5 mix-
ture, representing the mixing ratio with the highest concentration of formed catanionic
complexes. Noteworthy is the observation that no dilational surface elasticity could be
measured for the respective pure surfactant solutions at such low concentration. In case
of 5 · 10−5 mol/l SDS solutions, however stable foam films could be observed. C12TAB,
on the other hand did not form stable foam films.

From the experimental data in Figure 4.6 it can be concluded that the dilational surface
elasticity is governed by the formed catanionic complexes and, thus fails to explain differ-
ent foam film stabilities found for SDS/C12TAB mixtures with either excess concentration
of SDS or C12TAB. As a result, there must be another reason for the complete destablil-
isation of foam films stabilized by SDS/C12TAB mixtures with excess concentration of
C12TAB.

4.1.3 Conclusion

The present chapter demonstrates that SDS and C12TAB interact synergistically at the
air/water interface and in free standing foam films. A strong head group - head group
attraction in combination with hydrophobic interaction of the surfactant chains leads to
the formation of stoichiometric catanionic surfactant complexes. This association results
in a reduced electrostatic repulsion and therefore denser molecular packing at the interface
evidenced by a strong reduction in surface tension compared to the pure surfactants.
Surface adsorption is enhanced for different SDS/C12TAB mixing ratios and DLVO model
fittings verify the quantitative formation of stoichiometric catanionic complexes at all
mixing ratios.

Concerning foam films, a correlation between the formation of catanionic complexes
and the stabilisation of Newton black films could be observed. SDS and C12TAB inter-
act synergistically at the air/water interface to form charge neutral and compact surface
layers, leading to the stabilsation of sterically stabilized NBFs at all SDS/C12TAB mix-
ing ratios. The surface concentration of the catanionic complex is always sufficient to
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4.1 Surface adsorption and thin film formation of SDS/C12TAB mixtures

Figure 4.6: Dilatational surface elasticity in variation of the
SDS/C12TAB mixing ratio at a total surfactant con-
centration of 5 · 10−5 mol/l. Dilational surface elasticity
of the respective pure SDS and C12TAB solutions are
negligible at the investigated concentrations. The error
bars of the dilational surface elasticity correspond to
the size of the symbols. Reprinted with permission.221

Copyright 2015 American Chemical Society.

stabilize a NBF. On the other hand, the ionic surfactant in excess influences foam film
properties and foam film stability is completely different for SDS/C12TAB mixtures with
either SDS or C12TAB in excess. In case of excess SDS the surface charge increases with
increasing SDS ratio (mixing ratio 6:4 to 9:1). Therefore, the electrostatic contribution
to the disjoining pressure increases and successive higher pressure is needed to induce
NBF formation. On the contrary, an electrostnatic contribution to the disjoining pressure
for mixtures with excess C12TAB (mixing ratio 4:6 to 1:9) could not be detected and
only unstable foam films are observed. In this case the concentration of C12TAB is not
sufficient to contribute to foam film stabilisation.

To conclude this chapter, it could be shown that surface and foam film properties
of SDS/C12TAB mixtures are very complex and not only mediated by the synergistic
formation of charge neutral catanionic surfactant complexes. There is no clear correlation
between surface tension and the interfacial composition. The SDS/C12TAB mixing ratio
has a distinct influence on the physical properties of the system. It is possible to tune the
type and stability of the respective foam films by adjusting the bulk mixing ratio. Already
small amounts of excess surfactant are sufficient to change the properties of the resulting
foam film and the excess ionic surfactant plays a decisive role in foam film formation
and stabilisation. It is assumed that the surface is covered with a mixed surface layer
composed of the catanionic surfactant species with either SDS or C12TAB in excess.
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4.2 CBF-NBF transition kinetics in foam films formed by
SDS/C12TAB mixtures 3

4.2.1 Introduction

Chapter 4.1 showed that a Newton black film was formed as final state at all SDS/C12TAB
mixing ratios. The disjoining pressure at which a NBF transition occured was highly
dependend on the mixing ratio and CBF-NBF transitions were reflected by discontinuous
disjoining pressure isotherms.

CBF-NBF transition on the other hand can be described as an aprupt phase transition
which is accompanied by a jump in film thickness.26 The sandwich structure of a CBF
(two surfactant monolayers separated by an aqueous core)28 transforms into a compact
surfactant bilayer in which molecules of the solvent are incorporated.30, 31 Therefore NBF
formation only occurs when the adsorption layer at the film surface is densely packed and
has a crystalline structure.28

CBF-NBF transition starts from nucleation of a small NBF spot within the CBF.
The NBF spot spontaneously grows over time, until the transformation into a NBF is
completed. This chapter deals with the question if the CBF-NBF transition kinetics are
affected by a variation in the mixing ratio. To answer this question, a video microscopy
analysis of the CBF-NBF transitions at different SDS/C12TAB mixing ratios is performed.

4.2.2 Results and Discussion

A CBF-NBF transition starts with the nucleation of a small NBF spot within the CBF.
The NBF spot spontaneously grows over time, until the transformation into a NBF is com-
pleted. The resulting CBF-NBF transition kinetics were analysed via video microscopy
analysis: the NBF domain diameter d(t) always grew proportional to tn (Figure 4.7), but
the exponent n systematically varies with the SDS/C12TAB mixing ratio. This observa-
tion is intriguing and deserves particular attention.

Table 4.2 shows that the exponent n ranges from n = 1/3 (very slow transition) for
mixtures with excess concentration SDS (9:1 to 6:4), over n = 1/2 for the equimolar 5:5
mixture and reaches values of n = 2/3 (4:6 to 3:7) and, finally close to n = 1 (very fast
transition) for mixtures with excess concentration of C12TAB (2:8 and 1:9). Table 4.2
exhibits that this trend is independent of the total surfactant concentration.

Table 4.2: Fitted exponents n from CBF-NBF transition kinetics in
Figure 4.7 according to d(t) ∝ tn.

SDS/C12TAB 9:1 8:2 6:4 5:5 4:6 3:7 2:8 1:9
5 · 10−5 mol/l 0.35 0.33 0.30 0.45 0.57 0.68 0.75 0.82

10−4 mol/l 0.31 0.45 0.65 0.95

The CBF-NBF transition velocity is mainly influenced by the electrostatic barrier.222

The electrostatic barrier corresponds to the maximum disjoining pressure prior to NBF

3Parts of this chapter are published.221 Reprinted with permission. Copyright 2015 American Chemical
Society.
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Figure 4.7: Time dependance of the NBF domain diameter growth d(t)
for CBF-NBF foam film transitions stabilized from differ-
ent C12TAB/SDS mixtures at a total surfactant concentra-
tion of a) 5 · 10−5 mol/l and b) 10−4 mol/l. The solid lines
correspond to fits with d(t)∝ tn. Reprinted with permis-
sion.221 Copyright 2015 American Chemical Society.

formation and depends on the respective surface charge. If the electrostatic barrier is
high, the CBF-NBF transition is slow. If the electrostatic barrier is low, or surpressed by
electrostatic screening at sufficient high electrolyte concentration, the transition is fast.
In case of SDS/C12TAB mixtures with excess concentration of SDS (mixing ratio 9:1 to
6:4), the electrostatic barrier increased with an increasing excess concentration of SDS
(Figure 4.3). In all cases the NBF formed within an already equilibrated CBF and the
increasing electrostatic barrier may explain the slow CBF-NBF transition observed at
these mixing ratios. On the other hand the CBF-NBF transition was always proportional
to n = 1/3, although the height of the electrostatic barrier varied between 250 and 560 Pa
for the respective SDS/C12TAB mixtures. On the contrary, the CBF-NBF transition for
foam films stabilized by mixtures with excess concentration of C12TAB (4:6 to 1:9) was
very fast (n = 2/3 to 1). In these cases the foam films were unstable and NBF formation
already occured during drainage of the film foam, what may explain the fast transition
kinetics. Another explanation for the different CBF-NBF transition rates could be that
a microscopic phase separation takes place while the CBF tranforms into a NBF. In
general, very slow CBF-NBF transitions are reported for mixtures of oppositely charged
surfactants155 and nonionic surfactants.227 A CBF-NBF transition is considered to be a
phase transition of the whole foam film82 .

For a mixture of two nonionic surfactants Stubenrauch et al. observed that the CBF-
NBF transition can take up to several hours.227 Based on the vacancy model by Exe-
rowa28 it was concluded that a microscopic phase separation into a surfactant-rich and
a surfactant-poor phase took place. The surfactant-poor phase forms a CBF, while the
surfactant rich phase forms a NBF and the two films coexist. The respective phase tran-
sition is very slow and accounts for the slow CBF-NBF transition kinetics. A similar
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Figure 4.8: Images of a horizontal foam film during CBF-NBF transi-
tion. The pictures are examplary for a 5:5 SDS/C12TAB
mixture at a total surfactant concentration of 5 · 10−5

mol/l. a) View of the transition domain with Rayleigh in-
stabilities (bright spots in the rim) 0.6 s after NBF onset.
b) View of the same film without Rayleigh instabilities 3.6 s
after NBF onset. Reprinted with permission.221 Copyrigth
2015 American Chemical Society.

microscopic phase separation could explain the different CBF-NBF transition kinetics ob-
served for the SDS/C12TAB surfactant mixtures. During the CBF-NBF transition, the
surface layer may separate into two different phases. An inner phase consisting of catan-
ionic complexes and a surrounding phase of mainly the ionic surfactant (SDS or C12TAB)
in excess. The catanionic phase is densely packed and forms a NBF. For mixtures with
excess concentration of SDS (9:1 to 6:4) the NBF is surrounded by an electrostatically sta-
bilized CBF. The resulting electrostatic barrier may explain the slow CBF-NBF transtion.
The transition behavior for mixtures with excess concentration of C12TAB (4:6 to 1:9)
is just the opposite. C12TAB does not form stable CBFs and the transformation into a
NBF is not hindered by an electrostatic barrier. This results in a faster transition kinetic
and lower film stability.

In addition to the systematic shift in CBF-NBF transition kinetics for different SDS/
C12TAB mixing ratios, the transition kinetics show a distinct dependance on the existence
of Rayleigh instabilities. Rayleigh instabilities appear if excess liquid is hindered from dis-
sipation and accumulates in the rim between the CBF and the NBF.28 As a consequence
droplets are formed which are thicker than the surrounding film and consequently reflect
more light (Figure 4.8 a)). In case of mixtures with an excess concentration of SDS (9:1
and 8:2 - slow transtition) the NBF domain always expanded with a homogeneous liq-
uid rim, containing no Rayleigh instabilities. For SDS/C12TAB solutions with an excess
concentration of C12TAB (3:7, 2:8 and 1:9 - fast transition) on the other hand, Rayleigh
instabilities were observed. For intermediate SDS/C12TAB mixing ratios (5:5 and 6:4),
Rayleigh instabilities occured directly after NBF nucleation, but disappeared soon after
(Figure 4.8 a) and b)). A closer analysis of the CBF-NBF transition (Figure 4.9) revealed
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that the disappearance of Rayleigh instabilities was connected to a small change in the
CBF-NBF transition kinetics (d(t) ∝ tn). From the 4:6 to the 5:5 SDS/C12TAB mixture
the exponent n droped slightly from 0.55 (domain growth with Rayleigh instabilities) to
0.45 (domain growth without Rayleigh instabilities) (Figure 4.9 a)). This shift was in-
dependent of the total surfactant concentration and observed for 5 · 10−5 mol/l and 10−4

mol/l SDS/C12TAB mixtures. A more pronounced decrease was detected at the 6:4 mix-
ing ratio (Figure 4.9 b)). Directly after the NBF nucleation, Rayleigh instabilities were
present and the exponent n was 0.55. After approximately 4 s the Rayleigh instabilities
vanished and n droped to 0.3. Rayleigh instabilities only occur if the NBF domain expan-
sion d(t) is proportional to tn with n > 0.5. If n drops below 0.5, Rayleigh instabilities
vanish. In this case the NBF grows too slow and, thus the excess liquid is not hindered
from drainage. As a result the liquid rim separating the NBF from the CBF expands ho-
mogeneous. This observation is different to what is generally reported in literature:228, 229

Figure 4.9: Detailed analysis of the CBF-NBF transition for a a)
SDS/C12TAB (5:5) mixture and b) (6:4) mixture in re-
lation to the occurrence of Rayleigh instabilites. The bulk
total surfactant concentration was fixed at 5 · 10−5 mol/l.
Reprinted with permission.221 Copyright 2015 American
Chemical Society.

Beltran et al. reported a change from a diffusion-like (d(t) ∝ t0.5, without Rayleigh in-
stabilities) to a linear growth (d(t) ∝ t, with Rayleigh instabilities). One reason for the
different behavior could be the different origin of the foam film transition in both cases.
For SDS/C12TAB mixtures a CBF-NBF transition occurs, whereas in other studies228, 229

a stepwise transition in the foam film thickness originates from the expulsion of polyelec-
trolyte/surfactant complexes from the film bulk. On the other hand, in both cases no
Rayleigh instabilities are observed if the film transition is too slow. In general, a foam film
transition (in particular a CBF-NBF transition) is a complex phenomena and is strongly
affected by hydrodynamics, the film thickness and viscosity.28 The influence of not only
the film thickness on the transition kinetics but also the hydrodynamics within the film
bulk on the transition kinetic is intriguing and merits further investigation.
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4.2.3 Conclusion

The intriguing observation that the CBF-NBF transition kinetics are highly dependent
on the SDS/C12TAB mixing ratio lead to the conclusion that the corresponding surface
layer is composed of the catanionic surfactant complexes surrounded by an surplus of
either SDS or C12TAB molecules (Figure 4.10 b)). Different foam film stabilities are
observed and attributed to a complex change in the topology of the surface layer occuring
during the CBF-NBF transition, also reflected by a systematic variation of the CBF-NBF
transition kinetics. It is most likely that a microscopic phase separation of the surface
layer into a phase consisting of catanionic complexes (stabilizing the NBF) and a phase
of the ionic surfactant takes place (Figure 4.10 c)). In case of excess concentration of
SDS, a CBF is stabilized and a resulting higher surface charge density and, thus a higher
electrostatic barrier explains the slow CBF-NBF transtion. Also dodecanol resulting
from the hydrolysis of SDS may play a role. In case of excess concentration of C12TAB
(mixing ratio 4:6 to 1:9), the CBF-NBF transition is fast and the formed foam films are
unstable and rupture. The surface concentration of C12TAB is not sufficient to stabilize
the foam films. The origin of the different CBF-NBF transition kinetics remains unclear
and definitely needs further research.

Figure 4.10: Schematic representation of the a) Catanionic complex
formation between oppositely charged SDS and C12TAB
molecules. b) Surface adsorption and foam film stabili-
sation as a result of different surface monolayer compo-
sition. The monolayer composition is strongly dependent
on the SDS/C12TAB mixing ratio. c) Microscopic phase
transition during the CBF-NBF transition: a phase con-
sisting of the catanionic complexes (stabilizing the NBF)
and a surrounding phase mainly consisting of the ionic
surfactant in excess. Reprinted with permission.221 Copy-
right 2015 American Chemical Society.
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4.3 Foaming and foam stability of SDS/C12TAB mixtures

4.3.1 Introduction

Investigations on foam film properties usually aim for a better understanding of the foam-
ing behaviour of the corresponding surfactant solution. However, foaming and foam sta-
bility is a very complex phenomena1, 206 and it is not trivial to predict the stability of
a macroscopic foam from the stability of single, isolated foam films. A foam is a three
dimensional system, consisting of foam films and liquid plateau borders. If one of the films
ruptures, the whole foam has to rearrange. Moreover, a foam film is normally investigated
under well defined conditions and usually studied in equilibrium. Foam formation however
occurs under dynamic conditions, where the foam films are thicker and the adsorption
equilibrium has not been reached. Furthermore, the capillary pressure within a film is not
constant but a function of foam height.34 Two easy accessible physico-chemical parameters
which provide information about the foaming behavior of a solution are foamability and
foam stability. Foamability describes the ability of a solution to produce foam. It mainly
depends on the adsorbed amount at the air/water interface and the rate of transport from
the bulk solution phase to the surface.45 The foam stability or lifetime on the other hand is
the time needed for a foam to collapse completely. The foam lifetime is strongly influenced
by the liquid drainage within the plateau borders, bubble coalescence and Ostwald ripen-
ing of the dispersed air bubbles.1 In general, catanionic surfactant mixtures are promising
systems for the formation of extraordinary stable foams. For example, foams made with
mixed solutions of myristic acid and cetyl trimethylammonium chloride (CTACl) were
shown recently to be stable up to several weeks.4, 14 Although the catanionic solutions
show only moderate foamability, the foam stability is highly enhanced. In addition to
that, foam stability of other catanionic surfactant solutions, i.e. hydroxyl stearic fatty
acid and ethanol amine were found to be ultra-stable as well.230 The preceding section 4.1
demonstrated that SDS and C12TAB aggregate to form highly surface active catanionic
complexes and that the resulting foam film properties highly depend on the mixing ratio.
The present section adresses the question if there is a similar synergistic effect on the
formation and stabilisation of macroscopic foams. It is investigated if SDS/C12TAB is a
promising surfactant mixture for the formation of ultra-stable foams.

4.3.2 Results and Discussion

Foaming properties of SDS/C12TAB mixtures at low total surfactant
concentrations of 5 · 10−5 to 10−4 mol/l

To test foamabilty and the resulting foam sability of SDS/C12TAB mixtures, the method
of turbulent mixing method was introduced. The respective sample solutions were dis-
persed, always at the same depth of immersion, for 5 seconds. A volume of 10 ml test
solution was given into a 50 ml beaker (3,4 cm of diameter), agitated and finally the time
needed for the whole foam to collapse was measured. For comparison, foaming properties
of pure SDS and C12TAB solutions of equal concentration have been examined.

Pure SDS and C12TAB solutions produced no foam at all at bulk surfactant concentra-
tions of 5 · 10−5 mol/l and 10−4 mol/l. A similiar behavior was observed for SDS/C12TAB
mixtures at the corresponding concentrations. Although SDS/C12TAB mixtures exhib-
ited enhanced surface activity and formed stable foam films (chapter 4.1), macroscopic
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foaming was not observed. Only at mixing ratios of 6:4, 5:5 and 4:6 a small rim of foam
could be observed directly at the rim of the beaker glass. The foam rim was stable up
to several hours but, neither reproducible in volume, nor was it possible to quantify the
amount of foam produced. Figure 4.11 shows dynamic surface tension measured for the
respective SDS/C12TAB mixtures at a total surfactant concentration of 5 · 10−5 mol/l.
In case of the equimolar 5:5 mixture and, therefore the mixing ratio with the highest

Figure 4.11: Dynamic surface tension as a measure of surfactant ad-
sorption over time for SDS/C12TAB mixtures. The total
surfactant concentration was 5 · 10−5 mol/l . a) and b)
show the same data, but over a different time scale. Dy-
namic surface tension data was obtained from pendant
drop measurements.

concentration of the catanionic surfactant complex, surface adsorption was found to be
very slow. The onset of surface adsorption could be detected after around 10 s and final
equilibrium value was reached after around 90 minutes. Surface adsorption slowed down
when SDS/C12TAB mixing ratio was varied. The higher the excess concentration of ei-
ther SDS or C12TAB the slower the adsorption at the surface. In general a symmetric
distribution of the dynamic surface tension around the equimolar 5:5 mixing ratio could
be detected, similar to what was observed for other surface properties (i.e. surface ten-
sion, surface elasticity in section 4.1). In all cases surface tension decreased over time
until an equilibrium value of 28 mN/m was obtained (compare also Figure 4.2 in chap-
ter 4.1). The observed symmetric trend in case of the dynamic surface tension leads to
the conclusion that surface adsorption is governed by the formed equimolar catanionic
SDS/C12TAB surfactant complexes. Figure 4.12 underlines that the dynamic surface ten-
sion and therefore adsorption kinetic highly depends on the absolute concentration of the
formed catanionic surfactant complex. The figure shows that increasing the concentra-
tion of equimolar SDS/C12TAB mixtures (and therefore the quantitative concentration
of catanionic complexes in solution) from 10−5 mol/l to 5 · 10−5 mol/l leads to a faster
overall adsorption kinetic.

These findings lead to the conclusion that foamability of the respective sample solutions
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Figure 4.12: Dynamic surface tensions for equimolar SDS/C12TAB
mixtures at different total surfactant concentrations. Sur-
face adsorption accelerates with increasing concentration
of the catanionic surfactant complex.

was poor because surfactant adsorption was too slow. Good foaming solutions normally
show surfactant adsorption on the time scale of milliseconds with an upper limit of maxi-
mum 1 second.1, 38, 81 Another reason for the low foaming performance of the SDS/C12TAB
mixtures investigated could be that no micellar aggregates are formed in the bulk solution.
In all sample solutions precipation occured due to a lack of colloidal stability of the formed
catanionic complexes. In general, beside the adsorption of sufficient surface active mate-
rial at the film surface in short time, the formation of micro structures (micelles, vesicles)
in the bulk phase has an important impact on foam stability and the foaming ability.206

Micellar lifetime and kinetic has a stong impact on the resulting foaming properties.71, 231

To obtain a stable or even extraordinary stable foam the concentration and mixing
ratio of the respective surfactant mixture should be carefully chosen. In accordance to
the phase diagram of the SDS/C12TAB mixture139 one may expect the formation of stable
foams in either the micellar or vesicular domain (figure 4.13).

Foaming properties of SDS/C12TAB mixtures at high total surfactant
concentrations of 3.4 · 10−2 mol/l - micellar and vesicular phase

Already Shah et al. could show that a 20:1 mixture of SDS and C12TAB was able to form
macroscopic foams at high total surfactant concentration (1.5 · 10−1 mol/l).154 Inspired
by this work and the phase diagram in Figure 4.13, the foaming behavior of 3.4 · 10−2

mol/l SDS/C12TAB mixtures at different mixing ratios have been tested and compared
to foams stabilized from pure SDS (10:0) and C12TAB (0:10) solutions (Figure 4.14). The
initial foam height after agitation was 45 mm in all cases. At this point it is noteworthy
to mention that 45 mm was the maximum foam height obtained in all cases. It was
not possible to produce higher foam volume with the method of turbulent mixing. As
a consequence, the results allow no quantitative comparison of the foamability, but one
can compare foam stability under quite well defined starting conditions. In all cases a
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Figure 4.13: Phase diagram of SDS/C12TAB mixtures. Mixtures
in the doted region are turbid and unsoluble (S)
SDS/C12TAB surfactant complexes precipitate. Region
M corresponds to the micellar and V to the vesicular
phase. Reprinted with permission.139 Copyright 1993
American Chemical Society.

wet Kugelschaum was formed directly after aggitation and transformed into a polyhedral
foam over time, due to gravitational liquid drainage within the foam.206, 1

In Figure 4.14 the obtained foam stabilities are compared. A surfactant concentration
of 3.4 · 10−2 mol/l is well above the cmc for the pure surfactants SDS and C12TAB and
micelles are present in the bulk phase.42 Both, SDS and C12TAB showed good foaming
performance, but moderate stability (SDS: 1.5 h; C12TAB 45 min). In both cases the
foam completely decayed without leaving any residue on the glass beaker or the water
surface. Compared to the pure surfactant solutions, the foam stability of the investigated
SDS/C12TAB mixtures was dramatically higher. The particular SDS/C12TAB mixing
ratios were carefully chosen to represent the various colloidal domains of the SDS/C12TAB
phase diagramm (8:2 - micellar phase; 6.5:3.5 - vesicular phase; 5:5 - equimolar mixture;
3.5:6.5 - precipation phase). In the micellar region (mixing ratio 8:2) the sample solution
was clear and the resulting foam was stable for roughly 24 h. No residue was left on the
glass after total collapse of the foam. The vesicular phase (mixing ratio 6.5:3.5) appeared
blueish and the respective foam was also stable up to 24h. In contrast to the foam
stabilized from the micellar solution, in this case residues on the glass beaker and the
water surface were detected after complete collapse of the foam. It has to be mentioned
that the vesicular solution was meta-stable and after some weeks the homogeneous phase
separated and precipitation occured. Equimolar SDS:C12TAB mixtures (mixing ratio
1:1) precipitated after some minutes and no macroscopic foam could be stabilized. Only
a very small foam rim direct at the beaker could be observed and was stable up to 5 h.
Particular attention deserves the foaming behavior of the 3,5:6,5 SDS/C12TAB mixture.
The fresh sample solution appeared blueish to the eye and was stable for roughly 10
h before precipitation occured. A foam stabilized from the ”fresh” solution was stable
for 24h, but stability dramatically increased when an aged sample (older than 10h) was
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Figure 4.14: Foam stability of different SDS/C12TAB mixtures at dif-
ferent mixing ratios. The total surfactant concentration
for all mixtures is 3.4 · 10−2 mol/l. The initial foam vol-
ume was the same in all cases.

agitated. In this case precipitated crystalls could be obeserved within the foam (inside the
single foam films and plateau borders) and the foam was stable for 72h. This indicates that
the formed precipitates block the plateau borders and hinder liquid drainage. Residues
on the glass beaker and the water surface were detected after complete collapse of the
foam. There may be some parallel characteristics to particle stabilized foams.

In case of the micellar and the vesicular SDS/C12TAB mixture, liquid drainage and
foam coarsening was much slower compared to that of the pure surfactant foams. This
can be attributed to several reasons. One the one hand there could be a formation of very
closely packed monolayers which act as gas barrier to coarsening. On the other hand the
presence of colloidal aggregates (micelles, vesicles) in the liquid Plateau borders may slow
down gravitational drainage. Liquid drainage within the films plays an important role in
foam stability. When the foam dries, its structure becomes more fragile because the films
become thinner and break more easily. If drainage is slowed down or even prevented from
aggregates blocking the Plateau borders, foam stability is highly increased.4, 84 Curschellas
et al. showed that foam from multilamellar polyglycerol ester self-assemblies were stabi-
lized not only by strong interfacial films but also by agglomerated self-assemblies within
the film bulk.84 Furthermore, studies on super stable foams revealed that the drainage of
the foam is strongly reduced due to the aggregates that are trapped in the film.4, 232 When
the surfactant concentrations is further increased and all the aggregates are released from
the film, the foam decays very fast again.
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4.3.3 Conclusion

The results show that for SDS/C12TAB mixtures foaming perfomance is poor at low
concentrations. This is a rather surprising observation with respect to the fact that
these mixtures exhibit enhanced surface activity, form densely packed surface layers and
stabilize foam films. Poor foaming results from slow adsorption kinetics. The formed
catanionic complexes adsorb not fast enough to form a macroscopic foam. In addition to
that, bulk precipitation occurs at all mixing ratios. This is an indication that the formed
catanionic complexes are unsoluble in water and prevent the formation of micelles or other
colloidal structures in the bulk solution phase which could act as a reservoir to provide
sufficient surface active material for foam formation.

SDS/C12TAB mixtures of higher concentration do foam and foam stability is highly
enhanced compared to the pure surfactant solutions. On the one hand, the higher absolute
surfactant concentration leads to faster surface adsorption. On the other hand colloidal
structures are present in the bulk phase. Surfactant self assemblies in the bulk phase
play an important role for foam stability and foamability. Either as a reservoir to provide
sufficient surface active material or to hinder liquid drainage and coarsening.

In case of the equimolar SDS/C12TAB (5:5) mixture, only equimolar catanionic com-
plexes are formed. The formed complexes lack colloidal stability, precipitate, and no foam
can be formed. These observations underline that not the formed catanionic complexes
enhance foaming and foam stability, but an unequal mixing ratio is essential for micellar
self assembly and foam formation.

The highest foam stability is found for aged 3.5:6.5 SDS/C12TAB solutions. In this
case free surfactants and catanionic surfactant complexes coexist with precipitates in the
bulk solution. The precipates accumulate in the plateau borders, hinder drainage and
therefore dramatically increase foam stability.

The impact of the formed catanionic complexes, micelles, vesicles or precipitates in
SDS/C12TAB mixtures on foam stabilisation and draiange is intriguing and merits further
investigation. In general, foam stabilisation depends on a complex interplay between the
surface adsorption of amhphiles, micellar structure formation in the film and solution
bulk phase, thin foam film stabilisation and gravitational drainage after foam formation.
Further investigation is needed to clarify the influence of each single aspect.
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4.4 Thin film formation of micellar and vesicular
SDS/C12TAB mixtures

4.4.1 Introduction

One decisive factor determining the stability of foams is the stability of thin liquid foam
films as building blocks of a foam. Especially in well drained foams the polyhedral air
bubbles are separated by planparallel thin liquid films.1, 37 Hence, TFPB studies are an
ideal tool to investigate foam film properties.

The typically rather unstable nature of pure surfactant foams can be counteracted by
exploiting synergies which arise in surfactant mixtures.5 In some cases oppositely charged
surfactants associate in the bulk solution to form vesicles.134 The mixed monolayer which
is formed by vesicle rupture at the air-water interface is extremely rigid. In addition to
that, the presence of intact vesicles in the film bulk leads to the formation of extremely
thick films.10 From ultra-stable protein foams it is known that the foam films can gelify
and the resulting foam is much more stable than standard surfactant foams.233, 234 Foam
films formed from protein solutions are thick and irregular because of aggregates traped
inside the film.

In the preceding chapters, formation and stability of thin liquid foam films formed
from pure surfactant solutions at concentrations far below the cmc (section 2.1 in chapter
2) and films formed from SDS/C12TAB mixtures at low bulk concentrations (section
4.1) was already discussed. The present chapter focuses on thin films stabilized from
surfactant solutions above the cmc and SDS/C12TAB mixtures at high total surfactant
concentrations. It is investigated if there is a correlation between the enhanced foam
stability of the micellar and vesicular SDS/C12TAB mixtures (see chapter 4.3) and the
stability and properties of thin liquid films. The influence of catanionic complex formation
and colloidal aggregation in the bulk solution on foam film properties are discussed in
particular.

4.4.2 Results and Discussion

Foam films stabilized by pure surfactant solutions above the cmc

Pure C12TAB films
In section 4.3 it was already shown that a 3.4 · 10−2 mol/l C12TAB solution forms a foam

of moderate stability. Figure 4.16 a) displays a measured disjoining pressure isotherm of
a foam film at the corresponding concentration. A CBF of inhomogeneous thickness was
formed at onset pressure (Figure 4.15 I)). The film thickness initially decreased and a
NBF was formed. Shortly after, many NBF domains nucleated (Figure 4.15 II)) . All
NBF domains grew isolated and finally combined (Figure 4.15 III)). The resulting NBF
was stable up to very high disjoining pressure (Figure 4.16 a)) .

Although the actual C12TAB concentration was twice the cmc and therefore surfactant
micelles should be present in the bulk solution phase,42 no foam film stratification could
be observed. Normally, the expulsion of micelles from the film bulk leads to a stepwise
thinning behavior and the successive formation of several distinct thin films.25 From other
studies it is know that C12TAB solutions do not show stratification around this concentra-
tion.110 Only at higher C12TAB concentration (i.e. 10−1 mol/l) stratification occurs.235

A treshold concentration is needed to induce the successive expulsion of micellar layers

73
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Figure 4.15: Images of a 3.4 · 10−2 mol/l C12TAB foam film. The ro-
man numbers I-III depict different moments in time after
foam film formation.
I) Direct after film onset, the foam film thickness is inho-
mogeneous and a NBF starts to nucleate (black spot).
II) A random number of NBF spots nucleate, irregularly
distributed over the film.
III) Single NBF domains combine, grow in size and fi-
nally form a homogeneous NBF (image not shown).

from thin films. Whether or not stepwise film thinning can be observed for foam films
stabilized from micellar solutions, depends on the effective diameter of the micelles. The
effective diameter is the diameter of the micelles plus twice the Debye length. Therefore
it depends on the surfactant concentration and the ionic strength in solution. From the
effective diameter, an effective volume fraction can be calculated. It has been found that
effective volume fractions of at least 20 vol% are required to observe structural forces,
irrespective of the surfactant used.236
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4.4 Thin film formation of micellar and vesicular SDS/C12TAB mixtures

Figure 4.16: Disjoining pressure isotherms of foam films stabilized
from 3.4 · 10−2 mol/l a) C12TAB and b) SDS solutions.
a) In case of C12TAB, NBF formation directly occurs at
onset pressure.
b) SDS shows a stepwise thinning behavior (stratifica-
tion), forming a CBF as final step. Only at high pressures
the CBF continuously transforms into a NBF.

Pure SDS films

In contrast to foam films stabilized by 3.4 · 10−2 mol/l C12TAB solutions, foam films
stabilized by SDS solutions with the same concentration showed stratification and, hence
stepwise film thinning. A concentration of 3.4 · 10−2 mol/l depicts three times the cmc
concentration of SDS. The disjoining pressure isotherm (Figure 4.16 b)) and photographs
of the respective foam film (Figure 4.17) show two distinct thickness jumps and a very
thin CBF was formed as final state. Upon pressure increase, the CBF tranformed into a
NBF at high pressure. The formed NBF was stable up to very high disjoining pressure.
Actually, the maximum accessible pressure of the present TFPB setup was not sufficient
to induce film rupture at all.

Multiple black film formation in foam films stabilized from SDS solutions is a well
studied phenomena25, 226, 237 and originates from surfactant structuring within the film.
Thermal fluctuations of the film surface leads to undulations in the Gibbs free energy of the
film (as it changes in thickness) resulting in nucleation of thinner film domains and thus
stratification processes.237 The layerwise expulsion of micellar layers from within the film
bulk generates multiple films (of successive thinner thickness) that are thermodynamically
unstable. The squeezing out process occurs in a discrete manner, changing from one meta-
stable configuration to the next.24

The observed film thickness for 3.4 · 10−2 mol/l SDS solutions was somewhat thicker as
for SDS solutions of higher concentration (10−1 mol/l)24 . Higher concentrated solutions
also show a higher number of stratification steps.226 Figure 4.18 shows that the thickness
jump observed in a 3.4 · 10−2 mol/l micellar SDS solution is around 12 nm for each single
step. Bergeron et al reported a step size of 10 nm in higher concentrated SDS solutions
(10−1 mol/l).25 Both observations may be counterintuitive in regard of the fact that
SDS micelles are only 4 nm in diameter.42 On the other hand it has to be mentioned
that the micellar diameter depends on thermodynamic conditions and is therefore not
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Figure 4.17: Images of a 3.4 · 10−2 mol/l SDS foam film. The roman
numbers I-VI depict different moments in time.
I) CBF formation after film onset. The film is inhomo-
geneous; thicker in the middle (big dark spot), decreasing
constantly in thickness to the outside (around 50 nm).
II) Simultaneous nucleation of several dark spots (thinner
film domains; roughly 40 nm thick).
III) The thinner film domains combine in the center of
the film.
IV) Formation of a homogeneous CBF.
V) Simultaneous nucleation of several dark spots (thinner
film domains; roughly 20 nm in thickness). The surround-
ing bright spots are Rayleigh instabilities, originating from
excess liquid.
VI)Formation of a homogeneous and very thin CBF (18
nm thick).

form invariant.38 The dimension of the thickness jump is related to the diameter of the
micelles plus twice the Debye length.238 The latter being affected by the dissociation
degree of the ionic surfactant and the ionic strength. For this reason, one explanation
for the smaller thickness jump with increasing SDS concentration is that the higher SDS
concentration and therefore higher ionic strength, leads to electrostatic screening. As
a result electrostatic repulsion between micelles in the film bulk and the electrostatic
repulsion between the SDS surface monolayers are weaker. As a result smaller thickness
jumps and generally thinner films are observed.
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4.4 Thin film formation of micellar and vesicular SDS/C12TAB mixtures

Figure 4.18: Thinning behavior of a 3.4 · 10−2 mol/l SDS foam film as
a function of the time. The graph shows two successive
jumpwise thickness transitions I) and II) of about 12 nm.

Foam films stabilzed by vesicular and micellar SDS/C12TAB mixtures

Micellar phase - 8:2 SDS/C12TAB mixture

In chapter 4.3 it could be shown that a 3.4 · 10−2 mol/l 8:2 SDS/C12TAB mixture
exhibited superior foam stability compared to foam stabilized by pure SDS or C12TAB
solutions. At this mixing ratio and concentration catanionic micelles are present in the
solution (Figure 4.13 in section 4.3).138 This section deals with the question if the observed
enhanced foam stability discussed in chapter 4.3 can be clearly related to the stability
of the respective foam films. Figure 4.19 displays fotographs of the corresponding foam
film. Directly after film formation the resulting film was inhomogeneous in thickness. The
film thinned faster at the outer rim as in the center. At a certain film thickness, multi-
ple black spots appeared and a transition into a thinner film could be observed (Figure
4.19 I). The pattern of black spot formation is similar to what was observed for foam
films stabilized from micellar SDS solutions (Figure ??). Therefore, it is concluded that
the stepwise film thinning results from micellar expulsion and catanionic micelles which
are squeezed out from within the foam film. The disjoining pressure isotherm (Figure
4.20) shows the formation of a very thin CBF (around 12 nm). The CBF thinned upon
pressure increase and the film was stable over the complete pressure range investigated.
On the contrary to foam films stabilized from vesicular phases of catanionic surfactant
mixtures,4, 5 the foam films formed from the micellar 3.4 · 10−2 mol/l 8:2 SDS/C12TAB
mixture did not show any formation of a network structure within the film. Although
foam films stabilized from a micellar solution of pure SDS or C12TAB solutions showed
similar stability, the stability of the respective macroscopic foams differ. Whereas foams
made from pure SDS and C12TAB solutions were only moderately stable, the foam sta-
bility of micellar SDS/C12TAB mixtures is highly enhanced (compare chapter 4.3). As
a result the particular SDS/C12TAB mixing ratio must have an important influence on
the resulting enhanced foam stability. Probably, a mixed surfactant layer is formed and
contributes to the highly enhanced foam stability. There may be an additional stabilizing
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Figure 4.19: Images of a foam film stabilized by a 3.4 · 10−2 mol/l 8:2
SDS/C12TAB mixture (micellar phase). The roman num-
bers I-VI depict different moments in time.
I) Formation of an inhomogeneous CBF and nucleation
of thinner film domains at onset pressure. Thin film spots
form simultaneously at the outer rim of the foam film.
II-V) Thin film domains combine, successively grow over
time and randomly float over the film.
VI) Finally, a homogeneous and very thin CBF is formed.

contribution from the formed catanionic micelles in the film bulk. Hence, further research
is needed to clarify the origin of the found enhanced foam stability for 8:2 SDS/C12TAB
mixtures.
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Figure 4.20: Disjoining pressure isotherms of foam films stabilized
from 3.4 · 10−2 mol/l SDS/C12TAB mixtures.
a) 8:2 SDS/C12TAB mixture - micellar phase. After
stratification a very thin CBF is stabilized.
b) 6.5:3.5 SDS/C12TAB mixture - vesicular phase. After
continuous drainage an inhomogeneous CBF is formed.

Vesicular phase - 6.5:3.5 SDS/C12TAB mixture An enhanced foam stability, com-
pared to the pure surfactant solutions, was also detected for 3.4 · 10−2 mol/l 6.5:3.5
SDS/C12TAB mixtures. In this case vesicles are present in the solution bulk phase (Fig-
ure 4.13 in section 4.3).139 In contrast to micellar catanionic SDS/C12TAB mixtures, the
vesicular phase has a distinct influence on the appearance of the foam film (Figure 4.21).
The formation of an inhomogeneous CBF was detected. Thicker film domains (bright ar-
eas), surrounded by a microtubular network were embedded in the film. The dark regions
corresponded to 8-10 nm thick film areas, while the light and coloured regions ranged
from 100 to several hundreds of nanometers thickness. Thus the long and interconnected
strands running through the film were actually thick-film regions (microtubes) suspended
in the film. Excess material (water, vesicles) was pushed together and eventually trapped
to form a wrinkle. Such behaviour is generally observed for foam films stabilized from
vesicular solutions.24 The thin films contain highly flexible bilayers and the film surface is
densely covered with surfactant molecules. Two bilayers fuse or adhere within an indivual
foam film leading to a gelation of the foam film24 and its typical structure (Figure 4.21).
The gelation of the foam film leads to a very slow drainage behavior of the foam film and
results in a very delayed response if pressure fluctuations are induced on the foam film.
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Figure 4.21: Images of a foam film stabilized from a 3.4 · 10−2 mol/l
6.5:3.5 SDS/C12TAB mixture (vesicular phase). The ro-
man numbers I-IV depict different moments in time.
I) Formation of an inhomogeneous CBF. Thicker film do-
mains (bright areas) are surrounded by a microtubular
network embedded in the film.
II-IV) Excess liquid drained out of the microtubular net-
work. Picture IV displays the final foam film at high dis-
joining pressure.

4.4.3 Conclusion

The investigation of foam films and the resulting disjoining pressure isotherms of micellar
catanionic SDS/C12TAB solutions cannot explain the enhanced foam stability observed
in chapter 4.3. The foam films were found to be homogeneous in thickness and gelation
or structure formation, which may explain enhanced foam film stability, could not be
shown. In this case, other factors must induce the enhanced foam stability. Probably
a mixed monolayer, composed of cationic surfactant complexes and free SDS molecules
in excess, is present at the surface. This may lead to the formation of a compact and
stable surfactant monolayer at the film surface and increase its stability. Such a compact
layer may also extenuate gas diffusion and therefore foam coarsening. Another possibility
could be that the catanionic micelles present in the bulk solution phase block the Plateau
borders and slow down gravitational drainage.

Thin films stabilized from vesicular SDS/C12TAB mixtures on the other hand formed
inhomogeneous foam films and a microtubular network was embedded in the film. Vesicles
are formed from densely packed and highly flexible bilayers of surfactant molecules. Two
bilayers fuse or adhere within an indivual foam film leading to a gelation of the foam film.
On the other hand, the foam stability of vesicular solutions were found to be the same as
for micellar solutions. Therefore, the different thin films stabilized from either micellar or
vesicular SDS/C12TAB mixtures do not result in different foam stabilities. Other factors,
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like blocking of the Plateau borders and therefore slower drainage seem to play a major
role in foam film stabilization processes.

As a drawback it has to be mentioned that foam films are formed slowly in TFPB
studies. Foams on the other hand are created over short periods of time, thus foamability
and foam stability may not be simply related to foam film stability observed by the
TFPB technique. For instance, particular mixtures of oppositely charged surfactants
and oppositely charged surfactant-polyelectrolytes form gel-like foam films which were
found to be extremely stable, whereas the stability of the respective macroscopic foam
produced from the same solution was similar to that of solutions containing only pure
surfactants.239 In general, foam formation is a complex phenomena and many physico-
chemical properties contribute to foam stability: complete absence of bubble coalescence,
very slow gravity-driven drainage and very slow coarsening just to name a few. Also time
dependent effects (i.e. adsorption processes) have to be taken in consideration. Further
research is needed to clarify the role of each single aspect on the stability of foams formed
from SDS/C12TAB mixtures.
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4.5 Influence of the surfactant chain symmetry
match/mismatch on catanionic surfactant mixtures

4.5.1 Introduction

Surfactant mixtures are widely used in detergency, cosmetics and house-hold products
since their performance characteristic is enhanced compared to pure surfactants.55 Es-
pecially mixtures of cationic-anionic surfactants are very interesting systems for a broad
variety of industrial applications.5, 39 In general, strong electrostatic attraction between
the surfactants lead to the formation of catanionic complexes. Surfactants normally con-
sist of a small hydrophilic head group and a rather long hydrophobic alkyl chain. In this
respect, the properties of the resulting interfacial films are governed to a large extent by
match or mismatch of the alkyl chain lengths of the respective surfactants. It is well esta-
bilished that chain length compatibility in mixed surfactant systems has a strong impact
on the resulting physico-chemical properties.70, 149, 154 The effects of chain length com-
patibility are of particular importance to interfacial properties and technologies such as:
surface tension, micellar stability, foamability, bubble size, lubrication and microemulsion
stability.152 Natural membranes are prominent examples in which differences in the lipid
carbon chain determine the physico-chemical properties of the whole membrane. The
carbon chain of the particular lipids may contain cis, trans or unsaturated carbon-carbon
bonds, leading to completely different surface layers.17

Carbon chain compatibility can mainly be understood in terms of molecular packing.
The chain length of the surfactants used in a given system must be similar in order to
maximize lateral molecular interactions. If surfactant chain length in a monolayer film
mismatches, the excess hydrocarbon tails have more freedom to disrupt the molecular
packing through conformational disorder or increased thermal motion.154 This disruption
in the molecular packing leads to lower interaction energies. The significance of chain
length compatibility on properties which affect foam formation and foam stability cannot
be understated. Studies have shown that the hydrocarbon chain length of additives has a
profound effect upon the molecular interactions that occur in foams and monolayer films
at the liquid-air interface.154 These molecular interactions influence surface shear viscos-
ity and surface tension of a given mixed surfactant system. In addition to these inherent
surface properties, the rate of film drainage and foam bubble radius are also influenced by
the effect of surfactant chain length compatibility.70 The interplay between head group
- head group interactions, as well as the hydrophilic/hydrophobic balance of the surfac-
tant molecules dominate the functionality and (de)stability of foam films stabilized from
catanionic surfactant mixtures.155 The type and amount of anionic surfactant presents
a tool for tailoring the thickness and stability of foam films. The same component can
act as a salt or co-surfactant depending on its molecular funtionality, hydrocarbon chain
length and concentration. A study on the surface adsorption of the cationic C14TAB with
different alkanoates revealed that catanionic complex formation is highly dependent on
the carbon chain compatibility.11 In case of the alkanoate with the shortest hydrocarbon
chain (C4), no or only few catanionic complexes are formed. If the hydrocarbon chain
length increases, surface adsorption strongly enhances, indicating that 1:1 catanionic com-
plexes are formed. It could be demonstrated that the resulting 1:1 complexes dominate
the whole adsorption behavior of mixtures even if one compound is in excess concentration.
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In the preceding chapters, surface adsorption, foam film formation and foaming of the
symmetric SDS/C12TAB mixture was investigated in detail. SDS and C12TAB interact
synergistically to form stoichiometric catanionic surfactant complexes and the surface
adsorption is highly enhanced for all SDS/C12TAB mixing ratios as compared to the re-
spective pure surfactant solutions. Quantitative formation of catanionic complexes lead
to the formation of sterically stabilized Newton black films (NBF). In order to investi-
gate the impact of carbon chain length compatibility on surface and thin film properties
the carbon chain length of the cationic surfactant CnTAB is varied. The complexation
of SDS/C14TAB and SDS/C16TAB mixtures at the water/air interface and the impact
on foam film formation is studied and compared to the results gained from SDS/C12TAB
mixtures. The results enable to distinguish if and how the hydrocarbon chain length com-
patibility in catanionic surfactant mixtures influences the performance of SDS/CnTAB
mixtures.

4.5.2 Results and Discussion

Adsorption of SDS/CnTAB mixtures at the air-water interface

Surface tension measurements are a good indicator of surfactant adsorption at the air/water
interface. Figure 4.22 displays surface tension isotherms for the pure surfactant solution
in direct comparison to the equimolar catanionic mixtures of SDS with either C12TAB,
C14TAB or C16TAB. The decreasing cmc within the homologeous CnTAB-series (1.5 · 10−2

mol/l for C12TAB, 3.5 · 10−3 mol/l for C14TAB and 5 · 10−4 mol/l for C16TAB) reflect
the increasing hydrophobicity and, thus decreasing water solubility of the pure surfac-
tants. With increasing carbon chain length the efficiency (minimal surfactant concentra-
tion needed to reduce surface tension) and thus surface activity increases. In comparison
to pure surfactant solutions, the surface tension isotherms of the equimolar SDS/CnTAB
mixtures leveled off at much lower concentration (around 3 · 10−5 mol/l). This syner-
gistic surface adsorption was observed in all cases and is attributed to the formation of
highly surface active catanionic ion pair amphiphiles. Of particular interest is the ob-
servation that the absolute value of the surface tension for SDS/C12TAB (28 mN/m)
mixtures is lower compared to SDS/C14TAB and SDS/C16TAB (38 mN/m) mixtures.
For SDS/C12TAB mixtures both, the strong Coulombic interaction of the surfactant head
groups and the chain length compatibility result in an optimum packing of molecules
at the surface.154 In case of SDS/C14TAB and SDS/C16TAB mixtures the carbon chain
length mismatch prevents a dense monolayer packing at the surface. If the chain length of
both surfactants is different, the portion of the molecules above the height of the adjacent
molecules will exhibit thermal motion.154 This thermal disturbance presumably propa-
gates along the chain at a considerable length toward the polar group of the molecule,
causing an increase in the area per molecule and therefore lower reduction in surface
tension.

Figure 4.23 shows surface tension values in variation of the SDS/C14TAB (Figure 4.23
a)) and SDS/C16TAB mixing ratio (Figure 4.23 b)) at a total surfactant concentration of
5 · 10−5 mol/l. Note, that the surface tension for a 5 · 10−5 mol/l SDS, C14TAB or C16TAB
solution is around 72 mN/m, and therefore close to the value of pure water. In contrast to
that, the surface tension measured for the catanionic mixtures was strongly reduced at all
mixing ratios. Table 4.3 exhibits that the surface tension measured at the different mixing
ratios agrees well with the surface tension measured for 1:1 catanionic complexes at much
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Figure 4.22: Equilibrium surface tension isotherms for pure SDS,
C12TAB, C14TAB and C16TAB solutions. For the
equimolar catanionic surfactant mixtures the surface ten-
sion isotherms are shifted to much lower concentrations,
indicating the formation of a highly surface active species.

lower concentration. The concentration of the 1:1 catanionic complexes is similar to the
concentration if one assumes that the short falling surfactant in the mixture quantitatively
forms catanionic complexes. As example, a 5 · 10−5 mol/l 7:3 SDS/C14TAB solution forms
1.5 · 10−5 mol/l of catanionic complex. The corresponding surface tension of 42 mN/m is
similar to the one measured for a 3 · 10−5 mol/l equimolar (5:5) SDS/C14TAB solution,
what corresponds to a 1.5 · 10−5 mol/l solution of catanionic 1:1 complex. The dotted line
in Figure 4.23 displays the good correlation surface tension values measured at different
mixing ratios and the corresponding surface tension expected if the short falling surfactant
quantitatively forms 1:1 SDS/C14TAB complexes. Only in case of mixtures with excess of
SDS (9:1) or C14TAB (1:9), a synergistic lowering of the surface tension could be detected.
Similar behavior was observed for SDS/C12TAB mixtures (section 4.1). Probably, also in
this case a mixed surface layer is formed, composed of the catanionic species surrounded
by either free SDS or C14TAB molecules in excess. A synergistic lowering of the surface
tension may result from the interaction of the catanionic complexes with the free ionic
surfactants in excess concentration. A similar trend could be observed for SDS/C16TAB
mixtures (Figure 4.23 b)). Again, surface tension is strongly reduced at all mixing ratios.
The absolute reduction in surface tension is similar to what was observed for SDS/C14TAB
mixtures. Also in the case of SDS/C16TAB mixtures, mixtures with excess of SDS (9:1)
or excess of C16TAB (1:9) deviated from the surface tension behavior and cannot solely
be attributed to the adsorption of the catanionic surfactant complexes. This leads to
the conclusion that the surface probably consists of a mixed surface layer, composed of
the catanionic species surrounded by either free SDS or C16TAB molecules in excess.
To investigate surface composition of SDS/C14TAB and SDS/C16TAB mixtures in more
detail, the formation and stabilization of foam films for the respective surfactant mixtures
were examined.
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Table 4.3: Comparison between surface tension measured at different
SDS/C14TAB and SDS/C16TAB mixing ratios and concen-
trations, with the surface tension of only 1:1 catanionic
SDS/C14TAB or SDS/C16TAB complexes. The concentra-
tion of the catanionic complexes correspond to the concen-
tration of the short falling surfactant in the surfactant mix-
tures. The results are graphically displayed as doted lines in
figure 4.23 a) and b)).

mixing ratio surface tension concentration of surface tension
(SDS/CnTAB) (SDS/CnTAB) mixture 1:1 catanionic complex only 1:1 complexes

in SDS/CnTAB mixtures at the same concentration
[mN/m] [mol/l] [mN/m]

SDS/C14TAB
c=5 · 10−5 mol/l

9:1 45.1 5 · 10−6 50.5
8:2 42.0 10−5 40.2
7:3 39.1 1, 5 · 10−5 40.2
6:4 38.2 2 · 10−5 38.2
5:5 38.0 2, 5 · 10−5 38.1
4:6 38.1 2 · 10−5 38.1
3:7 39.2 1, 5 · 10−5 38.2
2:8 42.2 10−5 40.2
1:9 45.0 5 · 10−6 50.5

SDS/C16TAB
c=5 · 10−5 mol/l

9:1 45 5 · 10−6 54.1
8:2 43.0 10−5 46.9
7:3 39.0 1, 5 · 10−5 40.1
6:4 38.2 2 · 10−5 38.4
5:5 38.0 2, 5 · 10−5 38.4
4:6 38.1 2 · 10−5 38.4
3:7 38.0 1, 5 · 10−5 40.1
2:8 42.0 10−5 46.9
1:9 46.2 5 · 10−6 54.1
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Figure 4.23: Equilibrium surface tension for a) SDS/C14TAB and b)
SDS/C16TAB mixtures at an absolute surfactant concen-
tration of 5 · 10−5 mol/l in variation of the mixing ratio.
The doted lines correspond to equilibrium surface tension
values measured for 1:1 catanionic complexes. The bulk
concentration of the 1:1 complexes corresponds to the con-
centration of the short falling surfactant in the surfactant
mixtures (details see table 4.3).

Influence of the SDS/C14TAB mixing ratio on foam film properties

According to the broad plateau in surface tension in Figure 4.23 a), one may expect that
the surface is completely covered by catanionic 1:1 surfactant complexes over a wide range
of SDS/C14TAB mixing ratios, which therefore dominate foam film stabilization. Figure
4.24 shows disjoining pressure isotherms of different SDS/C14TAB mixtures at total sur-
factant concentrations of 5 · 10−5 mol/l and 10−4 mol/l. A systematic variation of the
disjoining pressure in dependence of the mixing ratio could be observed. In all cases the
formation of an electrostatically stabilized CBF was observed. Table 4.4 gives the respec-
tive surface potential and surface charge obtained from calculation of the disjoining pres-
sure isotherms. The closer the mixtures approached equimolarity, the lower the resulting
surface potential (and thus surface charge) (table 4.4) obtained from Poisson Boltzmann
calculations. This finding indicates that, similar to what was found for SDS/C12TAB mix-
tures, a mixed surface layer composed of the catanionic complexes surrounded by either
free SDS and C14TAB molecules was formed. Table 4.5 shows a good correlation of the the-
oretical expected ionic strength in solution (if 1:1 catanionic complexes are quantitatively
formed), with the ionic strength extracted from Poisson-Boltzmann calculations. This
indicates that the 1:1 catanionic complexes are quantitatively formed at all SDS/C14TAB
mixing ratios. Although catanionic complexes were formed and present at the surface,
stable NBFs could not be observed. Even for the equimolar mixture, where only catan-
ionic complexes should be present at the surface, NBF formation was not detected. Only
on rare occasion, NBF nucleation occured, but the film ruptured shortly after NBF onset
in all cases. This observation stands in contrast to what was observed for SDS/C12TAB
mixtures (compare chapter 4.1). For SDS/C12TAB mixtures stable NBFs were observed
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Figure 4.24: Disjoining pressure isotherms for different SDS/C14TAB
mixtures at a total surfactant concentration of a)
5 · 10−5mol/l and b) 10−4 mol/l. The solid lines corre-
spond to disjoining pressure isotherms obtained from PB
calculations assuming a constant surface potential Ψ.

Table 4.4: List of surface charge (q0) values given in mC/m2 in vari-
ation of the SDS/C14TAB mixing ratio. The corresponding
surface potentials (in mV) are given in the brakets. All val-
ues given were obtained from fitting the experimental Π(h)
curves in Figure 4.24 according to the DLVO theory.

SDS : C14TAB 10:0 9:1 7:3 6:4 3:7 0:10
5 · 10−5 mol/l 1.25 (82) - (-) 1.11 (67) 0.76 (55) - (-) 1.91 (120)

10−4 mol/l 1.94 (65) 1.96 (68) 1.18 (52) - (-) 1.58 (64) 2.95 (85)

at all mixing ratios and the CBF-NBF transition kinetics were highly dependend on the
SDS/C12TAB mixing ratio (section 4.2). A possible explanation for the NBF instabil-
ity in case of SDS/C14TAB mixtures could be the difference in the surfactants carbon
chain length. NBF formation requires densely packed surface layers28 and consists only
of a compact surfactant bilayer in which molecules of the solvent are incorporated.30, 31

In case of SDS/C14TAB mixtures, the carbon chain length incompatibility may prevent
the formation of a densely packed surfactant bilayer. The carbon chain length of both
surfactants is different and a portion of the molecules above the height of the adjacent
molecules will exhibit thermal motion154 resulting in less densely packed surface layers
and therefore film rupturing.

Noteworthy is the observation that 10−4 mol/l SDS/C14TAB solutions with excess
C14TAB formed stable foam films. On the contrary, foam films stabilized from SDS/C12TAB
mixtures with excess C12TAB were unstable and ruptured (chapter 4.1). It has to be men-
tioned that pure C14TAB solutions form stable foam films at concentrations lower as the
cmc whereas C12TAB do not. Figure 4.24 exhibits the formation of a weakly stabilized
CBF at a mixing ratio of 3:7. The found surface charge and thus surface potential is
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even higher as found for the 7:3 mixture (table 4.4 ), although catanionic complexes are
quantitatively formed (table 4.5). One should expect that in case of the 3:7 mixture, the
same amount of C14TAB molecules is present at the surface as SDS molecules in case of
the 7:3 mixture and therefore a similar surface charge, only of opposite sign, should result.
The lower surface charge for the mixture with excess of SDS could be explained with the
hydrolysis of SDS to charge neutral dodecanol. Dodecanol is surface active as well and
competes with SDS for surface adsorption,28 what may result in lower surface charge.
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4 Surface adsorption and foaming properties of oppositely charged CnTAB/SDS mixtures

Influence of the SDS/C16TAB mixing ratio on foam film properties

Also in case of SDS/C16TAB mixtures one may expect that the surface is completely cov-
ered by catanionic surfactant complexes over a wide range of SDS/C16TAB mixing ratios
and therefore dominate foam film stabilization (Figure 4.23 b)). Figure 4.25 shows disjoin-
ing pressure isotherms of foam films stabilized from SDS/C16TAB mixtures at different
mixing ratios. Disjoining pressure isotherms of 9:1, 6:4 and 2:8 mixtures at a total surfac-
tant concentration of 5 · 10−5 mol/l are shown examplary. Disjoining pressure isotherms
at other mixing ratios were very similar to the ones displayed (data not shown for a clear
arrangement). In all cases, electrostatically stabilized CBFs were formed and the slope
of the respective disjoining pressure isotherms differed only slightly. Increasing the pres-
sure leads to continuous film thinning. No NBF formation could be observed. In case of
the equimolar 5:5 mixture the respective foam films were unstable and ruptured. For all
other mixing ratios a CBF was formed at film onset. Table 4.6 exhibits surface poten-

Figure 4.25: Disjoining pressure isotherms for SDS/C16TAB mixtures
of varying mixing ratio at a total surfactant concentration
of 5 · 10−5mol/l. The solid lines correspond to disjoining
pressure isotherms obtained from PB calculations assum-
ing a constant surface potential Ψ.

tial and surface charge obtained from the corresponding Poisson-Boltzmann calculations.
Surface potential and respective surface charge differ only slightly between the different
mixing ratios. The surface potential varies between 82 - 95 mV and respective surface
charge from 1.25 to 1.46 mC/m2. Table 4.7 exhibits the calculated ionic strength of the
different sample solutions. The obtained ionic strength is always around 2 · 10−5 mol/l ,
whether for the pure surfactants as well as for the SDS/C16TAB mixtures. In all cases
the ionic strength is very low, when compared to what would be expected if a complete
dissocition of all ions (ionic strength = 10−4 mol/l) or quantitative formation of catan-
ionic complexes (column 3 in table 4.6 a) ) occurs. This observation may be explained
either from insufficient surfactant-counterion dissociation or that the disjoining pressure
isotherm measurement and accordingly Poisson-Boltzmann calculations suffer from high
inaccuracy of the method at such low absolute concentrations. The observation that the
obtained disjoining pressure isotherm and respective ionic strength in solution does not
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4.5 Influence of the surfactant chain symmetry match/mismatch on catanionic surfactant mixtures

Table 4.6: List of surface charge (q0) values given in mC/m2 in vari-
ation of the SDS/C16TAB mixing ratio. The corresponding
surface potentials (in mV) are given in the brakets. All val-
ues given were obtained from fitting the experimental Π(h)
curves in Figure 4.25 according to the DLVO theory.

SDS : C16TAB 10:0 9:1 8:2 7:3 6:4
5 · 10−5 mol/l 1.25 (82) 1.26 (83) 1.38 (90) 1.38 (90) 1.32 (85)

SDS/C16TAB 2:8 1:9 0:10
5 · 10−5 mol/l 1.46 (90) 1.46 (90) 1.64 (95)

notably vary with the mixing ratio, leads to the assumption that the formation of catan-
ionic complexes was incomplete or did not occur at all in SDS/C16TAB mixtures. The
respective foam films may be stabilized from SDS/C16TAB monolayers of uncorrelated
mixture of unbound SDS and C16TAB molecules.

This observation is counterintiutive in respect of what was observed for SDS/C12TAB
and SDS/C14TAB mixtures. In both cases the disjoining pressure isotherms systemat-
ically varied with the mixing ratio. A possible explanation for the deviating behavior
of SDS/C16TAB mixtures could be the chain length incompatibility of the surfactants.
The mismatched carbon chain length may prevent the formation of catanionic complexes,
SDS and C16TAB are only loosely bound at the surface. This assumption seems not to be
very convincing as a strong Coulombic attraction between the trimethylammonium and
the sulfate head group is expected.41 The head group charge densities of the respective
surfactants are similar, but of reverse polarity.40 Therefore a strong attraction attraction
force between SDS and CnTAB should arise.

Another explanation for the different behavior of SDS/C16TAB mixtures compared to
SDS/C12TAB and SDS/C14TAB mixtures could be that the formation and adsorption
of the catanionic complexes between SDS and C16TAB is very slow and the measured
disjoining pressure isotherms were not in final equilibrium. Dynamic surface tension mea-
surements of different SDS/C12TAB mixtures showed that the adsorption dynamics highly
depend on the mixing ratio and concentration (chapter 4.3). In case of SDS/C12TAB
mixtures the equilibration time for the TFPB measurements (about 2h) was sufficient
for the formation and adsorption of the catanionic complexes and the disjoining pressure
isotherms were highly dependent on the mixing ratio (chapter 4.1). Figure 4.26 exhibits
dynamic surface tension isotherms measured for different 5 · 10−5 mol/l SDS/C16TAB mix-
tures. The fastet adsorption was found for equimolar mixtures (around 45 min). Therefore
surface adsorption processes in SDS/C16TAB mixtures are at least 6 times slower as what
was found for the respective SDS/C12TAB mixtures (compare Figure 4.11 in section 4.3).
For SDS/C16TAB mixtures deviating from equimolarity surfactant adsorption massively
slowed down. For the mixing ratio 3:7, respectively 7:3 final equilibrium surface ten-
sion was reached after around 3.5 h. In case of 9:1 (respective 1:9) mixtures, surface
adsorption was not completed even after 11 h. The incompatibility in surfactant carbon
chain length probably leads to a strongly decelerated association between the oppositely
charged surfactant molecules. Figure 4.27 shows a fotograph of a foam film stabilized
from a 3:7 5 · 10−5 mol/l SDS/C16TAB mixture after long equilibration time (around
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4.5 Influence of the surfactant chain symmetry match/mismatch on catanionic surfactant mixtures

24h). The fotograph is exemplary for foam films stabilized from SDS/C16TAB solutions
of different mixing ratio. The CBF is inhomogeneous and bright domains appear on its
surface. Brewster angle studies show that close-packed and semi-crystalline SDS/C16TAB
domains are formed at the air-water surface.12 The very high surface elasticities (up to
above 100 mN/m at exhitation frequencies of 0.2 Hz) measured for this system (Figure
4.28) indicate the formation of a brittle, compact and solid monolayer at the air/water
surface.22

Figure 4.26: Dynamic surface tension as a measure of surfactant
adsorption as a function of time for 5 · 10−5mol/l
SDS/C16TAB mixtures.
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4 Surface adsorption and foaming properties of oppositely charged CnTAB/SDS mixtures

Figure 4.27: Video microscopic image of a foam film formed from a
5 · 10−5 mol/l 3:7 SDS/C16TAB mixture. Prior to film
formation, the film surfaces were left 24h to equilibrate.
The fotograph shows an inhomogeneous CBF. The bright
domains indicate the formation of solid, insoluble surfac-
tant domains. The displayed foam film is exemplary for
other SDS/C16TAB mixtures.

Figure 4.28: Dilational surface elasticity for different SDS/C16TAB
mixtures. The total surfactant concentration is fixed at
5 · 10−5mol/l.

4.5.3 Conclusion

SDS and CnTAB of varying chain length interact synergistically at the air/water interface
and in free standing foam films. A strong head group-head group attraction in combi-
nation with hydrophobic interaction of the surfactant chains leads to the formation of
catanionic surfactant complexes. This association results in a reduced electrostatic re-
pulsion and therefore denser molecular packing at the interface evidenced by a strong
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4.5 Influence of the surfactant chain symmetry match/mismatch on catanionic surfactant mixtures

reduction in surface tension compared to the pure surfactants. Molecular packing at the
interface is in relation to the disorder procuced by the chain length compatibility effect.
In case of SDS/C12TAB, the surfactant tail groups are symmetric and, thus the attractive
force between the hydrophobic tails is maximized. The surfactants combine to form a
densely packed monolayer and the resulting surface tension is strongly reduced to around
28 mN/m. In contrast, the surface tension of SDS/C14TAB and SDS/C16TAB mixtures
reduces only to 38 mN/m. In this case carbon chain length incompatibility prevents a
uniform monolayer packing at the surface. The chain length of surfactants used in a given
mixture of surfactants must be the same to maximize lateral molecular interactions, but
if the chain length of both surfactants is different, the portion of the molecules above the
height of the adjacent molecules will exhibit thermal motion.154 This thermal disturbance
presumably prevents the formation of condensed surface monolayers and surface tension
reduction is not as pronounced as for mixtures of symmetric surfactants.

Surface and foam film properties of SDS/C14TAB mixtures are very complex and not
only mediated by the formation and adsorption of charge neutral catanionic surfactant
complexes. There is no clear relation between surface tension and the interfacial compo-
sition. The SDS/C14TAB mixing ratio has a distinct influence on the physical properties
of the system. It is possible to tune the type and stability of foam films by adjusting
the bulk mixing ratio. In case of SDS/C16TAB mixtures the formation and adsorption
of catanionic complexes is kinetically hindered, reflected by long adsorption times. From
surfactant aggregates visible at the film surface and the high measured surface elasticities
observed, it is concluded that the association of SDS and C16TAB molecules leads to
insoluble and brittle surface layers and therefore unstable foam films. In general carbon
chain symmetry in catanionic surfactant mixtures plays an important role for the forma-
tion and stabilization of NBFs. The formation of ultra thin NBFs is only observed for
SDS/C12TAB. The surfactant chain length in mixtures of sodium dodecyl sulfate and
alkyl trimethyl ammonium bromides must be symmetric to maximize lateral molecular
interactions. Only in this case the surfactants are densely packed but still flexible enough
to support the stabilisation of NBFs.

The variation of carbon chain length in surfactant mixtures exhibits an efficient tool
to vary the respective physico-chemical properties. Although changes in the surfactants
molecular structure are very small, they have a very large effect upon the resulting inter-
facial and bulk properties, such as surface tension, adsorption dynamics, surface elasticity,
foam film formation and stability.
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5 Surface adsorption and topology of
oppositely charged
polyelectrolyte/surfactant mixtures

5.1 Mixtures of fully charged PAMPS and C14TAB 4

5.1.1 Introduction

Aqueous oppositely charged polyelectrolyte/surfactant (P/S) mixtures play a major role
in a wide range of industrial applications, from detergency to personal care products to
drug delivery.17, 50 It is important to understand the interactions of such vehicles both in
the bulk phase and at the surface to predict their physicochemical behavior and in cases
optimize performance. A strong impact on foam properties has been reported.18, 19, 20, 241

Such mixtures may prevent unwanted foaming in chemical production or promote foam
stabilty if desired. In general combinations of oppositely charged polyelectrolytes and
surfactants show a broad variety in surface adsorption behavior leading to diverse impact
on the resulting physical properties of the whole system.21, 22, 23

The stability of a foam depends essentially on the stability of the thin films that separate
the dispersed phase. The properties of these thin foam films are governed by adsorbed
molecules at the air-water interfaces. In particular P/S mixtures can be used to tune the
properties of the arising foam film.182, 186, 224, 242, 243, 244 The influence of the P/S mixtures
is due to their excess or depletion in the interfacial region and their texture or structure
formation in the film bulk. Depending on the charge combination of the used polyelec-
trolytes and surfactants, either a thick Common Black Film (CBF), or a thin Newton
Black Film (NBF) is formed as a final state before film rupture.77, 181 The CBF is electro-
statically stabilised due to the presence of surface charges, whereas the NBF is stabilised
by steric repulsion of the adsorbed complexes.

Earlier studies on the mixture of the anionic polyelectrolyte poly(acrylamidomethyl
propanesulfonate) sodium (PAMPS) with the cationic surfacant tetradecyl trimethlyl am-
monium bromide (C14TAB) lead to a suprising conclusion:185, 155 a comparison of results
obtained from measurements of the surface tension and surface elasticity with the resulting
stability of the corresponding foam films leads to the inference that the surface coverage
has no significant influence on the stability of the foam films. The most stable films were
formed in a concentration regime where the surface tension exhibited high values, which
indicates a low surface coverage. On the other hand films with the highest coverage were
very unstable. It was deduced that an important reason for film stabilisation was not the
surface coverage but the total net charge in the system.

An important challenge is to rationalize foam film stability in terms of the surface prop-
erties of P/S mixtures and in particular the interfacial composition (i.e. surface excesses

4Parts of this chapter are published.240 Copyright 2015 the American Chemical Society
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of both polyelectrolyte and surfactant). Surface tensiometry alone is known to be lim-
ited in its capacity to resolve the interfacial composition as a result of complexation in
the bulk which changes the activities of the components in the system.51 The interfacial
composition can be resolved using neutron reflectivity (NR) with isotopic contrast varia-
tion,52, 53, 54 even though the precision of the polyelectrolyte surface excess is rather poor
when it is not available in deuterated form. An optical reflection technique to study P/S
interactions at the air-water interface is ellipsometry.178, 245 While it is not sensitive to the
interfacial composition, it can be applied in combination with other techniques that have
different sensitivities to the individual components at the interface.246 Angus-Smyth et al.
showed recently that co-modelling NR and ellipsometry data is a feasible way to obtain
quantitatively the interfacial composition of P/S mixtures at the air-water interface while
conserving precious neutron beam time and deuterated materials.215 Even so, the same
authors went on to show that the approach can break down when bulk aggregates of P/S
mixtures which exhibit bulk phase separation interact directly with the surface layer to
modify its surface properties via dissociation and spreading.216

In this chapter the relation between the interfacial composition and foam film stability
for the PAMPS/C14TAB mixture was examined. A combination of NR and ellipsome-
try measurements is used to study the complexation at the air-water interface and zeta
potential measurements are carried out to determine the charge on the bulk complexes.
The measurements were carried out at a rather low bulk surfactant concentration (with
changing bulk polyelectrolyte concentration) to keep the bulk compositions well outside
the phase separation region, so that the data could be interpreted in terms of equilib-
rium complex adsorption. These results are used to rationalize a rise in surface tension
which was found previously for the same mixture, and provide insight into interfacial
composition which is discussed in terms of the stability of foam films.185

5.1.2 Results and Discussion

Preliminary studies on freshly mixed PAMPS/C14TAB mixtures recorded with respect to
the bulk polyelectrolyte concentration at fixed surfactant concentration showed a strik-
ing small peak in the surface tension isotherm.185, 186 Surface tension peaks have been
described in different ways in the literature: either in terms of the loss of surface activity
of complexes at chemical equilibrium247, 248 or the comprehensive precipitation of aggre-
gates in the bulk resulting in a depleted surfactant monolayer.213, 214 The freshly mixed
PAMPS/C14TAB samples in the present study were transparent to the naked eye, which
indicates that precipitation is not the reason for the peak. To examine this issue, first the
charge on the bulk complexes was measured using zeta potential measurements (Figure
5.1). These measurements would reveal if precipiation could occur at bulk compositions
close to charge neutrality. In order to facilitate the comparison of the new data with
former findings, again experiments at a fixed bulk surfactant concentration with respect
to the bulk polyelectrolyte concentration were performed. The surfactant concentration
was fixed at 10−4 mol/l. The polyelectrolyte concentration was varied between 10−5 and
3 · 10−3 (mono)mol/l. No charge reversal from positive to negative could be observed. As
the samples have sufficiently low bulk surfactant concentration to preclude charge inver-
sion even at very high bulk polyelectrolyte concentrations, the charge on the complexes is
always sufficient for them to retain colloidal stability, and hence aggregation and precipi-
tation are hindered. Therefore one can rule out precipitation as the cause of the surface
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5.1 Mixtures of C14TAB and fully charged PAMPS

Figure 5.1: Zeta potential for the PAMPS/C14TAB mixtures investi-

gated. The bulk C14TAB concentration is fixed at 10−4

mol/l while the bulk PAMPS concentration is varied. The
error bars correspond to the intrinsic experimental error
of the measurement device. Reprinted with permission.240

Copyright 2015 American Chemical Society.

tension rise for this system.
To monitor surface coverage and test if the rise in surface tension correlates with a

depletion of adsorbed material at the surface, NR measurements were carried out.
In a first approach mixtures of PAMPS with deuterated C14TAB in ACMW were mea-

sured. In this case the contribution of the solvent to the specular reflection is negligible
and the signal arises mainly from scattering by the deuterated surfactant in the surface
monolayer. Adsorbed polymer also contributes to the reflected signal, but because it is
protonated, it has a low scattering length density, so its contribution can be ignored in
a first qualitative analysis. Figure 5.2 shows reflectivity profiles for dC14TAB at the cmc
and hPAMPS/dC14TAB mixtures of varying polyelectrolyte concentration in ACMW. For
NR measurements in this isotopic contrast a clear trend is observed. For mixtures with
the lowest bulk PAMPS concentrations (10−5 and 3 · 10−5 (mono)mol/l) the reflectivity
profiles, and hence the scattering excess from adsorbed surfactant, are almost as high as
the surface excess for pure C14TAB at its cmc (3.5 · 10−3 mol/l). Recalling that the bulk
surfactant concentration for the mixtures was fixed at 10−4 mol/l, this enhanced surfac-
tant adsorption must be a result of a synergistic interaction with PAMPS at the interface.
When the bulk PAMPS concentration increases and reaches the same concentration as
that of the surfactant a depletion of material from the surface is indicated by the drop in
reflectivity. If the bulk PAMPS concentration is further increased up to 3 · 10−3 mol/l the
adsorbed amount of surfactant increases again, but the scattering excess remains always
lower than that of the pure C14TAB solution at its cmc.

To obtain information directly about the adsorption of PAMPS at the air/water in-
terface, NR measurements were carried out involving polymer with air-contrast-matched
surfactant (cmC14TAB) in ACMW. This is a new approach213, 214 which exploits the high
flux at the natural low incidence angle of the FIGARO reflectometer to separate the signal
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5.1 Mixtures of C14TAB and fully charged PAMPS

Figure 5.2: Neutron reflectivity profiles for solutions prepared from
dC14TAB and hPAMPS in ACMW. The bulk surfactant
concentration for the mixtures was fixed at a concentration
of 10−4mol/l. In this contrast the reflectivity is dominated
by the surfactant. A reflectivity profile for dC14TAB at the
cmc in ACMW is shown for comparison. The solid lines
correspond to model fits. Reprinted with permission.240

Copyright 2015 American Chemical Society.

from adsorbed hydrogenated polymer from the background.54 Figure 5.4 shows neutron
reflectivity profiles for the investigated PAMPS/cmC14TAB solutions with different bulk
polymer concentrations. These measurements represent a direct measure of the amount
of PAMPS present in the interfacial layer as shown by enhanced scattering above the
background level of a bare air/ACMW measurement. The black horizontal line presents
the average of black dots and indicates zero specular reflection. It is clear that PAMPS
is present at the surface for all mixtures investigated. For bulk PAMPS concentrations
between 10−5 and 10−4 (mono)mol/l there are only minor changes in the polymer con-
tent at the interface, but the data are well above the zero specular reflection . At 3 · 10−4

(mono)mol/l a drop of the scattering excess indicates a depletion of PAMPS from the sur-
face. This indicates a surprising excess of PAMPS around a concentration of 10−4 mol/l,
as C14TAB is already depleted around this concentration (Figure 5.2). If the PAMPS
concentration is further increased the polyelectrolyte enriches again at the surface.

In contrast to the two approaches above using NR, where the former is sensitive pri-
marily to the adsorbed C14TAB and the latter is sensitive only to the adsorbed PAMPS,
ellipsometry measurements have roughly equal sensitivity to the two components. As
such, ellipsometry measurements can be taken as an approximate measure of the total
surface excess. Figure 5.5 shows the phase shift of the investigated sample solutions with
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5 Surface adsorption and topology of oppositely charged polyelectrolyte/surfactant mixtures

Figure 5.3: Neutron reflectivity profiles for PAMPS/C14TAB mixtures
measured at 3 isotopic-contrasts over the full Q range. The
surfactant concentration was fixed at 10−4 mol/l while the
PAMPS concentration was varied.
a) 10−5 [mono]mol/l PAMPS.
b) 3 · 10−5 [mono]mol/l PAMPS.
c) 10−4 [mono]mol/l PAMPS.
d) 3 · 10−4 [mono]mol/l PAMPS.
e) 10−3 [mono]mol/l PAMPS.
f) 3 · 10−3 [mono]mol/l PAMPS.
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5.1 Mixtures of C14TAB and fully charged PAMPS

Figure 5.4: Reflectivity versus Q for cmC14TAB mixtures in ACMW.
This contrast is only sensitive to the polymer adsorbed at
the interface. Data from a bare ACMW interface (black
dots - data points averaged by black solid line) are shown
for comparison. The other solid lines correspond to model
fits weighted to the error bars. Reprinted with permis-
sion.240 Copyright 2015 American Chemical Society.

respect to the bare air/water interface (phase shift 0) . The surface adsorption is en-
hanced for mixtures with low and high PAMPS concentration in comparison with surface
depletion for intermediate PAMPS concentrations around 3 · 10−4 (mono)mol/l.

To quantify the interfacial composition, the surface excesses Γ of the two components
using the three different evaluation approaches described in the experimental section were
calculated: (1) NR data from three isotopic contrasts over the full Q-range, (2) NR data
from two isotopic contrasts in ACMW at low-Q only, and (3) NR data from one isotopic
contrast of NR in ACMW at low-Q combined with ellipsometry data. Note that first a
surface excess of around 3.8 · 10−6 mol/m2 was calculated for the pure C14TAB surfactant
at a concentration of 3.5 · 10−3 mol/l (cmc) which is in accordance with literature values
calculated from NR211 and surface tensiometry.34 Figure 5.6 displays the values of the
surface excess, Γ, of C14TAB and PAMPS for the investigated solutions calculated from the
3 different analysis methods. In the case of C14TAB all approaches lead to similar values.
The main reason for the very good agreement is that NR measurements of the isotopic
contrasts involving PAMPS and deuterated C14TAB in ACMW, which have good statistics
and are therefore very well determined, are used in all three approaches. In contrast, and
as expected, the deviations in the polymer surface excess between the different approaches
is greater. Nevertheless, this is the first time that all three analytical methods have been
applied to the same samples and therefore the precision in which the polyelectrolyte
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5 Surface adsorption and topology of oppositely charged polyelectrolyte/surfactant mixtures

Figure 5.5: Measured phase shift from ellipsometry for the
PAMPS/C14TAB mixtures investigated in respect to
the bare air/water interface (phase shift 0). The error
bars shown correspond to fluctuations in the signal
measured over a time period of 300 s. Reprinted with
permission.240 Copyright 2015 American Chemical
Society.

surface excess is measured has surely been optimized.

The surface excess of PAMPS is almost identical to that of C14TAB for the samples with
the two lowest bulk PAMPS concentrations measured. These data strognly support the
model proposed by Asnacios et al. where the interfacial arrangement is neutral with full
release of counterions into the bulk,249 i.e. equimolar binding of charged polyelectrolyte
segments to the oppositely charged headgroups in the surfactant monolayer. At a bulk
polymer concentration of 3 · 10−5 (mono)mol/l, the surface excess of surfactant almost
converges with that of a pure C14TAB solution at its cmc (black line in Figure 5.6) . We
recall that the bulk surfactant concentration in the mixtures was fixed at just 10−4 mol/l,
and in the absence of polyelectrolyte the surface excess is rather low (dotted line in Figure
5.6). This enhanced surfactant adsorption demonstrates the strong synergistic adsorption
of the two components given that PAMPS is not surface active alone, and that the bulk
C14TAB concentration in the mixture is only around 3% of its cmc.

As the bulk PAMPS concentration increases from from 3 · 10−5 to 10−4 (mono)mol/l,
Γ(C14TAB) drops dramatically to 1.1 · 10−6 mol/m2, which is close to the value found for
the corresponding pure surfactant solution at 10−4 mol/l in the absence of added poly-
electrolyte (dotted line in Figure 5.6).211 At the same time, the surface excess of PAMPS
remains - to within the precision of the measurements - equivalent to that for the sam-
ples with lower PAMPS concentrations. For this sample, the number of polyelectrolyte
segments outnumber that of surfactant headgroups by about 3:1, which shows that the
degree of binding at the interface has been reduced. The presence of loops of polyelec-
trolyte on the interfacial structure may therefore be inferred. This change in structure is
not supported directly by the NR measurements because the poor precision in the poly-
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Figure 5.6: Surface excess, Γ, for the PAMPS/C14TAB mixtures de-
rived from the different analysis methods. The solid lines
display average values as guide to the eyes. For all mix-
tures investigated the bulk concentration of C14TAB was

fixed at 10−4 mol/l while the bulk concentration of PAMPS
was varied. a) Surface excess of C14TAB in the investi-
gated PAMPS/C14TAB mixtures. The lower dotted black
line correspond to the surface excess of pure C14TAB so-

lutions at a concentration of 10−4 mol/l. The upper solid
black line correspond to the surface excess of pure C14TAB

solutions at the cmc (3.5 · 10−3 mol/l).211 b) Surface excess
of PAMPS in the investigated PAMPS/C14TAB mixtures.
c) Averaged values from the 3 different analysis methods.
Reprinted with permission.240 Copyright 2015 American
Chemical Society.

electrolyte layer thickness for such thin layers, i.e., the NR measurements at high Q are
limited by the coupled effects on the data of layer density and interfacial roughness. The
value of the thickness converges to slightly below 1 nm for all samples but the effect on
the χ2 value is minimal for thickesses up to 2 nm.

In spite of the low amount of adsorbed surfactant close to the nominal IEP the surface
tension has not yet increased above 55 mN/m. This may be explained by the weak
amphiphilic character of PAMPS due to its (weak-)hydrophobic backbone and hydrophilic
functional groups. Although the pure PAMPS solutions have a surface tension close to
that of pure water in the studied concentration range, the surfactant mediated adsorption
at the air-water interface might result in a reorientation of the PAMPS chains with the
backbones directed towards the air. This physical picture would means that parts of the
PAMPS chains which are not compensated by surfactant molecules can contribute to the
decrease in surface tension.

An increase of the bulk PAMPS concentration to 3 · 10−4 (mono)mol/l results also in a
depletion of the polymer from the interfacial layer. The remaining polyelectrolyte surface
excess shows that there is still some PAMPS present at the surface. Further increase of
the bulk polyelectrolyte concentration to 10−3 and finally 3 · 10−3 (mono)mol/l leads to
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5 Surface adsorption and topology of oppositely charged polyelectrolyte/surfactant mixtures

an increase of both Γ(C14TAB) and Γ(PAMPS). Yet still PAMPS is in excess which shows
that the polyelectrolyte binding to the surfactant remains weak and loops are present.

Relation to foam film stability

One predominant factor in the stabilization of foam films is the change in surface charge
and therefore a change in the electrostatic repulsion forces due to the adsorption of poly-
electrolyte at the surface. The formation of an electrostatic stabilised CBF for oppositely
charged P/S mixtures is commonly reported in literature.197, 228, 185, 77, 155 Consequently,
there has to be some origin of the charges present in the system in all cases.

Since the composition of the film interfaces is not directly accessible, in general the
results of surface tension and neutron reflection at the air/water interface are taken into
account. Of course, it cannot be excluded that the composition of the interface changes if a
second interface approaches like in the free-standing film. In the case of PAMPS/C14TAB
mixtures the formed foam films were quite thick (40 − 100 nm), homogeneous and no dis-
continuous thinning (stratification) was observed.186 Therefore it is assumed that formed
complexes remain in the film bulk and may contribute to the film stability.

At low PAMPS concentrations (region I) Γ(C14TAB) is close to the value found at the
cmc, additionally Γ(PAMPS) is commensurately high as well. From the amount of surface
active material at the interface, one may intuitively expect very stable foam films, but
the observed stability is low.185 To emphasize this point, Figure 5.7 is reproduced from
reference,185 where the maximum disjoining pressure before film rupture may be taken as
a measure of the film stability. In fact the stability is even lower than for a film formed

Figure 5.7: Stability of PAMPS/C14TAB foam films; maximum dis-
joining pressure Πmax before film rupture versus PAMPS
concentration. The dashed line corresponds to the stabil-
ity of the pure surfactant film at 10−4 mol/l. The graph
is taken from reference.185 Reprinted with permission.240

Copyright 2015 American Chemical Society.

from a pure C14TAB solution at a concentration of 10−4 mol/l in the absence of added
polyelectrolyte. It was discussed previously that screening of charges by the co-adsorption
of surfactant and polymer may be the underlying reason for this lack in stability.185 The
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present data on the interfacial composition confirm this point: the low stability coincides
with a neutral adsorption layer where the polyelectrolyte segments binding in equimolar
stoichiometry to the surfactant headgroups in the surface monolayer. It should be added
that other factors concerning the interfacial rheology may also be important. For example,
it has been discussed that the formed P/S adsorption layer becomes rigid and is therefore
not very flexible making it fragile to rupture.22

Complete destabilization of the foam films is exhibited at bulk PAMPS concentrations
slightly below 10−4 (mono)mol/l185 (beginning of region II). It seems reasonable that
changes in the interfacial composition, structure and/or topology are responsible for the
complete destabilisation. Directly at a bulk PAMPS concentration of 10−4 (mono)mol/l
there is an unexpected large excess of polyelectrolyte at the surface (Figure 5.6) which
lead to a surplus of anionic charges at the surface. High anionic excess charge would
lead to high surface potential and very stable foam films. One would expect the most
stable films at this concentration, but only weakly stabilized CBFs are observed (Figure
5.7). Obviously, here the polymer conformation plays an important role for the foam film
stability.

Increase of the bulk PAMPS concentration to 3 · 10−4 (mono)mol/l and above (region
III) results in depletion of surfactant and polyelectrolyte from the surface. This is consis-
tent with former observations by surface tension and surface elasticity. On the contrary an
enhanced foam film stability was observed only at the highest bulk PAMPS concentration
measured. From the present chapter in can be concluded that for these samples there is:
(1) the most negatively charged complexes in the bulk and (2) enhanced synergistic ad-
sorption of both components at the interface which is attributed to charge screening due
to the elevated total ionic strength in the system. It is absolutely clear that this is a highly
complex system and there is no simple relation between either the surface tension or the
surface composition and foam film stability. Obviously, the surface potential determined
from foam film measurements185 does not agree with the surface composition. Especially
at a PAMPS concentration of 10−4[mono]mol/l there is a high excess of PAMPS, but the
surface potential (and therefore surface charges) is low. This might indicate an important
role of the polyelectrolyte conformation. Entanglement could lead to intrinsic charge com-
pensation and foam film destabilisation. Nevertheless, it was found that the foam films
are most stable when the complexes in the bulk have the highest overall charge (PAMPS
concentration above 10−4 [mono]mol/l). It seems that the bulk net charge contributes
to the electrostatic stabilization of foam films. The interplay between these factors in
determining the stability of foam films clearly merits further work.

Additionally surface tension measurements in the literature confirm that it is often
difficult to obtain the surface tension of dilute P/S mixtures on practically accessible
timescales. As a result, there is uncertainty associated with the measured values in this
region.52 On the one hand this was taken into account by long equilibration times in
former foam film studies. On the other hand the main changes in the surface tension are
rapid and it is the smaller changes in the final approach to equilibrium that seem to be
very slow. Investigations at the expanding liquid surface of an overflowing cylinder44 give
information on the coverage and composition of the adsorbed layers formed on a 0.1 - 1
s timescale, and it would be very interesting to compare the findings with those for well
equilibrated interfaces. The pattern of adsorption at short timescales was found to be
quite different from that of well equilibrated surfaces.250, 215 A continuation of studies on
such device could shed light on dynamic foam properties.
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5.1.3 Conclusions

The obtained results demonstrate the correlation between the surface tension and the
interfacial composition, as determined from NR and ellipsometry measurements at the
air/water interface of PAMPS/C14TAB mixtures. For the low bulk surfactant concen-
tration (10−4 mol/l) used in this work the polyelectrolyte is always in excess in the bulk
complexes. Yet at low bulk PAMPS concentrations PAMPS and C14TAB interact strongly
at the air/water interface to form stoichiometric complexes and therefore charge neutral
adsorption layers. At the bulk composition where PAMPS and C14TAB are mixed in
an equimolar ratio, there is a dramatic depletion of surfactant at the interface with an
unexpected excess of bound polyelectrolyte. This depletion is attributed to a complex
change in the topology of the adsorbed layer resulting from the change in stoichiometry
of the bulk complexes. A rise in surface tension then occurs with further increasing the
bulk polyelectrolyte concentration, and this has been related to a reduction in both the
C14TAB and PAMPS surface excesses. A further increase of the bulk PAMPS concen-
tration increases significantly the ionic strength. This increase in ionic strength (due to
increase in PAMPS concentration) has two counteracting effects. First, the attraction
between the surfactant and polymer in the bulk would be screened which, in addition to a
decrease in surfactant/polymer ratio, would lead to more hydrophilic surfactant/polymer
complexes that have a higher stability in solution. This effect seems to be rather minor,
since an increase in the adsorbed amount of polymer is observed at the interface. Sec-
ond, simultaneously, the charges of the surfactant head groups are screened which leads
to the observed increased in the adsorbed amount of surfactant at the interface. Due
to the increase in positive charges at the interface, the more negatively charged PAMPS
molecules are adsorbed as well. This screens the attraction forces between the oppositely
charged material. The result is an enhanced adsorption of both C14TAB and PAMPS
at the surface and disproves the former assumption that after the rise in surface tension
there is only a bare surfactant layer present at the surface.

Section 5.1 verifies that there is no clear relation between the interfacial composition
and foam film stabilization for the polyelectrolyte/surfactant mixture investigated. For
samples with low bulk PAMPS concentrations one observes a high surface excess of poly-
mer and surfactant and the surface structure is essentially completely neutral. The foam
films stabilized by these neutral adsorption layers are even less stable than films stabilized
by pure C14TAB. Complete destabilization of foam films (and hence a surface potential
of almost zero) at intermediate bulk PAMPS concentraions coincides with substantial de-
pletion of surfactant from the interface and a high excess of polyelectrolyte. On the other
hand enhanced film stability occurs at high bulk PAMPS concentrations, even though
the total surface coverage is fairly low. The most stable films therefore have a surface
structure with a modest excess of polyelectrolyte at the interface. The roles of not only
the total net charge of the bulk complexes, but also the ionic strength on the stability of
foam films is intriguing and clearly merits further work.
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5.2 Influence of the polymer charge density - mixtures of
C14TAB and PAMPS60

5.2.1 Introduction

The substitution of PAMPS with a copolymer of lower charge degree, PAMPS60 (charge
degree of 60% compared to fully charged PAMPS), leads to slightly different surface ten-
sion isotherms and surface elasticity (compare section 2.2.4 in chapter 2). The addition
of PAMPS60 to the surfactant solution resulted in the formation of surface active com-
plexes, even though it was supposed that PAMPS60 should have a lower ability to form
complexes with the surfactant, because of the lower degree of charge and therefore a
lower resulting electrostatic attraction. On the contrary to the findings for C14TAB with
fully charged PAMPS, no complete depletion of material from the surface at any mix-
ing ratio was observed. Furthermore, the stability of the films stabilized from C14TAB
and PAMPS60 was found to be always less as the stability observed for mixtures with
the fully charged polyelectrolyte PAMPS. One explanation for this differing behavior was
that PAMPS60 contains a lower amount of charged monomer units within the polyelec-
trolyte chain. Consequently, the overall repulsion that arises from the charged polymer
segments is weaker, and the corresponding foam films are less stable. It was speculated
that the formed complexes are more hydrophobic due to an interaction of the surfactant
head group with the dipole of the nonionic polymer segments. This is supposed to lead
to a shielding of the surface charge and results in the destabilization of the foam films.

In the present chapter neutron reflection is used to study the complexation between
PAMPS60 and C14TAB at the air/water interface. NR measurements provide insight into
surface coverage and topology. Correlations between the surface excess, surface tension
and foam stability reported earlier155 are discussed.

5.2.2 Results and Discussion

To compare the results with former findings polyelectrolyte/surfactant mixtures of a fixed
surfactant concentration and variable polymer concentration were investigated. The sur-
factant concentration was fixed at 10−4 mol/l. The polyelectrolyte concentration is varied
between 10−5 and 10−3 (mono)mol/l.

In the preceding section (5.1) it was shown that it is possible to obtain information
about the surface adsorption of a particular species (either C14TAB or PAMPS) in a mixed
system by varying the isotopic composition (contrast variation). To obtain information
particularly about the adsorption of surfactant at the air/water interface, deuterated
surfactant is mixed with PAMPS60 and dissolved in ACMW. In ACMW the solvent
remains invisible and the neutrons are reflected mainly by the deuterated surfactant at
the surface. Adsorbed polymer may contribute to the reflected signal, but because it is
protonated, it has a low scattering length density and its contribution can be neglected in
a first, qualitative analysis. Figure 5.8 shows reflectivity profiles for dC14TAB at the cmc
and hPAMPS60/dC14TAB mixtures of varying polyelectrolyte concentration in ACMW.
In contrast to the mixtures of C14TAB with fully charged PAMPS (Figure 5.2 in section
5.1) no clear trend is observed for mixtures of C14TAB with PAMPS60. For all mixtures
investigated the reflectivity profiles are quite similar to the one found for pure dC14TAB
at a concentration of 3.5 · 10−3 mol/l. Remembering that the surfactant concentration
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5 Surface adsorption and topology of oppositely charged polyelectrolyte/surfactant mixtures

Figure 5.8: Neutron reflectivity profiles of dC14TAB/hPAMPS60 mix-
tures in ACMW. The bulk surfactant concentration for the mixtures
was fixed at a concentration of 10−4mol/l. In this contrast the re-
flectivity is dominated by the surfactant. A reflectivity profile for
dC14TAB at the cmc in ACMW is shown for comparison.

for the mixtures was fixed at 10−4 mol/l this enhanced surfactant adsorption must result
from a synergistic interaction of C14TAB with PAMPS60. To obtain the thickness of the
surface layers, model fittings were performed. Figure 5.9 shows the reflectivity profiles
and respective fitting curves for the PAMPS60/C14TAB mixtures at 3 different isotopic
contrasts. The data are fitted applying the only compositional analysis method 1 (see
section 3.2.6 for details). For this analysis method the formation of a 2-layer sandwich
type complex is assumed. The model assumes the formation of a thin polymer layer with
surfactants absorbing on top of it. Table 5.2 gives the fitted model parameters. The overall
layer thickness ranges from around 22 Å for mixtures with 10−5 (mono)mol/l to 30 Å for a
PAMPS60 concentration of 10−3 (mono)mol/l. The increasing layer thickness is connected
to the increasing water content of the PAMPS60 layer. This increasing thickness of the
PAMPS60 layer together with an increase of the water content may be an indication for a
change in the topology of PAMPS60 in the concentration range investigated. The polymer
layer may swell due to the inclusion of excess water.

To quantify surface adsorption in a next step, surface excesses Γ of the respective compo-
nents were calculated. Figure 5.10 displays the calculated surface excesses of C14TAB and
PAMPS for the investigated solutions. Considering the overall concentration of C14TAB
is low and kept constant at 10−4 mol/l, the surface excess of C14TAB is strongly enhanced
for mixing ratios investigated. The surface excess of a pure C14TAB solution at a con-
centration of 10−4 mol/l is only around 1.1 · 10−6mol/m2, whereas the observed surface
excess of C14TAB is very high and around the value calculated for a monolayer of pure
C14TAB at the cmc (3.8 · 10−6mol/m2). Γ(C14TAB) slightly increases with increasing
bulk concentration of PAMPS60 and rises even above the value found for a pure surfac-
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5 Surface adsorption and topology of oppositely charged polyelectrolyte/surfactant mixtures

Figure 5.9: Neutron reflectivity profiles of the investigated
PAMPS60/C14TAB mixtures in 3 different isotopic contrasts.

The surfactant concentration for all mixtures was fixed at 10−4 mol/l.
a) 10−5 (mono)mol/l PAMPS60
b) 10−4 (mono)mol/l PAMPS60
c) 10−3 (mono)mol/l PAMPS60.

tant monolayer. Futhermore, Γ(PAMPS) is high as well and is almost constant, although
the bulk PAMPS60 concentration is gradually increased. These observations are a clear
indication that C14TAB and PAMPS60 strongly interact to form highly surface active
complexes. This synergistic surface adsorption probably results from strong electrostatic
attraction of the oppositely charged groups in combination with a hydrophobic interaction
between the uncharged polymer parts and the surfactant hydrocarbon chain.

Relation to surface adsorption

The surface tension of a pure 10−4 mol/l C14TAB solution is close to that of pure water.
The introduction of only 10−5 (mono)mol/l of PAMPS60 produces a large synergistic low-
ering of the surface tension (from 69 to 48 mN/m), evidencing the binding of PAMPS to
the surface.155 Neutron reflectivity proves that there is an enhanced adsorption of poly-
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5.2 Influence of the polymer charge density - mixtures of C14TAB and PAMPS60

Figure 5.10: Surface excess, Γ, for the PAMPS60/C14TAB mixtures.
For all mixtures investigated the bulk concentration of C14TAB was

fixed at 10−4 mol/l while the bulk concentration of PAMPS was varied.
The lower dotted black line correspond to the surface excess of pure
C14TAB solutions at a concentration of 10−4 mol/l. The upper solid
black line correspond to the surface excess of pure C14TAB solutions

at the cmc (3.5 · 10−3 mol/l).211

electrolyte/surfactant complexes at the air/water interface. For the whole concentration
range studied Γ(C14TAB) is around the same value as found for an adsorbed monolayer of
the pure surfactant at the cmc. The surface excess Γ(C14TAB) and Γ(PAMPS60) found
at a bulk concentration of 10−5 (mono)mol/l PAMPS60 is quite higher as compared to
the mixture of C14TAB and fully charged PAMPS. This increased surface coverage can
explain the lower surface tension in case of the PAMPS60/C14TAB mixture. Regarding
the high surface excesses obtained from the NR fitting one may expect an even lower
surface tension value. On the other hand the adsorbed monolayers contain a high amount
of water and therefore exhibit higher surface tension values. The small rise in surface
tension155 (Figure 2.6 in section 2.2.4) is unrelated to a depletion of adsorbed material,
as it was found for the PAMPS/C14TAB mixture. PAMPS60 is more surface active as
fully charged PAMPS due to the lower degree of charge. That makes the polyelectrolyte
less water-soluble242 and increases surface activity. The fact that surface tension and
elasticity measurements did not exhibit a real peak, but rather a jump from one plateau
to another, together with the observation of an increasing thickness of the polymer layer
and a higher content in the polymer layer (table 5.2) leads to the assumption that a
complex change in the surface topology of the complexes take place. Because neutron
reflectivity is not sensitive to the lateral structure and highly depends on the model as-
sumed for data analysis, it can only be speculated about the exact inner structure of
the PAMPS60/C14TAB complexes at the surface. Since PAMPS60 consists of negatively
charged and neutral monomer units, the interactions between the polymer and the sur-
factant are quite complex. There is both, electrostatic attraction between the oppositely
charged compounds but also an interaction between the surfactant and the nonionic parts
of the polymer. A strong interaction between charged surfactants and nonionic moieties
of polyelectrolytes are reported in literature.251, 252 Hydrophobic interactions arise if the
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surfactants carbon chain length is sufficiently long enough (at least 14 carbon atoms)251 .
In addition, interactions between the nonionic monomer unit and the charged head group
of the surfactant may occur and lead to an enhanced adsorption.253 This interaction arises
from an interaction between the dipole of the nonionic monomer unit and the surfactant,
which exposes its hydrophobic tail to the outside. Such interactions between nonionic
polyelectrolytes are reported for alkyl trimethylammonium bromides and are supposed to
be stronger for more hydrophobic polymers.253 Another reason for the high surface excess
of PAMPS60 is, that it may change its conformation during adsorption to the air-water
interface. The more hydrophobic domains of the polymer are exposed to the air while
the more hydrophilic domains dangle into the water. This phenomenon is for example
observed for proteins that accumulate their hydrophobic domains in the core and expose
them to the air when they adsorb at the surface.225

Relation to foam film stability

For all mixtures investigated there is a higher overall surface excess compared to the
PAMPS/C14TAB mixtures although the resulting foam films are less stable. In this case
the derived surface excesses cannot explain foam film stability as it was the case for
the PAMPS/C14TAB mixture. For all PAMPS60 concentrations investigated an excess
concentration of C14TAB molecules at the surface was detected. Together with the fact
that the polyelectrolyte has a charge degree of only 60% leads to the assumption that
there should be an excess of positive charges at the surface. Assuming that every charged
monomer unit of PAMPS60 is compensated by an coordinated C14TAB molecule an excess
of 1.3 · 10−6 mol/m2 C14TAB molecules at the surface was calculated. This is slightly
higher as the excess found for a C14TAB monolayer at a concentration of 10−4 mol/l.
The surface excess obtained from the model calculations is even higher (around 3.5 to
4 · 10−6 mol/m2) and, therefore one would suppose the formation of CBFs which are even
more stable as a film stabilized from a 10−4 mol/l C14TAB solution. The opposite is the
case and foam films stabilized from PAMPS60/C14TAB were more unstable than foam
films stabilized from PAMPS/C14TAB mixtures. There may be two different origins for
this lower film stability. One is that the enhanced surface coverage may lead to more
brittle surface layers which are therefore more sensitive to film rupture. On the other
hand interactions between the nonionic monomer units and the surfactant can lead to a
shielding of the charged groups. The shielded surfactant cannot contribute to the surface
charge anymore, which is therefore reduced. A lower surface charge results in lower foam
film stability.

An effect of the surface topology on foam film stability is supported by comparing
surface elasticity measurements with the resulting foam film stabilities. Intuitively one
would expect that a high surface elasticity would result into enhanced foam film stability.
But the opposite is the case. Comparing elasticity measurements for PAMPS/C14TAB,
PAMPS60/C14TAB and PAMPS/C12TAB mixtures with the respective foam films shows
that the most stable films are formed at quite low surface elasticities. Therefore, in this
case surface elasticity fails to explain the difference in foam film stability. Stubenrauch
et al82 found that the surface elasticity of very stable foam films ranges from 4 to 30
mN/m. At concentrations around the cmc (where foaming and foam film stability is
even increased) the measured elasticity is even lower (2 to 5 mN/m). In other words,
whether a high or low dilatational surface elasticity is observed, that does not correlate
with the stability of the respective foam films or foams. Furthermore it was observed that
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surface elasticity rises if the frequency is increased to 100 Hz. Other studies on polyelec-
trolyte/surfactant mixtures show that the dynamic surface elasticity changes very slowly
with time and reaches high values. This accounts to the formation of a rigid adsorption
film structure which is brittle and sensitive to rupture22 (and references within). There-
fore it is concluded that the high surface elasticity in this case is due to the formation
of rather insoluble surface layers which reduce the ability of a foam film to resist film
rupture. In case of PAMPS60/C14TAB mixtures, high surface coverage reduces foam film
stability.

5.2.3 Conclusion

Surface adsorption is highly enhanced at the air/water surface after addition of the poly-
electrolyte to the surfactant solution and surface coverage of both, C14TAB and PAMPS60
is nearly constant over the concentration range investigated. Hydrophobic and therefore
highly surface active complexes result from electrostatic attraction between the oppositely
charged surfactant head groups and the charged groups of the polyelectrolyte. In addi-
tion to that an extra attracting force between the surfactant and the nonionic parts of the
polymer arises. In contrast to the mixture of C14TAB and fully charged PAMPS, a step-
wise increase in surface tension and stepwise decrease in surface elasticity is unrelated to
the depletion of material from the surface. It seems more probable that a complex change
in surface topology of the adsorbed polyelectrolyte/surfactant complex occurs. In this
case the surface excess of C14TAB and PAMPS60 is constant, whereas the water content
increases. It seems that with increasing polyelectrolyte concentration the structure forms
loops and parts of the polymer dangle into the bulk solution. Surface tension as well as
neutron reflectivity are more sensitive to rather condensed layers in close proximity to the
surface and are therefore insensitive to this conformational change.

Although the surface excesses of C14TAB and PAMPS60 are higher than for PAMPS/
C14TAB mixtures, the resulting foam film stability of PAMPS60/C14TAB mixtures is
strongly reduced compared to foam films stabilized from PAMPS/C14TAB mixtures. This
reduced foam film stability can be attributed to two different origins. First, the enhanced
surface coverage leads to more brittle surface layers that are more sensitive to film rupture.
Second, the combination of the oppositely charged surfactant with PAMPS60 leads to a
reduction of the electrostatic repulsion and therefore CBFs of reduced stability. In general
the reduced foam stability at high surface coverage is attributed to the formation of rather
unflexible surface layers which reduce the ability of a foam film to resist film rupture.

5.3 Influence of the surfactant chain length - mixtures of
C12TAB and fully charged PAMPS

5.3.1 Introduction

Former studies showed that if the carbon chain length of C14TAB is reduced by 2 car-
bon atoms (C12TAB) in the polyelectrolyte/surfactant mixtures, lead to a lower overall
decrease in surface tension as compared to the PAMPS/C14TAB mixtures (compare sec-
tion 2.2.4) . Even though the formation of hydrophobic complexes is indicated by the
reduction in surface tension compared to the pure components, a lower surface coverage
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5 Surface adsorption and topology of oppositely charged polyelectrolyte/surfactant mixtures

of these mixtures is assumed as compared to the PAMPS/C14TAB mixtures.186 Similar to
what was observed for PAMPS/C14TAB mixtures, a rise in surface tension and a decrease
in surface elasticity was detected around the IEP. This was attributed to a depletion of
material from the surface around this point. After the IEP surface tension decreases
again with increasing ratio of PAMPS what indicates an increasing excess material at
the surface. Although the reduction in surface tension in PAMPS/C12TAB mixtures is
reduced compared to PAMPS/C14TAB and PAMPS60/C14TAB the respective foam films
were more stable in case of PAMPS/C12TAB mixtures.186 In other words, the most stable
foam films have been observed in polyelectrolyte/surfactant mixtures with the highest
surface tension, implying the lowest surface coverage.

In this section, the neutron reflectivity technique is used to study the complexation
between PAMPS and C12TAB at the air/water interface. These measurements provide
insight into surface topology and quantify surface coverage of both, PAMPS and C12TAB.
Zeta potential measurements are used to investigate if charged complexes within the film
bulk may contribute to foam film stabilisation. Correlations between these findings with
surface tension and foam stability reported earlier (section 2.2.4) are discussed.

5.3.2 Results and Discussion

As already shown for PAMPS/C14TAB and PAMPS60/C14TAB mixtures in the preceding
chapters it is possible to investigate surface adsorption of either the surfactant or the
polyelectrolyte by varying the isotopic composition. Mixtures of PAMPS with deuterated
C12TAB dissolved in ACMW are particularly sensitive to surfactant adsorption. Adsorbed

Figure 5.11: Neutron reflectivity profiles for solutions prepared from
dC12TAB and hPAMPS in ACMW. The bulk surfactant concentration
for the mixtures was fixed at 10−4 mol/l. A reflectivity profile for
dC12TAB at its cmc in ACMW is shown for comparison.

PAMPS at the surface may contribute to the reflected signal, but because it is protonated,
it has a low scattering length density and its contribution can be neglected. Figure 5.11
shows reflectivity profiles for dC12TAB at the cmc and hPAMPS/dC12TAB mixtures of
varying polyelectrolyte concentration in ACMW. In contrast to the mixtures of C14TAB
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with fully charged PAMPS the reflectivity profiles depict no clear trend (compare Figure
5.2 in section 5.1). For all mixtures investigated the reflectivity profiles are quite similar
but clearly lower in absolute intensity compared to the profile measured for pure C12TAB
at its cmc (1.5 · 10−2 mol/l). This indicates that the surface coverage of C12TAB is lower
as C14TAB in the respective PAMPS/C14TAB and PAMPS60/C14TAB mixtures.

Figure 5.12: Neutron reflectivity profiles for PAMPS/C12TAB mixtures
in 3 different contrasts. The surfactant concentration for all mixtures
was fixed at 10−4 mol/l.
a) 10−5 (mono)mol/l PAMPS
b) 10−4 (mono)mol/l PAMPS
c) 10−3 (mono)mol/l PAMPS.

Figure 5.12 shows the reflectivity profiles and fitting curves for the co-refinement of
3 isotopic contrasts (details see section 3.2.6). The model assumes that a sandwich-
like double-layer is formed at the surface, consisting of a thin layer of polymer with
surfactants adsorbing on top of it. Table 5.3 displays the obtained model parameters
from the compositional analysis. Although the surface excess of C12TAB is quite high
(around 2 · 10−6 mol/m2 for all mixing ratios), the fittings implicate that there is almost
no adsorption of the polymer at low concentrations. Only at a PAMPS concentration of
10−3 (mono)mol/l polyelectrolyte adsorption at the surface is evident. Comparing these
findings with the former results for surface tensiometry and surface elasticity lead to the
conclusion that there must be an enhanced adsorption of PAMPS at the surface due to
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5.3 Influence of the surfactant chain length - mixtures of C12TAB and fully charged PAMPS

the co-adsorption of C12TAB. It can only be speculated if the amount of PAMPS at the
air/water surface is too low to be detected in the present case.

From the co-refinement of the 3-contrast data, the surface excess of PAMPS is only
indirectly determined. To monitor surface adsorption of PAMPS, another set of experi-
ments was performed. In this case hydrogenated and deuterated surfactant were mixed
in such a ratio to extinguish the contribution of the surfactants to the reflectivity pro-
files (air-contrast-matched surfactant (cmC12TAB)). Figure 5.13 shows neutron reflection
curves for the different PAMPS/cmC12TAB mixtures investigated. It was found that
PAMPS is present at the surface for all mixtures investigated. Table 5.4 underlines that
this contrast implies only minor changes in the amount of adsorbed PAMPS at the sur-
face. Table 5.5 displays the parameters obtained from a fitted monolayer consisting only
of PAMPS. Combining the results from the 3-contrast approach with the fitted polymer
layers in the cmC12TAB contrast it can be shown that the overall layer thickness is very
thin (around 12 Å) and even decreases with increasing PAMPS concentration (around 10
Å). Together with the observed decrease in water content this is an indication that the
polymer stretches out at the air/water surface.

Figure 5.13: Reflectivity versus Q for cmC12TAB mixtures in ACMW.
This contrast is only sensitive to the polymer adsorbed at the interface.
The solid lines correspond to model fits; parameters given in table 5.5.
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5 Surface adsorption and topology of oppositely charged polyelectrolyte/surfactant mixtures

Figure 5.14 quantifies surface adsorption of the the respective components. The inter-
facial composition is expressed in terms of the resulting surface excesses Γ . The surface
excesses were extracted from the neutron reflectivity profiles of PAMPS/C12TAB solu-
tions (Figure 5.12 and 5.13) by 2 different compositional analysis methods (details are
given in section 3.2.6). To validate the recent approach, first a surface excess of around
3.4 · 10−6 mol/m2 was calculated for the pure surfactant at a concentration of 1.5 · 10−2

mol/l (cmc). The obtained surface excess is in accordance to literature values calculated
from neutron reflection254 and surface tensiometry.34 Figure 5.14 displays the average

Figure 5.14: Surface excess, Γ, for the PAMPS/C12TAB mixtures de-
rived from the different analysis methods. For all mixtures investigated
the bulk concentration of C12TAB was fixed at 10−4 mol/l while the
bulk concentration of PAMPS was varied. The upper solid black line
correspond to the surface excess of pure C12TAB solutions at the cmc
(1.5 · 10−2 mol/l).254 The error bars shown correspond to deviations
between the surface excess values derived from the different analysis
methods.

surface excesses of C12TAB and PAMPS for the investigated solutions calculated from
the 2 different analysis methods. In case of C12TAB all approaches lead to similar values
indicated by the small error bars. Γ(C12TAB) is almost constant over the whole polyelec-
trolyte range investigated. The surface excess of PAMPS is quite low and exhibits huge
error bars at low bulk polymer concentrations. At low concentrations the error increases
because of noise in the reflectivity signal. The low quality of the resulting signal increases
the influence of noise and the reflectivity profiles are more vulnerable to contamination by
surface active impurities from the trough and glassware. Since the PAMPS/cmC12TAB
contrast analysis is more senstitive to the adsorbed polyelectrolyte, the upper limit of
Γ(PAMPS) is appropriate for the following discussion. The surface excess of PAMPS
is enhanced and has a similar magnitude as Γ(C12TAB). At this point it is important
to note that pure PAMPS is not surface active at all. The found surface adsorption
is caused from an synergistic surface adsorption in combination with C12TAB. Varying
the PAMPS concentration from 10−5 to 10−3 (mono)mol/l increases the surface excess
Γ(PAMPS) only slightly. This may be explained with the high molecular weight of the
polyelectrolyte. That means that the molar coverage of PAMPS changes only slightly
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5.3 Influence of the surfactant chain length - mixtures of C12TAB and fully charged PAMPS

with increasing polyelectrolyte concentration.

Figure 5.15: Zeta potential for the PAMPS/C12TAB mixtures. The
bulk C12TAB concentration is fixed at 10−4 mol/l while the PAMPS
concentration is varied. The error bars correspond to the intrinsic
experimental error of the measurement device.

To test if charged bulk complexes are formed zeta potential measurements were per-
formed. Figure 5.15 exhibits an increase in zeta potential with increasing PAMPS con-
centration. Already at a PAMPS concentration of 3 · 10−5 respectively 10−4 (mono)mol/l
PAMPS the zeta potential is slightly increased. Around a bulk PAMPS concentration
of 10−4 (mono)mol/l the measured zeta potential strongly decreases and indicates the
formation of charged PAMPS/C12TAB complexes in the bulk solution phase.

Relation to surface adsorption

The surface tension of a pure 10−4 mol/l C12TAB solution is similar to that of pure
water. The introduction of only 10−5 (mono)mol/l of PAMPS produces a small synergistic
lowering of the surface tension (from 72,4 to 65 mN/m), evidencing binding of PAMPS
to the surface.186 The obtained surface excess of C12TAB obtained from the neutron
reflectivity profiles proves that there is an enhanced adsorption at the air/water interface.
For the whole concentration range studied, Γ(C12TAB) is increased and almost constant
around 2.3 · 10−6 mol/m2. The surface excess is lower as the surface excess for C12TAB at
the cmc (3.2 · 10−6 mol/m2), but higher as the excess found for C14TAB at a concentration
of 10−4 (mono)mol/l (1.1 · 10−6 mol/m2).211 Considering that C12TAB exhibits a weaker
surface activity compared to C14TAB the present measurements indicated that the surface
adsorption of C12TAB is enhanced due to an synergistic effect with PAMPS. In general,
the surface excesses Γ(C12TAB) and Γ(PAMPS) found are strongly reduced compared to
the surface excesses found for mixtures of C14TAB with PAMPS or PAMPS60 (compare
section 5.1 and 5.2). This may be explained with the shorter chain length and, thus
lower tendency to bind to the PAMPS polymer compared to C14TAB. This leads to less
hydrophobic complexes and a lower amount adsorbed at the air/water surface. In addition
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5 Surface adsorption and topology of oppositely charged polyelectrolyte/surfactant mixtures

to that, the overall layer thickness is very thin (around 12 Å) and even decreases with
increasing PAMPS concentration (to around 10 Å). This is much thinner as compared to
the findings for the PAMPS/C14TAB and /C14TAB mixtures (compare table 5.1 and table
5.2). On the other hand the decrease in thickness of the polymer layer in combination with
the trend of decreasing water content was also observed for PAMPS/C14TAB mixtures.
This indicates a similar change of the topology of the adsorbed surfactant/polyelectrolyte
complex. Studies of PAMPS25/C12TAB mixtures at comparable mixing ratios exhibited
film thicknesses ranging between 20 and 30 Å187,.174 The thicker layer is explained to the
decrease in charge density of the polyelectrolyte, leading to an extended polymer layer at
the surface. A similar trend could be observed after lowering the charge degree of PAMPS
to PAMPS60 (compare chapter 5.1 and 5.2). In general it is assumed that polyelectrolytes
with a lower degree of charge form thicker layers due to loops that are extended into the
solution.174, 239

Although a slight increase in the surface tension isotherm is observed at a polymer
concentration slightly above 10−4 mol/l this is not reflected in the reflectivity profiles.
But is has to be stressed that this rise in surface tension is not very pronounced and that
no NR measurements in the respective concentration regime are available.

Relation to foam film stability

As mentioned in chapter 2.2, C12TAB, unlike C14TAB, is not able to stabilize foam
films from pure surfactant solutions at a concentration of 10−4 mol/l. The addition
of 10−5 (mono)mol/l PAMPS to the surfactant solution does not result in stable foam
films either. This is quite surprising as an enhanced surface adsorption of C12TAB and
PAMPS was determined. Probably the co-adsorption of nearly equal amounts of C12TAB
and PAMPS lead to screening of charges and no foam film could be stabilized. Only the
addition of 3 · 10−5 (mono)mol/l PAMPS and above leads to an electrostically stabilized
CBF. There is no NR data available for the concentration range between 3 · 10−5 and
10−4 (mono)mol/l, therefore it can be only speculated about surface composition and
topology. Calculations of the surface potential indicated that surface potential below the
IEP is dominated by the surfactant.77 Considering the trends for surface coverage over the
whole PAMPS concentration range investigated and taking into account the huge error
bars for Γ(PAMPS) this may be an appropriate explanation. On the other hand a slight
increase of zeta potential after the addition of 3 · 10−5 (mono)mol/l PAMPS was observed.
Refering to the hypothesis that foam film stability is not only governed by the surface
charge, but also the net charge in the system may contribute to film stabilisation as well.

The enhanced foam film stability observed for PAMPS/C12TAB in direct comparison
to PAMPS/C14TAB mixtures at bulk PAMPS concentrations above 10−4 (mono)mol/l
cannot be unambiguously related to the surface adsorption properties. Although all
PAMPS/C12TAB mixtures in general show a lower surface coverage compared to the
PAMPS/C14TAB and PAMPS60/C14TAB mixtures, the stability of the repective foam
films is enhanced (compare chapter 5.1 and 2.2.4). The surface excess indicates co-
adsorption of nearly equal amounts of Γ(C12TAB) and Γ(PAMPS) and, thus the for-
mation of rather charge neutral surface layers. Therefore an electrostatic contribution
to foam film stability is rather low. On the contrary, highly stable CBFs are observed
for PAMPS/C12TAB mixtures. Zeta potential measurements of the respective PAMPS
concentrations (3 · 10−4 (mono)mol/l) show that there must be an additional electro-
static contribution to foam film stabilisation from within the film bulk. In comparison
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to PAMPS/C14TAB mixtures (see Figure 5.1 in chapter 5.1), the overall zeta potential
for PAMPS/C12TAB mixtures is almost the same although the resulting foam film sta-
bility is higher in case of the PAMPS/C12TAB mixtures. In this case the formation of
charged aggregates in the bulk phase alone cannot explain this observation. It can be
only speculated about the origin of the enhanced film stability. At higher polyelectrolyte
concentrations a polymeric network within the film core may be formed. In that case,
the surfactant may be unequally distributed over this network of polymer chains so that
some of them carry more surfactant molecules since they are close to the surface. This
network may support the formation of very flexible foam films. As already extensive dis-
cused in chapter 5.2.2 a low dilational surface elasticity at low exhitation frequencies is
not inconsistent with the formation of very flexible surface layers.82

5.3.3 Conclusion

Electrostatic attraction between the oppositely charged C12TAB and PAMPS leads to
the formation of hydrophobic and therefore surface active complexes at the surface. As
a result adsorption of the formed polymer/surfactant complex at the air/water surface
is enhanced and the resulting surface excesses Γ(C12TAB) and Γ(PAMPS) are nearly
constant over the concentration range investigated. On the contrary to what was ob-
served for PAMPS/C14TAB mixtures, an increase in surface tension around the equimo-
lar mixing ratio cannot be attributed to a depletion of material from the surface. In
case of PAMPS/C12TAB mixtures, a complex change in surface topology of the adsorbed
polyelectrolyte/surfactant complexes may explain the difference in surface tension. As a
drawback it has to be mentioned that in general the intensity of the measured neutron
reflectivity curves was very low and, therefore the measurements were performed at the
absolute applicable limit of the technique. As a result the determined surface excess of
PAMPS/C12TAB mixtures is very low and the respective error is quite high. In all cases
the intensity of the neutron reflectivity curves are delicate to noise and impurities, and
the derived surface excesses should be regarded with suspicion.

The observation that PAMPS/C12TAB mixtures form foam films of higher stability
compared to PAMPS/C14TAB mixtures cannot be unambiguously explained. The most
stable foam films are formed for the polyelectrolyte/surfactant systems with the lowest
surface coverage. From zeta potential measurements it can be concluded, that a com-
bination of high net charge resulting from within the film bulk in combination with the
formation of a very flexible surface layer, which is quite resistant to rupture, may be
responsible for the enhanced foam film stability. Very likely, not only material adsorbed
directly at the surface but also present within the film bulk contribute to foam film sta-
bilisation. The formation of electrostatically stabilized CBFs is not dominated by the net
charge of the polyelectrolyte/surfactant complexes at the surface, but from the overall
net charge of the film.
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5.4 Bulk phase properties of oppositely charged
polyelectrolyte/surfactant mixtures

5.4.1 Introduction

An abrupt rise in surface tension is reported for many polyelectrolyte/surfactant mixtures
upon varying either the polyelectrolyte or the surfactant concentration in the respective
mixture (see chapter 2.2.1). Characteristic to the particular polyelectrolyte/surfactant
mixture, either an extensive plateau or even a rise in the surface tension isotherm is
observed. A rise in surface tension normally occurs if the the oppositely charged compo-
nents are mixed in an equimolar ratio.255 Mixtures of C14TAB with PAMPS depict a rise
in surface tension around the equimolar mixing ratio (also referred to as the isoelectric
point IEP). Neutron reflectivity measurements revealed that the rise in surface tension
corresponds to a depletion of material from the surface (chapter 5.1).

The origin of the cliff edge peak in surface tension has generated some recent discussion.
Staples et al. reported that the peak coincides with a surfactant concentration range
where sometimes aggregation and phase separation occurs and sometimes it does not.170

Whether or not bulk precipitation and sedimentation is observed depends on a number of
factors including not only the particular surfactant but also the polymer concentration and
the presence of added electrolyte or the solution pHs. Some systems even remain totally
clear although a rise in surface tension appears.170 It is to be assumed that the abrupt
rise in the surface tension isotherm originates from a competitive formation between
bulk complexes that are surface-active with some that are not.247, 255 In some cases water
soluble complexes are formed at particular mixing ratios and therefore desorb from the air-
water surface without precipitating. In other cases bulk precipitation and sedimentation
is observed. Campbell et al. showed that the cliff edge peak in surface tension for mixtures
of PDADMAC-SDS,173 PEI-SDS,216 PSS-C12TAB and DNA-C12TAB256 result from the
depletion of surface-active material from the bulk solution due to a slow precipitation
process in the phase separation region. A peak occurred after a short time of sample aging
and bulk phase precipitation was observed. Furthermore, Campbell et al. pointed out how
to eliminate the feature by different handling of the aged samples. Simple redispersion
and subsequent adsorption of material at the surface demonstrated that the peak can be
eliminated and surface tension decreases again. This was explained with the formation
of kinetically trapped aggregates at the surface. It was shown that the peak could be
extinguished when just a mild mechanical stress was applied to the sediment, which
demonstrated the scope for tuning the interfacial properties of aged samples.

The present section aims to rationalize the origin of the cliff edge peak in PAMPS/C14TAB
mixtures in the context of the bulk phase behavior.

5.4.2 Results and Discussion

To investigate the possible origin of the cliff edge peak and to investigate the bulk phase
behavior of the PAMPS/C14TAB system in more detail, different sets of experiments were
performed.

In a first approach the surface tension of two particular PAMPS/C14TAB mixtures were
investigated as a function of the time. Figure 5.16 shows for two examplary PAMPS/C14TAB
mixing ratios that there is an aging effect at rather short time scales. Within 30 min-
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utes the surface tension increases from initial 41 mN/m for a freshly prepared solution
to around 55 mN/m for a mixture with 10−4 (mono)mol/l PAMPS and 65 mN/m with
3 · 10−4 (mono)mol/l PAMPS respectively. After around 30 minutes the surface layer

Figure 5.16: Ageing of selected PAMPS/C14TAB samples monitored by
surface tension. The black curve ( ) is shown for comparison. Data
is reprinted with permission.155 Copyright 2011 American Chemical
Society.

reached a final state at around 57 mN/m (for a PAMPS concentration of 10−4 mol/l) and
67 mN/m (for a PAMPS concentration of 3 · 10−4 mol/l). The surface tension value was
final and did not change subsequent over time. This observation suggests that material
depleted from the surface at a short time scale. For a PAMPS concentration of 3 · 10−4

(mono)mol/l, neutron reflection evidenced a depletion of material from the surface (com-
pare section 5.1). This depletion of material from the surface cannot be related to bulk
precipation. All sample solutions (also for mixtures with PAMPS concentrations of 10−5,
3 · 10−5, 10−3 and 3 · 10−3 (mono)mol/l) occured transparent to the eye and no precipita-
tion was detected. The sample solutions remained stable for weeks without any sign of
precipitation. From these observations it can be concluded that the cliff edge peak in the
surface tension isotherm is unrelated to bulk phase precipitation.

To investigate bulk phase behaviour in more detail, the solutions pH was monitored.
Table 5.6 shows that the pH is gradually decreasing with increasing bulk PAMPS concen-
tration. This indicates that PAMPS acts as an acid and may explain why phase separation
does not occur. The resulting PAMPS/C14TAB complex is acidic and therefore contains
electrostatically charged moieties. As a result the whole polyelectrolyte/surfactant com-
plex remains water soluble. In a next step it was investigated if it is possible to induce
phase separation by varying the solutions pH. A successive rise of pH in the different
PAMPS/C14TAB mixtures (table 5.6 shows only examplary samples with pH values of
around 8) did not induce turbidity or precipitation.

To study the influence of C14TAB on the polyelectrolyte/surfactant mixture, the C14TAB
concentration was increased to 10−3 mol/l. Rising the C14TAB concentration to 10−3

mol/l lead to milky solutions, already at PAMPS concentrations of 10−4 (mono)mol/l.
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Table 5.6: Measured pH of the solutions investigated. It was inves-
tigated if a change in pH induced turbidity. Left column:
sample solutions without pH control. Right column: selected
sample solutions after the addition of diluted NaOH.

c(PAMPS) pH turbidity pH turbidity
[(mono)mol/l]

10−5 5.7 no
3 · 10−5 5.5 no

10−4 5.1 no 8.1 no
3 · 10−4 4.7 no 8.3 no

10−3 4.3 no
3 · 10−3 3.9 no 8.4 no

Turbidity was detected for PAMPS/C14TAB mixtures ranging in PAMPS concentrations
from 10−4 to 3 · 10−3 (mono)mol/l). In the course of that observation one may expect
that this bulk precipitation results in high surface tension values. Figure 5.17 shows that
the opposite is the case. Enhanced surface adsorption was detected in all cases and the

Figure 5.17: Surface tension isotherm of PAMPS/C14TAB solutions

with fixed surfactant (10−3 mol/l) and variable PAMPS concentra-
tion. No aging effect is detected. Reference data ( ) is shown for
comparison. Data is taken from Andrea Vuellings.

resulting surface tension was strongly reduced to 45 mN/m. Whereas PAMPS/C14TAB
mixtures with a fixed C14TAB concentration of 10−4 mol/l exhibited a peak in surface ten-
sion around the equimolar mixing ratio, PAMPS/C14TAB mixtures with a fixed C14TAB
concentration of 10−3 mol/l did not. The surface tension is strongly reduced at all PAMPS
concentrations investigated. On contrary to the solutions with a fixed C14TAB concentra-
tion of 10−4 mol/l, no change in surface tension over time could be observed. Although
turbidity occured in PAMPS/C14TAB mixtures at fixed C14TAB concentration of 10−4
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mol/l, the surface tension isotherm is not affected. These results proof that there is no
clear relation between bulk phase separation or precipation and surface adsorption in this
case.

Figure 5.18 proves that no sedimentation is detectable even at very long time scales.
UV-vis spectra of pure water and pure C14TAB solutions were compared with the ones
of turbid samples. Pure water or C14TAB solutions did not adsorb light whereas turbid
sampes did. Even after weeks the absortion profile of turbid samples did not change at
all. The dispersion was stable for weeks and the aggregates could only be removed via
centrifugation at very high rotational speed (4h at 15.000 rpm). Only after centrifugation
the supernatant was clear to the eye. This definitely disproves that precipitation and
sedimentation can explain the rise in surface tension found the the PAMPS/C14TAB
mixtures. There has to be another origin for the observed surface depletion in case of the
PAMPS/C14TAB mixtures at a fixed C14TAB concentration of 10−4 mol/l.

Figure 5.18: UV-vis spectra for an exemplary PAMPS/C14TAB mix-

ture. The C14TAB concentration was fixed at 10−3 mol/l. The high
adsorbance in case of the PAMPS/C14TAB mixture is due to the for-
mation of aggregates which turn the sample solution turbid. No sedi-
mentation or aging effect could be detected.

In a last set of experiments, the nature of the aggregates in the bulk solution phase
were investigated. Particle size measurements were performed, using the Malvern zeta
sizer. The zeta sizer utilizes the basic principle of dynamic light scattering (DLS) at
one fixed detection angle (in this case backscatter detection mode at 173◦). To exclude
any disrupting influence of dust in the sample solution, the water was filtered (450 nm
PTFE filter) prior to sample preparation. In case of the PAMPS/C14TAB mixtures with
a fixed C14TAB concentration of 10−4 mol/l, the obtained signal was rather poor and
suffered high noise, therefore the calculated particle size is not accurate. On the other
hand the observed signal is for PAMPS/C14TAB mixtures is different to that of only pure
MilliQ-water (data not shown). It can be only speculated that some kind of aggregation
behaviour in the bulk solution phase may occur. But this observation is far from being
a clear proof of bulk phase aggregation and cannot explain the observed raise in surface
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Table 5.7: Mean particle size measured in mixtures of 10−3 mol/l
C14TAB with varying PAMPS concentration.

c(PAMPS) diameter deviation
[(mono)mol/l] [nm] +/- [nm]

10−4 68.6 5
3 · 10−4 170.4 10

10−3 165.3 10
3 · 10−3 183.8 10

tension found for these mixtures.
Increasing the C14TAB concentration from 10−4 mol/l to 3 · 10−4 mol/l completely

changes the actual situation. At all different PAMPS concentrations bulk phase aggrega-
tion could be observed and Table 5.7 exhibits that the particle size gradually increased
with increasing PAMPS concentration. Surpringly in this case bulk phase aggregation is
not connected to a raise in surface tension.

5.4.3 Conclusion

From the observations in the present chapter it could be proven that the observed peak
in surface tension and respective lower surface excess (as proven in chapter 5.1 by surface
tension and NR) for PAMPS/C14TAB at the equimolar mixing ratio, as indicated by
neutron reflectivity measurements, is unrelated to bulk phase separation. On the other
hand, zeta potential measurements in combination with dynamic light scattering data
indicate the formation of water soluble, highly polydisperse complexes. This complexation
may result in the depletion of material from the surface. The primarily surface active
complexes maybe trapped in a non-equilibrium state, which gradually transforms into
water soluble complexes and slowly desorb from the air-water surface.

Furthermore, it could be shown that the C14TAB concentration in PAMPS/C14TAB
mixtures has a complex impact on bulk phase aggregation and complexation behavior.
Bulk phase turbidity is generally induced at higher C14TAB concentrations (at around
10−3 mol/l). Although rather monodisperse particles are formed in the bulk solution, the
respective surface tension does not change. Bulk phase precipiation is not detected, even
after several weeks. The onset of bulk turbidity is therefore unrelated to a depletion of
surface active material from the air-water interface. To clarify the exact surface structure
and to find out if the formed complexes are adsorbed at the surface166 or adsorb in a
layerwise manner,255 additional neutron reflection and ellipsometry measurements are
needed. In this respect it would be interesting to investigate if aggregation is dependent
on the mixing protocol as found for many other mixtures.21, 167, 257 The interplay between
the bulk complexation of PAMPS/C14TAB mixtures and the resulting surface adsorption
behavior is intriguing and merits further research.
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6.1 Summary and Conclusion

In the present thesis surface adsorption, foam film formation, foaming and bulk phase
aggregation behaviour of oppositely charged surfactant and surfactant-polyelectrolyte
mixtures are investigated. As model systems, mixtures of oppositely charged quater-
nary ammonium surfactants and alkyl sulfates or polyamidomethylpropanesulfonic acid
(PAMPS) are investigated. These compounds are versatile for model systems as they
are commercially available, easy to purify and commonly used in commercial detergency
formulations. Particular attention is given to the question to what extend the variation of
the bulk mixing ratio presents a tool to fine tune the resulting physico-chemical proper-
ties of the disperison. The surfactant and surfactant/polyelectrolyte mixtures have been
studied with focus on the following aspects:
(I) Adsorption at the air/water interface and constitution of the surface layer.
(II) Foam film formation, thickness and stability.
(III) Surface charge and ionic strength in solution.
(IV) Surface elasticity.
(V) CBF-NBF transition kinetics.
(VI) Foaming and Foam stability.
(VII) Bulk phase aggregation behavior.

Section 4.1 in chapter 4 demonstrates that mixtures of sodium dodecyl sulfate (SDS) and
dodecyltrimethylammonium bromide (C12TAB) associate at the air/water interface and
in free standing foam films. A strong head group - head group attraction in combination
with hydrophobic interaction of the surfactant chains leads to the stoichiometric formation
of highly surface active 1:1 catanionic surfactant complexes. SDS and C12TAB aggregate
to form charge neutral and compact surface layers, leading to sterically stabilized NBFs.
On the other hand, by varying the SDS/C12TAB mixing ratio, it is demonstrated that the
formed foam film properties are not exclusively mediated by the catanionic complexes,
but also the excess concentration of the ionic surfactant plays a decisive role. The type of
foam film, the CBF-NBF transition kinetics and the foam film stability are highly depen-
dent on the precise SDS/C12TAB mixing ratio. With increasing excess of SDS the surface
charge increases (SDS/C12TAB mixing ratio 6:4 to 9:1). Therefore, the electrostatic con-
tribution to the disjoining pressure increases and a higher pressure is needed to induce
NBF formation. Foam films of SDS/C12TAB mixtures with excess C12TAB (mixing ra-
tio 4:6 to 1:9) are unstable and electrostatically stabilized CBFs are not observed at all.
These observations underline that varying the SDS/C12TAB mixing ratio presents a tool
for tailoring surface composition and foam film properties. Figure 6.1 illustrates possible
SDS/C12TAB monolayer configurations at the air/water surface and in free standing foam
films in variation of the bulk mixing ratio.

In section 4.2 it is shown that also the rate of the CBF-NBF transition changes with
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Figure 6.1: Schematic drawing of possible SDS/C12TAB monolayer
configurations at the air/water interface and in free stand-
ing foam films. Dependent on the bulk SDS/C12TAB mix-
ing ratio, the film surface consists of adsorbed catanionic
1:1 complexes together with free ionic surfactants in excess.

the SDS/C12TAB mixing ratio. In all cases, the NBF domain diameter d(t) expands
proportional to tn, but the exponent n systematically varies with the SDS/C12TAB mixing
ratio. The exponent ranges from n = 1/3 (very slow transition) for mixtures with excess
SDS, over n = 1/2 for the equimolar 1:1 mixture and reaches values of n = 2/3 and,
finally close to n = 1 (very fast transition) for mixtures with excess C12TAB. From
this observation it is concluded that the different transition kinetics originate from a
microscopic phase transition that occurs during the CBF-NBF transition. The surface
layer separates into a condensed phase, consisting only of catanionic complexes (stabilizing
the NBF) and, a surrounding phase of lower catanionic surfactant concentration and either
SDS or C12TAB in excess. In case of excess SDS, a CBF is stabilized and a resulting
higher surface charge density and, thus higher electrostatic barrier, may explain the slow
CBF-NBF transtion. In case of excess C12TAB the observed lower film stability probably
results in a faster transition kinetic. Furthermore it is shown that the appearance of
Rayleigh instabilities is strongly connected to the CBF-NBF transition kinetics: only
if the expansion of the NBF domain, d(t), is proportional to tn with n > 0.5, Rayleigh
instabilities are observed. If n drops below 0.5, Rayleigh instabilities vanish and the liquid
rim between the NBF and the CBF expands homogeneously.

In section 4.3 and 4.4 the macroscopic foaming behavior of the SDS/C12TAB mixtures
is investigated. Foaming performance is found to be poor at low absolute surfactant con-
centrations (10−5, 5 · 10−5, 10−4 and 5 · 10−4 mol/l) and it could be shown that this is due
to the slow surfactant adsorption to the surface. In addition to that, bulk precipitation
that occurs after short time prevents foam formation. SDS/C12TAB mixtures of higher
absolute surfactant concentration (3.4 · 10−2 mol/l) on the other hand exhibit enhanced
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foaming and the resulting foam is stable up to several hours. At this higher absolute
surfactant concentration, micelles or vesicles are formed in the bulk solution phase de-
pending on the precise SDS/C12TAB mixing ratio. The presence of micelles or vesicles in
the bulk solution phase can have two effects: (1) they can act as a reservoir to provide
free surfactants and catanionic complexes in short time to promote foam formation, and
(2) the micelles or vesicles accumulate within the foam film, block the Plateau borders
and, thus slow down gravitational drainage and foam coarsening. Foam films stabilized
from vesicular SDS/C12TAB mixtures show a particular feature. In this case the resulting
foam films are inhomogeneous in thickness and a microtubular network is embedded in
the foam film. These observations underline that enhanced foaming and foam stability is
not only mediated by the formation of catanionic complexes but that colloidal structure
formation in the film bulk is essential for enhanced foam film and foam stability.
In the last section (4.5) of chapter 4 the role of surfactant chain length compatibility is
studied. Molecular packing at the interface is strongly affected by the chemical structure
of the mixed surfactants. In case of SDS/C12TAB, the symmetric surfactants show a
strong van der Waals attraction and thus a densely packed monolayer is formed (Figure
6.1). This leads to a strong reduction of the resulting surface tension (27 mN/m) and
the formation of Newton black films is promoted. On the contrary, the carbon chain
length incompatibility in SDS/C14TAB and SDS/C16TAB mixtures prevents dense sur-
factant packing at the surface and the surface tension is only reduced to 37 mN/m. In
addition to that NBF formation is not observed for SDS/C14TAB and SDS/C16TAB mix-
tures. The longer carbon chain length of C14TAB and C16TAB compared to SDS (C12)
leads to an increased thermal motion of the longer carbon chains and molecular packing
is disturbed (Figure 6.2). These results demonstrate that already a small variation in
the surfactants carbon chain length changes the resulting physico-chemical properties of
surfactant mixtures.
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Figure 6.2: Schematic sketch of possible SDS/C14TAB monolayer con-
figurations at the air/water interface and in free standing
foam films. Thermal motion of the longer C14TAB carbon
chains prevents dense molecular packing at the surface and
destabilises the resulting foam films. A similar situation is
assumed for SDS/C16TAB mixtures.

Apart from SDS/CnTAB mixtures, another emphasis of the present thesis is on poly-
electrolyte/surfactant mixtures. Inspired by previous research on PAMPS/CnTAB mix-
tures,77, 185, 186 the following issues are examined: what is the exact composition of PAMPS/
CnTAB molecular adsorption layers at the air/water interface and how does the composi-
tion influence the resulting foam film properties and stability? How does the composition
vary with the PAMPS/CnTAB mixing ratio? Is the observed increase in surface tension
related to the depletion of material from the surface? Does the complexation of CnTAB
and PAMPS lead to the formation of hydrophobic complexes that precipitate? How does
the carbon chain length of the surfactant and the polymer charge degree influence surface
and foam film properties?

In section 5.1 the surface composition of different PAMPS/C14TAB mixtures is investi-
gated. From a combination of neutron reflectivity and ellipsometry studies it is shown that
there is no clear relation between the interfacial composition and foam film stabilization
in case of PAMPS/C14TAB mixtures. For samples of low bulk PAMPS concentrations,
a high surface excess of polymer and surfactant is found and the surface structure is es-
sentially completely charge neutral. The foam films formed with these neutral adsorption
layers are even less stable than films stabilized by pure C14TAB. Complete destabilization
of foam films (and hence a surface potential of almost zero) at intermediate bulk PAMPS
concentrations coincides with substantial depletion of surfactant from the interface and a
high excess of polyelectrolyte. On the other hand, enhanced film stability occurs at high
bulk PAMPS concentrations, even though the total surface coverage is fairly low. The
most stable films therefore have a surface structure with a modest excess of polyelectrolyte
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at the interface. Furthermore, it is found that the foam films are most stable when the
complexes present in the bulk solution phase have the highest overall charge (confirmed
by zeta potential measurements). These results suggest that also the bulk net charge
contributes to the electrostatic stabilization of foam films.

In section 5.2 the effect of the polyelectrolytes charge degree on surface adsorption and
foam film properties is investigated. For this reason PAMPS is substituted with a copoly-
mer of lower charge degree, PAMPS60 (possessing a charge degree of only 60% compared
to PAMPS). In comparison to PAMPS/C14TAB mixtures, the surface excess concentra-
tion of PAMPS60/C14TAB mixtures is much higher at all mixing ratios. This results from
a general higher hydrophobicity and, thus higher surface activity of the polymer. This
increased hydrophobicity together with the fact that PAMPS60 and C14TAB associate
due to electrostatic attraction results in the formation of highly surface active complexes
and, thus a high surface excess concentration. Similar to what is observed for mixtures
between PAMPS and C14TAB, a small rise in surface tension, occurs around the equimo-
lar 1:1 PAMPS60/C14TAB mixing ratio. In contrast to PAMPS/C14TAB mixtures it can
be shown that in this case the rise in surface tension does not correlate with a depletion of
material from the surface. Neutron reflectometry fittings indicate that this results from
a change in topology of the adsorbed polyelectrolyte/surfactant complexes. The water
content in the polymer layer is found to be very high which suggests that PAMPS60 forms
loops and that the polymer layer is therefore expanded. This leads to a less condensed
adsorption layer and therefore surface tension decreases slightly.

The last section (5.3) focuses on the effect of the surfactant chain length and there-
fore PAMPS/C12TAB mixtures have been studied. The surface excess concentration of
PAMPS/C12TAB mixtures is found to be much lower compared to the surface excess
determined for PAMPS/C14TAB and PAMPS60/C14TAB mixtures. The shorter carbon
chain length of C12TAB compared to C14TAB results in a weaker hydrophobic interaction
between the surfactant and PAMPS and the formation of surface active complexes is less
pronounced. Rather surprising in this context is the observation that the most stable films
are formed for this particular polyelectrolyte/surfactant system, although the respective
surface excess concentrations of PAMPS and C12TAB are found to be very low. Zeta
potential measurements show that the electrostatic stabilization of the CBFs must result
from an additional net charge from within the foam film bulk.

6.2 Future prospectives

The present thesis demonstrates that the interactions between oppositely charged surfac-
tant and surfactant-polyelectrolyte mixtures and the relation to surface adsorption, foam
film and foam properties are manifold and not easy to predict. In this context a multitude
of new questions arises and stimulates future research.

In general, it is of utmost importance to understand the relation between surfactant
aggregation and the impact on the resulting surface and foam properties. To resolve the
exact molecular structure of SDS/CnTAB surface adsorption layers, neutron reflectivity
measurements could be performed. Of particular interest is the surface structure of micel-
lar or vesicular SDS/C12TAB mixtures. Knowing the exact surface structure could help
to explain the enhanced stability of foam films and foams.

Another topic that needs to be further elaborated is the relation between the presence
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of catanionic micelles, vesicles or precipitates in the bulk phase and the resulting foam
stability, especially in terms of liquid drainage. A combination of confocal microscopy
and conductivity measurements could help to discover if the formed catanionic complexes
block the Plateau borders and thus hinder gravitational drainage and slow down foam
coarsening.

An intriguing observation made in the present study is that the CBF-NBF transition ki-
netics highly depend on the SDS/C12TAB mixing ratio. This phenomena definitely merits
further research. Of particular interest is the influence of the initial foam film thickness
on the CBF-NBF transition kinetic. In addition to that the impact of hydrodynamics
within the film bulk on CBF-NBF transition kinetics could be elaborated. In this re-
spect the lower stability of foam films stabilized from SDS/C12TAB mixtures with excess
concentration of C12TAB could play a decisive role. It remains the question why foam
films stabilized from SDS/C12TAB mixtures with an excess concentration of C12TAB are
unstable and rupture, whereas foam films with excess concentration of SDS form stable
CBFs?

An unresolved question in case of the C14TAB/PAMPS mixtures remains the enhanced
film stability observed at high bulk PAMPS concentrations, although the total surface
coverage is fairly low. The influence of not only the total net charge, resulting from poly-
electrolyte/PAMPS complexes in the bulk solution phase, but also the ionic strength on
the stability of foam films is intriguing and clearly merits further work.

In addition to that the origin of the rise in surface tension remains unresolved. Obser-
vations on the bulk precipitation behavior of PAMPS/C14TAB mixtures underline that
there is no relation between an increase in surface tension and precipitation in the bulk
phase. On the other hand interpreting the results from pH and zeta potential mea-
surements together with dynamic light scattering data, indicates the formation of water
soluble highly polydisperse complexes. In this case determining the polydispersity index
could help to gain a deeper insight into the structure of these complexes. Counterintuitive
in this respect is the observation that the surfactant concentration has a more complex
impact on the point of aggregation. Turbidity is induced if the C14TAB concentration
is increased. Although rather monodisperse particles are formed in the bulk solution,
a depletion of material from the surface is not observed. To clarify if these aggregates
are directly adsorbed at the surface167 or if the aggregates unfold and form molecular
C14TAB/PAMPS adsorption layers at the surface,255 additional neutron reflection ex-
periments at higher C14TAB concentrations are needed. In this case it might be inter-
esting to investigate if bulk aggregation is dependent on the mixing procedure as found
for many other polyelectrolyte/surfactant mixtures.21, 166, 257 A counterintiutive observa-
tion is that PAMPS/C12TAB mixtures show enhanced foam film stability compared to
PAMPS/C14TAB and PAMPS60/C14TAB mixtures, although the absolute surface cover-
age is minor. The origin of foam film stabilisation remains unclear and additional research
is required. Especially the role of charged aggregates within the film bulk phase on foam
film stabilisation is intriguing and merits further work.
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Appendix-Abbreviations

Å - Angstrom(1010m)
ACMW - aircontrastmatchedwater
C12TAB - Dodecyltrimethylammoniumbromide
C14TAB - Tetradecyltrimethylammoniumbromide
C16TAB - Hexadecyltrimethylammoniumbromide
cmc - criticalmicellarconcentration
CBF - Commonblackfilm
D2O - heavywater;deuteratedwater
DLVO - DerjaguinLandauVerweyOverbeek
γ - surfacetension
Γ - surfaceexcess
h - foamfilmthickness
I - ionicstrength
λ - Debyelength
Milli-Q - ultrapurewater
mm - millimeter
mN - milliNewton
mC - milliCoulomb
mV - milliVolt
µm - micrometer
NBF - Newtonblackfilm
nm - nanometer
NR - neutronreflectivity
Ψ - surfacepotential
Pa - Pascal
PAMPS - poly(acrylamidomethylpropanesulfonate)sodium
PAMPS60- PAMPSwithachargedegreeof60%
Π - disjoiningpressure
q0 - surfacecharge
SDS - sodiumdodecylsulfate
SLD - scatteringlengthdensity
TFPB - thinfilmpressurebalance
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