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1 Introduction

In the present thesis, the interactions in foam films from oppositely charged polyelec-
trolyte/surfactants mixtures are studied. These mixtures in aqueous foams are used in
many applications like detergency, cosmetics, fire fighting, and enhanced oil recovery.1

In some applications, a stable foam is desired, like for shampoo, where the customers
like to have a rich foam, while in others, it should be avoided. Washing agent, for
example, should have a low foaming ability to avoid overflowing washing machines.

Foams are dispersions of air bubbles in a liquid. Depending on the air/water ratio in
the dispersion, different foams are formed. In a wet foam, the water content is very high
and the bubbles are spherically shaped. When the foam ages, the liquid in the foam
lamellas drains due to gravitation and dry foams emerge. In that case, the air bubbles
no longer form spheres but polyhedrons so that they are often referred to as polyhedral
foams. These polyhedrons correspond to the minimal surfaces, which are necessary to
minimize the surface energy. In dry foams the volume fraction of air exceeds 75 %.

It is not possible to obtain stable foams from pure liquids. Stable foams are only
formed in the presence of an appropriate surface active agent like surfactants, colloidal
particles, polymeric surfactants, phospholipids, or proteins.2 Additionally, energy is
needed to create the bubble surfaces in the foam. As a consequence, foams are in an
absolute sense thermodynamically unstable. However, there are systems that are stable
for minutes or even days or weeks. In rapidly coalescing dispersions, the film lifetime
is controlled by the drainage rate of the continuous phase, while the long-lived systems
require additional time to overcome energy barriers that hold the film in a metastable
thermodynamic state. These barriers arise from surface force interactions created by
having two interfaces in close proximity.3

The physicochemical properties of foam and foam films have attracted scientific interest
for a long time. The first recorded observations using soap films were reported by Hooke
and Newton in the late 17th century. Already these works contain observations on black
spots in soap films. The first systematic study of the various properties of soap films
has been conducted by the Belgian scientist Plateau. He was the first to draw attention
to that part of the foam that connects the single foam lamellas, which are now called
Plateau borders. The theory was further developed by the thermodynamic descriptions
of thin films by Gibbs and Marangoni. Further progress in the foam film research
was achieved in the second half of the 20th century. By this time, many scientists
like, for example, Derjaguin, Mysels, and Scheludko contributed the contemporary
understanding of foam films and foams.

The properties of a foam film can be easily tuned by adding polyelectrolytes or salt to
the system or by varying the experimental conditions like temperature, concentration,
or pH etc. To understand the behaviour of a foam it is crucial to investigate the
properties of the thin liquid films that separate the gas compartments of the dispersed
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Figure 1.1: Schematic drawing of a polyhedral foam and the corresponding foam film
stabilised by surfactant molecules.

phase. Depending on the interactions in these foam film, they have a thickness of 5-120
nm. Due to this fact, the free-standing film also corresponds to a slit pore geometry
which allows the investigation of the effect of confinement on the structuring of colloidal
particles, aggregates or macromolecules.

The addition of polyelectrolytes to surfactant solutions is especially interesting for
many applications and has been the subject of many studies. The properties of these
mixtures can be adjusted by simply varying the charge of the respective components:
When the surfactant and the polyelectrolyte are nonionic, the interactions are only
weak. On the other hand, when the two species are likely or oppositely charged, a
strong repulsion and attraction, respectively occurs. In case of oppositely charged
mixtures, polyelectrolyte and surfactant can form complexes in the bulk and at the
surface, but unlike in monolayers of insoluble molecules, the adsorbed amount at the
surface is not known.4

The main objective of this thesis is the investigation of foam films of mixtures of
positively charged surfactants and negatively charged polyelectrolytes. At low and high
polyelectrolyte concentrations, respectively, the foam film behaviour is well established.
Pure surfactant solutions form thick common black films (CBF) due to the positive
charge at the surface and the resulting electrostatic repulsion of the two opposing
interfaces. Above the isoelectric point (IEP), when the polyelectrolyte concentration
exceeds the surfactant concentration, a CBF is formed as well because of the strong
repulsion between the polyelectrolyte chains. The question arises, how the foam films
behave between the two described concentration regimes: Does a charge reversal take
place at the interface? What happens at the IEP of the system, can stable films still be
formed at low surface charges? And how do parameters like surfactant concentration,
polyelectrolyte chain length or charge density influence the foam film characteristics?

To answer these questions, several different polyelectrolyte/surfactant mixtures are
studied. In chapter 4 and 5 the influence of the polyelectrolyte and surfactant hy-
drophobicity is investigated, in chapter 7 and 8 the effect of polyelectrolyte chain length
and of the monomer is discussed and in chapter 6 the influence of the polyelectrolyte
charge density as well as the surfactant concentrations is investigated. Furthermore,
in chapter 9, the dynamics of polyelectrolytes in the foam film core are studied with
the help of fluorescent labels. Each chapter of the thesis is written as a complete unit
and is independent of the others.
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2.1 Thin aqueous films

The stability of colloidal dispersions strongly depends on the properties of thin films
of the continuous phase that separate the dispersed phase into compartments. These
thin films, foam lamellas in case of a foam, are stabilised by an excess pressure with
respect to the bulk liquid normal to the film surfaces, the disjoining pressure Π. It can
either be repulsive (Π > 0) or attractive (Π < 0), in the latter case called conjoining
pressure. The force arises from a thin transition region at the interface whose properties
derivate from those of the two neighbouring bulk phases. It can be thermodynamically
described by the negative derivative of the Gibbs energy by the film thickness:

Π(h) = −

(

∂G

∂h

)

T,P,A,n

(2.1)

In the 1940s two groups of scientists (Derjaguin and Landau, Verwey and Overbeek)
independently developed a quantitative theoretical analysis of the problem of colloidal
stability. The theory is known as DLVO theory, after the initial letter of their names,
and considers two types of forces: The electrostatic double-layer forces, that is always
present when the surfaces contain charged groups and the van der Waals force, which
operates irrespective of the chemical nature of the molecules.5

Π(h) = Πel +ΠvdW (2.2)

However, experiments have shown, that not all interactions in thin films can be ex-
plained by the DLVO theory and additional forces have to be taken into account. Since
the disjoining pressure is an additive force, the various contributions of the disjoining
pressure can be separated into different components:

Π(h) = Πel +ΠvdW +Πsteric +Πstruc + ... (2.3)

where the subscript indicate the following contributions: el = electrostatic double-layer
forces, vdW = van der Waals forces, steric = steric or entropic forces, and struc =
structural forces.
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Figure 2.1: Two charged interfaces with their diffuse double-layer; the counterion con-
centration is depicted by the solid line.

2.1.1 Electrostatic double-layer forces

The first component of the disjoining pressure arises from the overlap of two electro-
static double-layers that develop at charged interfaces. When the distance between
the two surfaces is in the range of the Debye length, the characteristic thickness of the
diffuse double-layer, an additional force is needed to further approach the interfaces.

The Debye length can be calculated from the classical Debye-Hückel theory:

1

κ
=

√

ε0εkT

e2Na
∑

Z2
i ci

(2.4)

where ε is the dielectric constant of the medium, k is the Boltzmann constant, e the
elementary charge, Na Avogadro’s number, and Z, and c, respectively, the valency and
the concentration of corresponding ions. The Debye length is very sensitive to the ionic
strength and decreases with increasing ion concentration.

The electrostatic component of the disjoining pressure is described by:

Πel = Π0 exp(−κh) (2.5)

To quantify the electrostatic force, the Poisson-Boltzmann equation has to be solved
under certain boundary conditions. Assuming a low constant surface potential (< 50
mV) or large distances a linearised form of the Poisson-Boltzmann equation can be
applied. In that case, the electrostatic double-layer force is given by:3,6

Πel = 64kTρ∞γ2 exp(−κh) (2.6)

where

γ = tanh(
zeΨ0

4kT
) (2.7)

and ρ∞ is the number density of the ions. According to Eq. 2.5, Π0 is then given by:

Π0 = 64kTρ∞γ2 (2.8)

From the surface potential Ψ0, the surface charge density can be directly calculated by
using the Graham equation:7
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σ =
√

8εε0kT sinh (
eΨ0

2kT
)(
∑

ci(2 + exp (−
eΨ0

kT
))1/2 (2.9)

In symmetric films like foam films, the two interfaces are always likely charged. This
leads to a repulsive contribution of the electrostatic double-layer to the disjoining pres-
sure and therefore to the stabilisation of the film. This effect can also be understood in
terms of the osmotic pressure, that is created by the difference in ionic concentration
between the two approaching surfaces and the bulk, that prevents a further approach
of the interfaces.6

Electrostatic forces occur in foam films with non-ionic surfactants as well, where the
charge can not originate from the charge of the surfactant. This leads to the conclusion,
that the pure air/water interface has to carry charges as well. Experiments have
shown8,9 that the interface is slightly negatively charged due to the adsorption of
OH−, so that the pH at the interface is different from that of the bulk phase.

2.1.2 Van der Waals forces

The other important contribution to the DLVO theory, is the van der Waals force. It
considers dipole-dipole interactions, interactions between dipoles and induced dipoles,
and the most important contribution, the London dispersion forces between two in-
duced dipoles. The latter describe very weak interactions present between all pairs of
molecules, even between neutral species. In neutral molecules, dipoles are temporarily
induced by the instantaneous position of the electrons about the nuclear protons. The
instantaneous dipole generates an electric field that induces a dipole in any nearby
atom.7 This plays an important role in adhesion, adsorption, wetting, and of course in
thin liquid films.

The calculation of the van der Waals component of the disjoining pressure was intro-
duced by Hamaker and is based on the pairwise summation of the individual dispersion
interactions between all molecules. It is described by the following equation:

ΠvdW = −
A

6πh3
(2.10)

where A is the Hamaker constant, which is characteristic for a system of two media,
separated by a thin film. For symmetric films like foam films, the Hamaker constant
is always positive (A = 3.7 × 10−20 J5,7), which leads to an attractive van der Waals
force. In the case of a thin film entrapped between two different media, the solution is
more complex and a repulsive van der Waals force can occur as well.

This force is short range (≈ 10 nm), compared to the electrostatic double layer force,
due to the dependency ΠvdW ∼ h−3. It comes into account when the electrostatic
barrier is overcome and can lead to the rupture of a film.

2.1.3 Steric forces

At very small distances between two surfaces, the interactions in thin films can no
longer be described by the DLVO theory. Therefore, an additional force has to in-
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troduced to the theory, the steric or entropic force. In a first attempt, this force was
defined as the steric repulsion that arises from the overlap of two adsorbed layers,10 but
the origin of this force is more complex. Israelachvili and Wennerström11 have shown,
that, besides the overlapping of amphiphile head groups, a number of fluctuations of
the interface contribute to this component of the disjoining pressure as well. These
fluctuations include undulations, peristaltic fluctuations, and protrusion. At separa-
tions smaller than 2 nm, protrusion and headgroup overlap dominate the steric force,3,7

while undulations have a longer range.

2.1.4 Structural forces

In addition to DLVO and steric forces, structural forces play a role in thin films. When
a fluid is confined between two interfaces, a layering of the entrapped molecules occurs
close to the interface. For example, micelles, colloidal particles, or polyelectrolytes have
the ability to form these structures. For polyelectrolytes, this is only valid in the semi-
dilute concentration regime and will be further explained in chapter 2.2. The layering
is related to an oscillatory decay of the particle or molecule concentration from the
interface towards the film bulk and induces a damped oscillatory disjoining pressure.
This oscillatory disjoining pressure is described by an exponentially decaying cosine
function:

Πstruc = A exp(−
h

λ
) cos(

2πh

d
) (2.11)

where A is the oscillatory amplitude, λ the decay length and d the oscillatory period.

When the two interfaces approach each other, a layer-wise expulsion of molecules from
the film occurs. This is manifested by a stepwise thinning of the film, that is called
stratification process. The size of the steps, ∆h, is correlated to a characteristic length
scale of the system, for example the effective diameter of a micelle or the mesh size of a
polymer network and scales with the concentration of the structure inducing molecules.
For spherical particles or micelles ∆h scales with c−1/3, while for linear polyelectrolytes,
the power law has an exponent of −1/2.

2.1.5 Disjoining pressure isotherms

To get information about the predominant forces in a foam film, equilibrium disjoin-
ing pressure isotherms are measured, which is the disjoining pressure versus the film
thickness. Such an isotherm is shown in Fig. 2.2 as a schematic representation. It is
characteristic for each system and depends strongly on parameters like surfactant con-
centration, and additives like polyelectrolytes or salts etc. The addition of all described
components of the disjoining pressure leads to a non-monotonous force. Only the parts
with a negative slope are mechanically stable foam films, which divides the isotherm
into two mechanically stable regions where two different types of films are formed.

Common black films (CBF) have a thickness of about 10 to 100 nm and are mainly
stabilised by electrostatic forces. Very thin films with a thickness of 5 to 10 nm are
called Newton black films (NBF) and are mainly stabilised by steric forces. They
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Figure 2.2: Schematic representation of a disjoining pressure isotherm.

consist only of two surfactant layers adsorbed at the opposing film interfaces and the
corresponding hydration water, while all other liquid is pressed out of the film.

A draining film can either rupture, due to attractive van der Waals forces, or a transition
to a NBF can take place (cf. Fig. 2.3). In that case, thin black spots occur that spread
over the whole film within several seconds. In the bright spots, the excess liquid from
the NBF is transported to the liquid reservoir.

Figure 2.3: Transition from a CBF to a NBF.

In the ‘Thin Film Pressure Balance’ technique that is mainly used in this thesis, only
the mechanically stable parts of the disjoining pressure isotherm are accessible.

2.1.6 Simulation of the disjoining pressure isotherms

Charged planar surfaces are characterised by a surface charge density σ and a potential
Ψ0. The liquid that is in contact with the planar surface has an impact on the two
parameters due to electrolyte in the solution. The solution is characterised by the bulk
concentration ci,bulk of the electrolyte, the ion valency zi and the dielectric constant
εr.5

The Poisson-Boltzmann equation describing the ion distribution in an electrolyte so-
lution outside a charged interface is derived from the Poisson equation:
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ε0εr∇
2Ψ = −ρ (2.12)

where ∇ is the Laplace operator and ρ is the charge distribution of the free ions in the
solution. According to the Boltzmann equation, the ion density can be expressed as:

ρ ∼= e
∑

zici,bulk exp (−zieΨ/kT ) (2.13)

This results in the Poisson-Boltzmann equation:

ε0εr∇
2Ψ = −e

∑

i

zici (2.14)

with

ci = ci,bulk exp(−eziΨ/kT ) (2.15)

To get information about the surface potential of the foam films, the disjoining pressure
isotherms are simulated with the PB program written by Per Linse.12 In this program,
the nonlinear Poisson-Boltzmann equation is solved under the assumption of constant
potential. The numerical approach in the program considers two planar surfaces sepa-
rated by the distance D and with their normals in z direction. Since in case of infinite
equally charged planar surfaces the potential cannot change in the x and y direction
because of the symmetry, only the variation in the z direction is important.13

ε0εr
dΨ2(z)

d2z
= −e

∑

i

zici(z) (2.16)

The intervening liquid is in equilibrium with a bulk electrolyte solution. Because of
the symmetry of the thin film, only one half of the system needs to be considered,
0 ≤ z ≤ b, b = D/2. To obtain a a unique solution, two boundary conditions are
needed.5,14 The first one follows the symmetry requirement that the field must vanish
at the midplane:

dΨ(z)

dz

∣

∣

∣

∣

∣

z=b

= 0 (2.17)

The second boundary condition derives from the requirement of electroneutrality, i.e.
that the total charge of the counterions between the two surfaces must be equal to the
charge at the surface:

dΨ(z)

dz

∣

∣

∣

∣

∣

z=0

= −
σ

ε0εr
(2.18)

Before the simulations, the disjoining pressure isotherms are fitted with an exponential
decay function of first order. From this fit, the Debye length and the corresponding
ionic strength are calculated to get a good starting point for the simulation. During the
simulation, the surface potential and the ionic strength are adjusted until the simulated
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surfactant
polymer cationic nonionic anionic

cationic CBF NBF CBF
anionic CBF CBF CBF

Table 2.1: Type of final foam film, observed for specific polyelectrolyte/surfactant com-
binations; adapted from Ref.15

curve coincides with the experimental data.

2.2 Polyelectrolyte/surfactant mixtures in foam

films ∗

As already mentioned, polyelectrolyte/surfactant mixtures in foams are of great rele-
vance in many practical applications, like personal care or cleaning. In this section,
recent work on this field is reviewed to give an introduction to the subject. Firstly, the
charge combination of the mixture has a great impact on the foam film. Depending
on the charge of the used polyelectrolytes and surfactants, either a CBF or a NBF
is formed as a final state before film rupture. Table 2.1 gives an overview about the
type of foam films, that are formed at different polyelectrolyte/surfactant charge com-
binations. Since the main topic of this thesis is the investigation of foam films from
oppositely charged polyelectrolyte/surfactant mixtures, a particular attention has been
given to these systems.

For foam film studies, it is important that the concentrations of polyelectrolyte and
surfactant are carefully chosen to get homogeneous and continuously thinning films.
The surfactant concentrations should be below the critical micelle concentration (cmc)
and the polyelectrolyte concentration below the overlap concentration (c*), to avoid
the occurrence of structural forces. The cmc is the surfactant concentration, where
micelles are formed in the bulk solution, while c* corresponds to the polyelectrolyte
concentration where polyelectrolytes start to overlap and to form a network. In ad-
dition, it is important to choose the composition of both components such that the
critical aggregation concentration (cac) is not exceeded, since otherwise, aggregates
are formed in the solution that prevent the formation of homogeneous films.

2.2.1 Pure surfactant films

Since symmetric films from pure water are not stable, surfactant is added to the system
to stabilise these films. The molecules are adsorbed at the film interfaces, where the
hydrophilic headgroup is situated in the water phase, while the hydrophobic alkyl chain
is exposed to the gas phase. Depending on the type of the surfactant that is used, the
properties of the respective foam films differ. In case of ionic surfactants, the charge
of the film surface is determined by the surface coverage and the dissociation degree of

∗ Similar content has been published in: Effect of polyelectrolyte/surfactant combinations on the
stability of foam films, N. Kristen and R. v. Klitzing, Soft Matter, 2010, 6, 849 - 861
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the surfactant. With increasing adsorbed amount, the charge at the surface increases,
leading to a higher repulsion between the two interfaces. In contrast to that, the
dissociation of the surfactant molecules increases the ionic strength and therefore the
electrostatic screening, counteracting the above described effect. Usually, the increase
of the surfactant concentration leads to thinner and more stable films,16 indicating that
the electrostatic screening dominates the interactions in the film.

In systems with sufficiently high surface charges, CBF are formed since the repulsion
between the interfaces prevents the transition to a NBF. Therefore, ionic surfactants
form CBFs,2,16,17 unless the amount of salt that is added to the solution exceeds the
surfactant concentration by far. In this case, the screening of the surface charges gives
rise to a CBF-NBF transition.

In case of nonionic surfactant, CBFs can be formed as well, only above a certain sur-
factant concentration, a transition to a NBF can be observed. Since a CBF requires
electrostatic repulsion of the two interfaces, which can not be originated from the non-
ionic surfactant, this indicates charges at the neat air/water interface. These charges
are continuously replaced by the surfactant molecules which leads to a NBF at higher
concentrations. The origin and the sign of the charged surface have been the subject of
controversial debates in literature. Experiments, like droplets or bubbles in an electric
field18 or wetting film studies8,9 indicate, that the water surface is negatively charged.
On the other hand, theoretical calculations predict a positively charged surface,19 but
so far there is no experimental proof for that.

In a study by Radke et al.20 the problem of origin the surface charge has been inves-
tigated. They claim that charge of the air/water interface is negative and that is due
to the adsorption of OH− at the surface.

2.2.2 Likely charged polyelectrolyte/surfactant systems

When likely charged polyelectrolytes and surfactants are mixed, no significant influ-
ence on the surface tension can be detected. It is assumed that the adsorbed surfactant
molecules at the interface repel the likely charged polyelectrolyte, so that no surface-
active complexes are formed. Furthermore, hydrophobic interactions between the hy-
drophobic backbone of the polyelectrolyte and the alkyl chain of the surfactant can
occur, resulting in a depletion of the surfactant from the surface. This is confirmed by
a slightly higher surface tension for C16TAB/PDADMAC system compared to the pure
surfactant.15 The disjoining pressure isotherms of the same system (with and without
polyelectrolytes) show CBFs. They are very stable and show no transition to a NBF in
the investigated pressure range. The film of the mixed system is less stable but has the
same film thickness. This indicates that the polyelectrolyte does not act like a simple
salt, which would lead to electrostatic screening, but does not increase the osmotic
pressure either. However, the addition of polyelectrolytes leads to a reduced stability
of the foam films, which indicates that the mobility of the polyelectrolyte chains in the
film bulk has a significant influence on the film stability.
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2.2.3 Oppositely charged polyelectrolyte/surfactant systems

Fig. 2.4 shows a characteristic surface tension curve for oppositely charged polyelec-
trolyte/surfactant systems. For these systems, surface tension is usually depicted with
fixed polyelectrolyte concentration and varied surfactant concentration. Typical con-
centration ranges are 10−4 to 10−2 monoM for the polyelectrolyte and 10−6 to 10−2

M for the surfactant. At low surfactant concentrations (below 10−4 M), the addition
of polyelectrolytes leads to the formation of surface complexes that lower the surface
tension compared to the pure surfactant. This happens at the csac (critical surface
aggregation concentration).21,22 The driving force for the complexation between oppo-
sitely charged polyelectrolytes and surfactants are electrostatic and hydrophobic forces.
The head groups of the surfactant molecules are attracted by the charged polymer seg-
ments. Additionally, the hydrophobic surfactant tails can interact with the hydrophobic
backbone of the polyelectrolyte23 (cf. Fig. 2.5).
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Figure 2.4: Schematic drawing of the surface tension of pure surfactant (black) and
of oppositely charged polyelectrolyte/surfactant mixtures (gray).

In this concentration regime, only loosely packed monolayers are formed at the inter-
face.4,24,25 The distance between the surfactant molecules depends on the degree of
charge of the polymer and can be calculated from the Gibbs equation that is applied
to the surface tension isotherms. The polymer is linked to the surfactant monolayer
with the charged monomer units while the uncharged parts dangle into the bulk solu-
tion. The lower the degree of charge, the larger is the distance between the surfactant
molecules due to the longer distance between the charged monomer units.25 In case
of C12TAB/PAMPS the area per C12TAB molecule is 78 Å2 for a charge fraction of
25% and 100 Å2 for 10% charged monomer units which is much larger compared to 48
Å2 of a surface densely covered with C12TAB molecules.26,27 The degree of charge has
an influence on the thickness of the interfacial layer as well. Highly charged polyelec-
trolytes such as PSS adsorb flatly at the interface, polyelectrolytes with a lower degree
of charge form thicker layers due to the loops that are extended into the solution.28,29 In
a Langmuir-Blodgett film study by Lee et al.30 it was shown that PSS/C14TAB forms
very homogeneous layers at the interface at a surfactant/polyelectrolyte segment ratio
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of 1. This behaviour depends on the surfactant chain length: shorter chain lengths
form layers with holes.

The rigidity of the polyelectrolyte is another important parameter concerning the layer
thickness. PSS and PAMPS are rather flexible polyelectrolytes, whereas Xanthan and
DNA are more rigid due to their ability to form double helices. Ellipsometry measure-
ments show that they form thicker and denser layers28 which can be interpreted as the
helices adsorbing flat at the surfactant monolayer. In general, the adsorption process
is very slow, especially in the low concentration regime21,31 so that it is important to
give enough time to the system for equilibrium.

When the surfactant concentration is further increased, the surface tension reaches a
plateau. This plateau is characterised by the cac at which aggregates are formed in the
bulk. These aggregates turn the solution turbid when they reach a certain dimension.32

In this concentration regime, the polyelectrolytes are hydrophobised by the surfactant
and the hydrophobic domains aggregate, so the the polyelectrolyte/surfactant com-
plexes precipitate out of the solution. At surfactant concentration above the cmc, the
aggregates are described as polyelectrolyte chains that are decorated with surfactant
micelles.

The second break point in the surface tension graph in Fig. 2.4 is the cmc. Above this
point the surface is densely covered and the surface tension does not change anymore.
It is assumed that most of the polymer is redissolved within the bulk in this regime of
the surfactant concentration.
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Figure 2.5: Schematic drawing of the possible interactions between polyelectrolytes and
surfactant molecules.

The cac depends on many parameters like surfactant chain length, polyelectrolyte con-
centration, or degree of charge. It decreases with increasing surfactant chain length
due to the stronger hydrophobic interactions between the two compounds.33,34 Poly-
electrolytes with a high degree of charge interact stronger with the surfactant than
those with only a few charged monomer units. Therefore the cac decreases with in-
creasing polymer charge density.35 The chain length of the polymer has no influence
on the cac but in case of PSS a length of at least 20 monomer units is needed to show
polymer behaviour.36

C12TAB/PAMPS(25%) is an example for a rather hydrophilic system due to the short
aliphatic chain of the surfactant and the quite hydrophilic polyelectrolyte. The interac-
tion between both compounds is rather weak due to the lack of hydrophobic interactions
and weak electrostatic interactions due to the low degree of polymer charge.27
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In case of C16TAB/PSS the hydrophobic interaction is so strong due to the long
aliphatic chain and the hydrophobic polymer backbone that the charges of both com-
pounds are directed towards the solution and the complexes become hydrophilic and
water soluble. That leads to a shift in surface tension to higher values compared to
those of the pure surfactant. For combinations of PSS with either C12TAB or C14TAB
the surface tension is always lower than for the respective pure surfactant system.36

In contrast to PSS, mixtures of C16TAB with PAMPS(25%) and C12TAB/PAMPS(25%)
reduce the surface tension with respect to the pure surfactant system.25 PAMPS shows
much weaker hydrophobic interactions with C16TAB than PSS, which makes the com-
plexes much less hydrophilic.

The concentration of the polymer has a more complex impact on the point of ag-
gregation: in general the surface tension at a fixed polyelectrolyte concentration de-
creases monotonously or remains constant with increasing surfactant concentration.
However, in the dilute concentration regime of the polyelectrolyte (far below 10−3

M) another phenomenon occurs: when the surfactant concentration has reached the
described plateau (close to cac) the surface tension starts to increase again and fi-
nally collapses on the isotherm of the pure surfactant. This is more pronounced for
surfactants with a long hydrophobic tail. For instance, fully charged PAMPS shows
this non–monotonous behaviour in the low concentration regime in combination with
C16TAB, whereas the maximum becomes smaller with C14TAB and almost vanishes
with C12TAB. So far, this has only been observed for highly charged polyelectrolytes,
while 25 % charged PAMPS in combination with C16TAB does not show this non–
monotonous behaviour. The starting point of this rise in surface tension is shifted to
lower surfactant concentrations when the amount of polymer is reduced. Taylor et al.37

propose a complex ordering of the surface complexes including the formation of mul-
tilayers in this concentration regime. These structures are described as several layers
with different polyelectrolyte/surfactant compositions, usually a surfactant monolayer
with up to 8 mixed layers underneath.24,37,38 These results are supported by neutron
reflectivity experiments. Surface tension measurements indicate a long equilibration
time (more than one hour) of the surface in this concentration regime, which might be
a hint for the formation of a multilayer at the surface.

Above the cac it is not possible to form homogeneous foam films due to the aggregates
that are trapped in the film.

The surfactant/polymer ratio has an important influence on the surface tension as well.
At ratios close to 1, Monteux et al.39 observed very hydrophobic complexes in their
surface tension measurements for C12TAB/PSS system. These findings are supported
by surface rheology studies40–43 where the surface shows high elasticity, which indicates
a large amount of material at the interface. It was even proposed that surface tension
is just a question of polymer/surfactant ratio36 due to the fact that the surface tension
was constant when plotted versus the ratio.

The surface tension of C12TAB/PSS mixtures depends on PSS concentration. With
decreasing polymer concentration the cac decreases. These findings are in contrast to
the results for C12TAB/PAMPS(25%), where all surface tension measurements collapse
on one curve in a polyelectrolyte concentration regime of 0.3 to 3 mM.27 This means
that the surface tension is not dependent on the polyelectrolyte concentration in that
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case. It is not fully clarified, if the difference in charge density or the hydrophobicity
of the polymer backbone is responsible for that difference.

The characterisation of the surface complexes has been the subject of many studies in
the past years. Concerning foaming and foam film stability, it is hard or even impossible
to make predictions only from the surface coverage, i.e. surface tension.44

2.2.4 Mixtures of nonionic surfactant and charged
polyelectrolytes

The addition of positively charged polyelectrolyte like PDADMAC to an aqueous solu-
tion of nonionic surfactants like C12G2 has only a minor effect on the surface tension.
This indicates that no surface-active complexes are formed in the mixture. A slight
decrease in surface tension can be explained by the adsorption of the hydrophobic
polyelectrolyte backbone to the surface. As described above, the water/air interface
is assumed to be negatively charged due to OH− adsorption, which could enhance the
adsorption of the polyelectrolyte.15

The corresponding foam films of these mixtures show a NBF transition at rather low
disjoining pressures (≈ 800 Pa). The formation of a CBF can be explained by the
electrostatic repulsion of the precharged air/water interface. Above a certain pressure,
the cationic polyelectrolyte screens the negative charges at the surface and leads to the
formation of a NBF. After the transition, the newly formed NBF breaks after a short
period of time. It is very unstable compared to the NBFs induced by the addition of salt
or by the increase of surfactant concentration in the case of nonionic surfactant. This
could be due to the fact that the surface coverage is less dense or that the fluctuating
polymer chains disrupt the ordering in the film, which leads to the film rupture.

When the positively charged polyelectrolyte is exchanged by a anionic polymer like
PSS, no NBF transition can be observed before the film rupture at ≈ 6000 Pa. This
is a hint for a stronger electrostatic repulsion in case of C12G2/PSS compared to
C12G2/PDADMAC due to the addition of negative charges to the system.

2.2.5 Stratification phenomena

One of the main topics in the investigation of foam films containing polyelectrolytes is
the discontinuous thinning of a film, the stratification process. This stepwise thinning
of the foam film is observed below the cac in the semidilute concentration regime of the
polyelectrolyte.45 Stratification occurs due to an oscillation of the disjoining pressure
in the film and is assumed to be originated in a transient polyelectrolyte network that
is formed in the film core above c*.46–49 It is assumed that layers of the network are
pressed out of the film when the applied pressure is increased. This is an irreversible
process, since it is not possible to go back to another branch of the oscillation when
the pressure is reduced. The steps in thickness follow a power law that scales with
∆h ∝ c−1/2 for linear polyelectrolytes and ∆h ∝ c−1/3 for branched polymers like
PEI.50 In case of a linear polymer, this corresponds to ξ the mesh size of the polymer
network that is formed in the bulk.22,51,52

The stratifications are affected by the salt content of the solution and the degree of
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Figure 2.6: Sketch of a growing domain of the radius R; the film thickness equals h0

inside the domain and h∞ at infinity; the film tension difference between
the inside and the outside results in a rim with height h1; material trans-
port is marked by black arrows.

charge of the polyelectrolyte. The addition of salt reduces the disjoining pressure at
which the stratification is induced and, above a threshold concentration, suppresses the
occurrence of the steps in the film. In the case of charged polyelectrolytes, the step size
remains constant down to the Manning threshold. However, for polyelectrolyte with a
lower degree of charge, the step size increases and all steps take place simultaneously
at a very low disjoining pressure.46,53,54 Nonionic polymers induce no stratification at
all.

The formation of the network of polymer chains has been widely discussed in literature.
The question has been arisen if it is really a network that is formed in confinement or
if there rather is a layering of the polymers with a pronounced alignment parallel to
the surface.51,55,56 Fluorescence measurements57 of pyrene-labeled PAA58 have shown
that there indeed is a layer wise arrangement but with a distance between the layers
that corresponds to a random polymer network in the respective bulk phase.

Backbone rigidity also plays an important role in the stratification process. For flexible
polyelectrolytes the force oscillation can be observed as long as the velocity of the two
approaching surfaces is not too fast.56 More rigid polymers show stratification only
when the viscosity of the solution is large enough so that the network has time to
adjust, otherwise no stepwise thinning can be observed.

The choice of the surfactant has no detectable influence on the structuring of the poly-
electrolyte chains within the film core, which leads to a fixed period of force oscillation
at a certain polyelectrolyte concentration independent on the surfactant type.15,59 This
means that the interaction between the polyelectrolytes and surfactant molecules can
be neglected with respect to their effect on structural forces. For example, the dis-
joining pressure isotherms of free-standing aqueous films containing the polycation
PDADMAC in combination with either nonionic C12G2 or positively charged C16TAB
both show stratification.15 The results confirm that the surfactant has no influence on
the step size, and therefore, on the structuring of the polyelectrolytes within the film.
Beside the charge also the elasticity of the interfaces has no effect on the structural
forces. The force oscillations in films of polyelectrolyte solutions were not only mea-
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sured in foam films, but also in wetting films60 and between two solid interfaces in an
AFM.55,61 The period of the pressure oscillation remains constant in all cases.

In contrast to that, the interactions between polyelectrolyte and surfactant do affect the
velocity of the stratification. The stratification process starts with small discontinuities
in the film thickness, visible as small dark dots spreading over the hole film. The
velocity of the growth of these domains depends on the boundary conditions of the
surface. When the polyelectrolyte is linked to the surface, the domain growth is much
slower than in the case of a depleted interface.62,63 The reasons for this could be that
the polyelectrolytes chains dangling from the surface slow down the domain growth
process. The driving force of this domain growth is the difference in film tension ∆σ
between the two film parts. The film tension in the inner part of the domain is smaller
than that of the thicker film,64 and as the system favours the lower energy state of the
inner part the domains are enlarged. ∆σ is assumed to result in an increase in the
film thickness of the rim surrounding the domain so that h1 is a material constant (cf.
Fig. 2.6).
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3.1 Materials

3.1.1 Surfactants

The cationic surfactants tetradecyl trimethyl ammonium bromide (C14TAB) and dode-
cyl trimetyl ammonium bromide (C12TAB) were both purchased from Sigma-Aldrich
(Steinheim, Germany) and recrystallised at least 3 times from acetone with traces of
ethanol. All solutions were prepared from Milli-Q water (resistivity 18.2 M Ω cm−1)
with a surfactant concentration of 10−4 M unless it is stated otherwise. This concentra-
tion is well below the cmc of both surfactants (3.5×10−3 M for C14TAB and 1.5×10−2

M for C12TAB).
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Figure 3.1: Chemical structure of a) C14TAB and b) C12TAB.

The anionic surfactant sodium decyl sulfonate (C10SO3) was purchased from Sigma-
Aldrich and recrystallised 3 times from ethanol with water. It was used in a concen-
tration regime of 10−6 to 10−1 M and has a cmc of 4× 10−2 M.
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Figure 3.2: Chemical structure of C10SO3.
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Figure 3.3: Chemical structure of a) PAMPS, b) (PTRIS-co-AMPS) and c) PSS.

3.1.2 Polyelectrolytes

The anionic poylelectrolytes poly(acrylamido methyl propanesulfonate) sodium salt
(PAMPS) and poly([tris (hydroxymethyl)methyl]acrylamide co acrylamido methyl pro-
panesulfonate) sodium salt (PTRIS-co-AMPS) were prepared by an aqueous free-
radical polymerisation.65 The first was synthesised with a nominal degree of charge
of 100 % while the latter has a nominal charge fraction of 60 %. In this theses it is
refered to as PAMPS 60%. Both polyelectrolytes were received from Sebastien Gar-
nier and André Laschewsky (IAP, Universität Potsdam) and were used without further
purification.

Poly(styrene sulfonate) sodium salt (PSS) was purchased from Aldrich (Steinheim,
Germany). In this work, PSS was used with different molecular weights, namely with
MW = 70000, 13000, and 4300 g/mol. This corresponds to a polyelectrolyte chain
length of 340, 60, and 20 monomer units, respectively, so that they are referred to as
PSS, PSS60 and PSS20. Prior to use, the polyelectrolytes were purified with a ultra
filtration cell with a cut-off membrane of 20000 Da for PSS and a cut-off membrane of
1000 Da for PSS60 and PSS20, respectively, to remove all low weight impurities.

The polyelectrolyte concentration was varied between 10−5 to 10−3 monoM. All given
concentrations are related to the respective monomer concentrations.

3.1.3 Salts and Monomers

The monomers sodium styrene sulfonate (NaSS) and acrylamido methyl propanesul-
fonic acid (AMPS) were purchased from Sigma-Aldrich (Steinheim, Germany) and used
as received. To get the sodium salt of AMPS, the acidic stock solution was neutralised
with an appropriate amount of 0.1 M NaOH. Sodium chloride (NaCl) from Merck
(Darmstadt, Germany) was rosted at 500 ◦C to remove all organic impurities.
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3.2 Methods

3.2.1 Thin Film Pressure Balance (TFPB)

A common method to measure disjoining pressure isotherms is the Thin Film Pressure
Balance (TFPB). It was first developed by Mysels and Jones,66 later improved by
Exerowa67,68 and allows the formation of horizontal, free-standing foam films.

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 (the so-called Scheludko cell). This method has strong
limitations regarding the applicable disjoining pressure range due to the low capillary
entry pressure of the hole. Furthermore, the hole connecting the film to the bulk liquid
in the capillary prevents an equal drainage of the film. These limitations are overcome
by the development of the porous plate technique, proposed by the groups of Mysels
and Exerowa.69,70 In this technique, the film is formed in a hole with a diameter of ≈
1 mm, that is drilled into a porous glass disc with a pore size of 10-15 µm (porosity
P4), which allow capillary entry pressures up to 10000 Pa.

Fig 3.4 shows the setup of the home-built TFPB used in this thesis. It consists of a
stainless steal measuring cell that is equipped with a quartz glass window to monitor
the film and temperature control. The film holder is placed in the sealed cell and
connected to the ambient reference pressure. A reservoir of the sample solution is
located in the cell to provide a saturated vapor atmosphere during the measurement.
The measuring chamber is placed on a vibration isolated table. The applied pressure is
adjusted via a motor-driven syringe pump and controlled by a computer. To minimize
the error during the measurement, two differential pressure transducers (DPT)(MKS
Instruments, München, Germany) are used, one for low pressures up to 1000 Pa and
the second for measurements between 1000 and 10000 Pa. Since the DPTs have an
error of 0.3 % of their full range, this setup allows a more accurate measurement in the
low disjoining pressure regime. The increase of the gas pressure in the chamber leads
to a flow of the excess liquid from the droplet through the pores of the glass disc, and
the symmetric foam film is formed. At equilibrium, the difference between the inner
and the outer pressure is balanced by disjoining pressure Π. The film is observed with
an optical microscope (Nikon, Düsseldorf, Germany) and illuminated by cold filtered
white light to avoid additional energy input in the system. The reflected light beam
is split into two parts: one part is used to monitor the film with a CCD video camera
(Pulnix Deutschland GmbH, Alzenau, Germany), while the other part is sent through
a narrow band-pass filter (λ = 632 nm) and amplified by a photomultiplier. From the
measured intersity of the reflected light, the film thickness is calculated.

Disjoining pressure

At equilibrium, the disjoining pressure Π is balanced by the capillary pressure and is
directly determined from the difference between the pressure in the film Pfilm and the
pressure of the liquid reservoir Pl:

Π = Pc = Pfilm − Pl (3.1)
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Figure 3.4: Sketch of a Thin Film Pressure Balance.

Since the film has planar surfaces (infinite radius of curvature), the film pressure Pfilm

equals the gas pressure Pg in the cell:

Π = Pg − Pl (3.2)

Pl, the pressure of the bulk liquid is determined by the external reference pressure Pr,
the capillary pressure and the hydrostatic pressure of the liquid in the attached glass
capillary:

Π = Pg − Pr +
2γ

r
−∆ρghc = ∆P +

2γ

r
−∆ρghc (3.3)

∆P , the difference between the pressure in the chamber and the reference pressure and
is directly measured by the differential pressure transducer. The capillary pressure is
determined by γ, the surface tension of the sample solution and the inner radius of the
capillary tube r. The hydrostatic pressure is calculated from the hight 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 acceleration.

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 correlated to the film thickness. The interferometric method developed by
Scheludko71,72 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 the following equation:
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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 wave length of the used interference filter (λ = 632 nm), ns the refractive
index of the sample solution (ns = 1.33) and I the instantaneous light intensity. Imax and
Imin are determined during the formation of the film and after film rupture, respectively.
At the maximum, the foam film has a thickness of approximately 118 nm, depending
on the λ 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 eq. 3.4 is slightly thicker than the true film thickness, h,
because the adsorption layers at the film interfaces have a higher refractive index than
the aqueous core.3 It is possible to correct heq by using a three-layer model, taking the
different refracting indices into account. Since the difference in h and heq is relatively
small for CBFs (below 5 %), this correction is only important for very thin films.

Measuring procedure

The used film holders are home-made from porous glass discs (Robu, Hattert, Germany,
diameter = 30 mm, porosity 4) with a hole of 1 mm diameter and a glass capillary (inner
diameter = 3 mm) that was attached to it to connect the system to the outer reference
pressure. Prior to the measurements, the film holder was cleaned 10 times with ethanol
and Milli-Q water and boiled in hot water for several hours. Each film holder could
only be used for one sample system due to adsorption of the charged molecules to the
glass surface. The polyelectrolyte/surfactant and electrolyte/surfactant solutions were
freshly prepared from a stock solution before each measurement. All glassware, except
film holders, was cleaned in a 5 % Q9 solution over night and thoroughly rinsed with
Milli-Q water.

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
immersed into the solution for 2 h to saturate the pores. The immersed film holer
was placed in the sealed measuring cell to get a saturated atmosphere. 30 min before
starting the measurement, the holder was pulled out of the solution to give the surfaces
of the droplet time to equilibrate. In this work, equilibrium measurements have been
carried out. For each data point, the intensity of the reflected light was recorded until
is was constant for 20 min. Each experiment was reproduced at least 3 times at a
temperature of 23 ◦C.
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3.2.2 Surface Characterisation

Surface Tension Measurements

Surface tension measurements have been performed to get more information about the
surface properties of the film. Since it is not possible to measure the surface tension
directly at the film interface, a single air/water interface has been investigated. It
has been assumed that the changes of the surface composition73 that occur during the
approach of the two air/water interfaces upon film formation are only minor, so that
the results of the surface tension measurements can be transfered to the film surfaces.

The surface tension of liquids originates from a difference in the energy state between
the surface molecules and those in the bulk. Molecules that are located at the surface
are only partly surrounded by other molecules, so that they are exposed to a higher
energy compared to the bulk molecules. Since it is more favourable for the system to
be in a lower energy state, the liquid tends to minimize the surface area, so that more
molecules are situated in the bulk solution and less at the surface.74 Hence, work is
required when a new surface with the area A is created:

w =
∫ A

0

γdA = γA (3.7)

with the surface tension γ being the constant of proportionality.75

The addition of even small amounts of surface-active molecules reduces the surface
tension significantly. To get more information about the adsorption of surface-active
components, the surface concentration Γ can be calculated from the surface tension
isotherm by using the Gibbs equation:

Γ = −
1

RT

dγ

dlnc
(3.8)

It works reasonably well for surfactant molecules, for which adsorption is reversible.76

In this work, the surface tension was measured with a K11 Tensiometer from Krüss
(Hamburg, Germany) using the du Noüy ring. This method is based on force measure-
ments of a metal ring made of a thin Pt/Ir wire (with radius R), that is immersed into
the solution and slowly pulled out. The surface tension is obtained from the force that
is necessary to detach the ring from the surface of the liquid.13

γ =
F

4πR
(3.9)

The force F is corrected by the weight of the lamella that is attached to the ring.
Furthermore, it is important to consider twice the length of the wire, since the liquid
touches the inner and the outer part of the ring. This is reflected in the denominator
in eq. 3.9.

All experiments were carried out in a Teflon trough with a diameter of 5 cm at 23◦C.
The trough with the respective sample solution was tempered in the tensiometer for
15 min, and a lamella was pulled out of the solution for 20 min to let the polyelec-
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Figure 3.5: Sketch of a pendant drop.

trolyte/surfactant complexes adsorb at the surface. The surface tension values given
in this study are the average of at least 3 measurements.

Dynamic Surface Elasticity Measurements

To get a deeper understanding of the rheological properties of the surface, surface elas-
ticity measurements were performed, using the oscillating drop method. This surface
rheological approach considers the response of the interfacial tension to the dilational
deformation of the adsorbed layer (expansion and contraction of the surface). There-
fore, the surface area of a drop is changed by generating harmonic oscillations while
simultaneously the surface tension is recorded.

The surface tension of the droplet can be calculated by the analysis of the shape of the
pendant drop. The shape is determined by two competing forces: The gravity, that
elongates the droplet and the surface tension that counteracts the gravity to minimize
the surface of the drop.

The oscillating drop method became accessible when new electronic video cameras were
developed to get images of the pendant drop from which the drop profile coordinates
could be extracted and then fitted by the Gauss-Laplace equation:

∆P = γ(
1

R1

+
1

R2

) (3.10)

The curvature is adjusted such that the difference in the pressure between the two
phases is balanced by the capillary pressure. In the absence of any external forces
other than gravity, this may be expressed by the following expression:

P 0 +∆ρgz = γ(
1

R1

+
1

R2

) (3.11)

where P 0 is the capillary pressure at the drop apex, ∆ρ is the density difference between
the internal and the external phases, g is the gravitational acceleration, and z is the
height of the droplet measured from the reference plane. R1 and R2 are the principal
radii of curvature.77
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In the special case of axis-symmetric droplet, the model shape is calculated from the
Gauss-Laplace equation by using a fourth-order Runge-Kutta integration algorithm.
This is represented in a set of three first-order differential equations:

dx

dS
= cos(ϕ) (3.12)

dz

dS
= sin(ϕ) (3.13)

dϕ

dS
=

1

R1

= ±
∆ρgz

γ
+

2

b
−

sin(ϕ)

x
(3.14)

where S is the arc length to an arbitrary point of the profile, b the radius of curvature
at the apex and ϕ is the normal angle78,79(cf. Fig. 3.5).

The dilational deformation of the droplet causes a change of the surface concentration:
Expansion leads to dilution of the surface layer and hence, to a increase of γ, while the
contraction of the interface results in a decrease of the surface tension. Additionally,
molecular exchange with the adjacent bulk phase can take place.

E is defined by the following equation:80

E =
dγ

dlnA
(3.15)

If a relaxation process occurs during the compression, a compression viscosity can be
introduced additionally to the elasticity. In the case of sinusoidal deformation and
small amplitudes, it is related to the imaginary part of the complex modulus.1

E(ω) = Er + iEi = Er + i2πνη (3.16)

The surface elasticity modulus is calculated from the amplitude ratio of the oscillating
surface tension and surface area, whereas the phase shift between the two determines
the dilational viscosity.77

The surface dilational modulus E is obtained as a function of the frequency ν and the
sinusoidal oscillations of the surface A. At a given frequency, A is described by the
following equation:

A = A0 + Ã sin 2πνt (3.17)

where A0 is the original undisturbed surface area and Ã the amplitude of the area
oscillation. The perturbation produces a harmonic response of the surface tension γ
with the same frequency:

γ = γ0 + γ̃ sin (2πνt+ φ) (3.18)

with γ0 being the surface tension of the undisturbed surface, γ̃ the amplitude of the
surface tension oscillations, and φ the phase shift between sinusoidal disturbance and
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response. This leads to a complex modulus that can be expressed in terms of measur-
able quantities81

E = A0
γ̃

Ã
cosφ+ iA0

γ̃

Ã
sin φ (3.19)

For this technique, the generated harmonic oscillations should not exceed 1 Hz. These
low frequencies guarantee slow perturbations, so that the drop keeps its Laplacian
shape.77,82

Measuring procedure

The surface elasticity measurements were performed at a PAT1 (Sinterface Technolo-
gies, Berlin, Germany) in cooperation with Reinhard Miller from the Max Planck
Institute for Colloids and Interfaces. Before each measurement, the apparatus was
thoroughly rinsed with ethanol and Milli-Q water, and the surface tension of water
was checked to exclude the presence of impurities. The pendant drop was created at
the tip of a capillary by a computer-driven dosing system. The drop was placed in a
closed cuvette with a small reservoir of the sample solution at the bottom to prevent
evaporation. Drop images were acquired with a CCD video camera and from these
images, the surface tension was calculated by the drop shape analysis. After formation
of the droplet, the surface was left to equilibrate for at least 2 h. Then, the harmonic
oscillations of the drop surface area were created with the computer-controlled dosing
system and both, surface area A and surface tension γ were monitored as a function of
time. The frequencies of the oscillation were varied between 0.005 and 0.1 Hz with at
least 6 oscillations per frequency. All measurements were carried out at room temper-
ature. After data acquisition, a fourier transformation was performed and the surface
elasticity was derived by the above described method.





4 Effect of surface charge on foam

film stability∗

Abstract

The present work deals with the control of the stability of ionic surfactant (C14TAB)
foam films by the addition of oppositely charged polyelectrolytes (PAMPS). In the
two cases at low and high polyelectrolyte concentrations, a common black film (CBF)
is formed due to an electrostatic repulsion. At high polyelectrolyte concentrations,
it was assumed that a charge reversal takes place at the film surfaces. But what
happens around the nominal isoelectric point (IEP), where the net charge polyelec-
trolyte/surfactant complexes is close to zero? Is a Newton black film (NBF) formed or
does the film break? Disjoining pressure isotherms show a strong reduction in stability
close to the IEP. The comparison between surface tension and elasticity measurements
and disjoining pressure isotherms leads to a surprising conclusion: The stability of foam
films seems not to be dominated by the net charge of the polyelectrolyte/surfactant
complexes at the surface, which was the former hypothesis, but rather by the overall
excess charge of these complexes within the film.

4.1 Introduction

The properties of foams are of interest for many industrial applications like enhanced
oil recovery and in personal care products and are therefore the subject of many stud-
ies.17 In some processes, foam is desired and in others it should be avoided, which
shows the high impact of the control of foam stability. The addition of polymers plays
an important role e.g. for surface protection and decalcification processes. In order
to control and manipulate the properties of a foam it is essential to understand the
behaviour of the single building blocks, the so-called foam films.

One can distinguish between two different types of films: The common black film
(CBF) that is mainly stabilised by electrostatic forces and that has a thickness of 10-
100 nm and the Newton black film (NBF) which is dominated by steric forces. A NBF
consists only of the two layers of absorbed molecules including their hydration shell.
Hence, its thickness corresponds to twice the surfactant lengths, i.e. about 4 – 5 nm
for surfactants of low molecular weight. All other liquid is pressed out of the film.7

The present chapter focuses on oppositely charged polyelectrolyte/surfactant mixtures,

∗ Similar content has been published in : No Charge Reversal at Foam Film Surfaces after Addition of
Oppositely charged Polyelectrolytes?, N. Kristen, V. Simulescu, A. Vüllings, A. Laschewski, R. Miller
and R. v. Klitzing, J. Phys Chem. B, 2009, 113, 7986-7990
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namely on cationic surfactants and negatively charged polyelectrolytes. When the two
compounds are mixed, highly surface-active complexes can occur. They have been
investigated by means of surface tension measurements,25,27 neutron24,83,84 and X-ray
reflectivity,28,85 ellipsometry26,39 and surface elasticity.31,40,86

Adding polyelectrolytes changes the properties of a foam film significantly. Depending
on the charge combination of both compounds different types of films are formed. So
far, NBFs were only observed for the combination of nonionic surfactant and cationic
polyelectrolyte.15,87 The slightly negatively charged air/water interface8 attracts the
polyelectrolyte and induces the formation of a NBF, but no surface complexes are
formed in this case, which was shown by surface tension measurements.

Likely charged polyelectrolyte/surfactant systems form CBFs due to strong repulsion
between the molecules.49,51,88 The same effect is observed for oppositely charged com-
ponents,45–47 which is counterintuitive. At both low and high polyelectrolyte concen-
trations CBFs are formed due to the electrostatic repulsion. So far, it has been assumed
that the addition of oppositely charged polyelectrolytes below the cac leads to adsorp-
tion of polyelectrolytes and therefore first to a reduction in net charge of the film surface
followed by a charge reversal. Then, the surface charge has the same sign of charge
as the polyelectrolyte, which leads again to a strong repulsion between polyelectrolyte
and the film surfaces and therefore to the formation of a CBF.

The aim of this work is to study the influence of the surface charge on the stability of
the foam films. Especially, the stability close to the nominal IEP in a film containing
oppositely charged surfactants and polyelectrolytes is addressed. At very low surface
net charge, which is assumed to be close to the nominal IEP, two scenarios are possible:
The formation of a NBF or the destabilisation of the film. Starting with pure cationic
surfactant films, the film surfaces are positively charged.89 To get stable films in this
regime, it is important to choose a surfactant with a sufficiently long hydrophobic
chain. For the CnTAB series this is C14TAB or larger.17

To control the surface coverage it is essential to adjust the concentrations such that
the polyelectrolyte concentration is below the critical overlap concentration (c*) and
the surfactant concentration below the critical micelle concentration (cmc). Otherwise
the effects of surface charges would be superimposed by stratification of the film. In
the case of a stratification, the film drains stepwise due to an oscillation of the dis-
joining pressure.15,45,47,48,51 This oscillation is induced by a transient network of the
polyelectrolyte chains in the film core and by the layering of micelles, respectively.
This phenomenon corresponds to the findings in polymer bulk solutions88 and can be
generalised for many different types of polyelectrolytes. It does not depend on the
choice of the surfactant and can also be found between two solid surfaces.52

In addition, above a certain concentration, the so-called critical aggregation concen-
tration (cac), polyelectrolyte and surfactant start to form pronounced bulk aggregates
which lead to inhomogeneous films.22,45 To avoid this, it is crucial that the concen-
trations of both compounds are adjusted in a way that they are below the cac in the
whole concentration regime.

To get a deeper insight into the behaviour of the films and the complex formation in
the solution bulk and at the interfaces, disjoining pressure isotherms, surface tension
and elasticity were measured.
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Figure 4.1: Disjoining pressure isotherms for C14TAB solutions with PAMPS for dif-
ferent polyelectrolyte concentrations: a) below the nominal IEP of 10−4 M;
b) at and above the nominal IEP; the solid lines correspond to simulations
at constant potential.

PAMPS conc. [monoM] Ψ0 [mV] κ−1 [nm] I [M] ]

no PAMPS 78 29.3 1.0× 10−4

1× 10−5 53 29.0 9.0× 10−5

5× 10−4 75 21.8 1.7× 10−4

1× 10−3 82 16.0 3.0× 10−4

Table 4.1: Summary of the surface potentials Ψ0 from the simulation of the disjoin-
ing pressure isotherms of PAMPS/C14TAB films; the Debye length κ−1 is
calculated from a fit of the experimental data with a exponential decay func-
tion of first order, the ionic strength I is derived from the simulation of the
surface potential.

4.2 Results

We have investigated polyelectrolyte/surfactant solutions of a fixed surfactant concen-
tration and variable polyelectrolyte concentration. The polyelectrolyte concentration
was varied between 10−5 M and 10−3 M whereas the surfactant concentration was
fixed at 10−4 M. All polyelectrolyte concentrations given in this paper refer to the
concentration of monomer units and are below the cmc, the cac and c*.

Fig. 4.1 shows the disjoining pressure isotherms of C14TAB solutions at different
PAMPS concentrations. At low disjoining pressure the film thickness is about 100
nm. The stability of the isotherms below the nominal IEP at a polyelectrolyte con-
centration of 10−4 M decreases with increasing PAMPS concentration from a rupture
pressure of 900 Pa for the pure surfactant film to 300 Pa at a concentration of 5×10−5

M PAMPS. At 7.5×10−5 M PAMPS it is not possible to form stable films at all. With
further increase of the polyelectrolyte concentration the films get even more stable (up
to 1600 Pa at 10−3 M PAMPS).

Due to the number of data points, it was only useful to do simulations for the most
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Figure 4.2: Stability of C14TAB/PAMPS films; maximum disjoining pressure Πmax

before film rupture versus polyelectrolyte concentration; the dashed line
corresponds to the stability of the pure surfactant film at 10−4 M.

stable films at PAMPS concentrations of 0, 10−5, 5×10−4 and 10−3 M. The simulations
were done at constant potential with the PB program version 2.2.1,12 solving the non–
linear Poisson–Boltzmann equation. The results are summarised in Table 4.1. The
value for the ionic strength of 3.0 × 10−4 M in case of a PAMPS concentration of
10−3 M indicates that every third monomer unit of the polyelectrolyte is dissociated
which is in good agreement with the Manning concept of counterion condensation.
At a PAMPS concentration of 10−5 M, the ionic strength might be dominated by the
C14TAB concentration of 10−4 M, which is reflected in a similar value for the ionic
strength as for the pure C14TAB film.

To illustrate the stabilities of the disjoining pressure isotherms, Fig. 4.2 shows the
maximum pressure that can be applied before film rupture in dependence of the poly-
electrolyte concentration. The point of destabilisation (Πmax = 0 Pa) is at a PAMPS
concentration of 7.5 × 10−5 M, i.e. slightly below the nominal IEP and splits the
graphic into two parts: below this point the film stability decreases, and above it
increases again, even above the stability of the pure C14TAB film.

In Fig. 4.3 the surface tension of the corresponding polyelectrolyte/surfactant solu-
tions is shown. Unlike in former publications28,36,37 where the surface tension is shown
in dependence of the surfactant concentration we focus on measurements at a fixed
surfactant concentration and varied the amount of polymer. Obviously, the surface
tension strongly depends on the PAMPS concentration and shows a non-monotonous
behaviour. For the better understanding we divide the curve into three different con-
centration regimes. In the first regime below the IEP the addition of even very small
amounts of PAMPS strongly affects the surface tension. At the lowest measured con-
centration of 10−5 M the surface tension is already lowered to 55 mN/m and reaches
its minimum close to 10−4 M. In the second regime just above the IEP, the surface
tension increases again and reaches a value close to that of the pure surfactant (about
70 mN/m). In the third regime, the surface tension decreases again with increasing
polyelectrolyte concentration.
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Figure 4.3: Surface tension of C14TAB/PAMPS solutions with fixed surfactant (10−4

M) and variable PAMPS concentration; the dashed line corresponds to the
surface tension of the pure surfactant.

The surface elasticity correlates with the surface tension and again three different
regimes can be distinguished (cf. Fig. 4.4). Low surface tension values indicate a high
amount of material at the interface which leads to highly elastic surfaces whereas sur-
faces with less material and hence high surface tension are less elastic. At a PAMPS
concentration of 10−6 M the elasticity is very low and corresponds to the value of the
pure surfactant solution. With increasing polyelectrolyte concentrations the elastic-
ity increases strongly and reaches its maximum at 50 to 60 mN/m close to the IEP.
Furthermore, the elasticity range over the frequencies broadens in this concentration
regime. Above the IEP, there is a sudden drop to low surface elasticities which is
in agreement with the surface tension measurements. After reaching a minimum the
elasticity rises again with increasing polyelectrolyte addition.

4.3 Discussion

The aim of this work was to study the stability of foam films formed from aqueous
mixtures of oppositely charged surfactant and polyelectrolytes. The disjoining pres-
sure isotherms of the film, surface tension and elasticity of the respective air/liquid
interface show non-monotonous characteristics in dependence of the polyelectrolyte
concentration with a reversal point close to the nominal IEP.

4.3.1 Below the nominal isoelectric point.

Below the nominal IEP (10−4 M) the surfactant concentration exceeds the concen-
tration of the polyelectrolyte monomer units. The counterions of the polyelectrolyte
are exchanged by the surfactant molecules which is energetically favorable for the
surfactant due to the resulting decrease of electrostatic repulsion between the surfac-
tant head groups at the surface. The release of the counterions additionally increases
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Figure 4.4: Surface elasticity of C14TAB/PAMPS solutions with fixed surfactant
(10−4 M) and variable PAMPS concentration at different frequencies; the
dashed line corresponds to the elasticity of the pure surfactant and the
mixture with 10−6 M PAMPS.

their entropy.27 This exchange leads to polyelectrolyte/surfactant complexes which are
hydrophobic and therefore surface-active. This is supported by a decreasing surface
tension and an increasing elasticity below the IEP. It is noteworthy that pure surfac-
tant or pure polyelectrolyte solutions within the studied concentration regime show a
surface tension similar to pure water. However, below the IEP the kinetics are very
slow and hence the equilibration times are very long. This is visible as a frequency
dependence of the elasticity. The excess of surfactant suggest that the net charge of
the surface is positive. From the isotherms a surface potential of 52 mV was calculated
for a PAMPS concentration of 10−5 M and the resulting electrostatic repulsion of the
interfaces induces the formation of a CBF. The stability of the films decreases towards
the IEP.

4.3.2 At the nominal isoelectric point.

At this point the concentration of the polyelectrolyte segments equals the surfactant
concentration. As shown in Fig. 4.2, the absence of charge and the resulting electro-
static repulsion of the interfaces leads to the destabilisation of the film and not to
the formation of an NBF. The hydrophobic polylectrolyte/surfactant complexes are
located at the surface. Hence, a low surface tension and a high surface elasticity can
be observed. However, the solutions do not get turbid and there is no precipitation of
aggregates so that we get homogeneous films for all solutions. The results show that
the minimum in surface tension, the maximum in surface elasticity and the point of
destabilistaion coincide at a polyelectrolyte concentration of 7.5×10−5 M. This charac-
teristic point slightly below the nominal IEP, and the shift might indicate a dissociation
degree of the surfactant of less than 100%. At a concentration of 10−4 M PAMPS stable
CBF can be formed, the surface tension increases and the elasticity slightly decreases.
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4.3.3 Above the isoelectric point.

In the concentration regime between 10−4 M and 10−3 M PAMPS there is an excess
of polyelectrolyte segments in the solution. Not every charge of the anionic poly-
mer chains can be neutralised by a surfactant molecule so that the net charge of the
complex is assumed to be negative. Due to the fixed surfactant concentration less
C14TAB molecules decorate one polyelectrolyte chain. Altogether this makes the poly-
electrolyte/surfactant complex more hydrophilic and less surface-active as shown by
the re–increase in surface tension and the drop of the surface elasticity which both
indicate less material at the interface. This phenomenon is also observed by Mon-
teux et al.33 and and Taylor et al.37 Both quantities go back close to the values of the
pure surfactant and the equilibration times are much shorter (no frequency dependence
of the elasticity). These findings indicate that most of the polyelectrolyte/surfactant
complexes are released from the surface and that a thin surfactant layer and, if at all,
a small amount of polyelectrolytes covers the surface.

On the other hand, the foam film stability increases in this concentration regime and
gets even higher than for the pure surfactant film. That means that the stability cannot
arise only from the described surfactant layer but also from an additional contribution
from the negatively charged polyelectrolyte within the film bulk. The calculation of
the surface potential from the disjoining pressure simulation gives a value of 83 mV
for a PAMPS concentration of 10−4 M which is higher than the potential of the pure
surfactant film (78 mV). It seems to be an effective surface potential since it does
not reflect only the potential at the surface but includes all charges of the system
(which are projected onto the surface). In contrast to salts of low molecular weight
the polyelectrolyte does not screen the charges but increases the repulsion. Altogether
this is an indication that the polyelectrolyte within the film bulk is involved in the
stabilisation of the films as well and that the picture of the charge reversal of the
interface might be too simple.

As mentioned earlier in the concentration regime above the IEP, the surface tension
and the elasticity do not remain constant. So far, the reasons are rather speculative. At
PAMPS concentrations higher than 10−3 M the critical overlap concentration is reached
and a network is formed in the film core52 which leads to stratification of the film.
The stratification is related to an oscillation in polyelectrolyte concentration57 within
the film, which might start at concentrations slightly below the concentration, where
stratification can be observed. We suggest that the surfactant is unequally distributed
over the network of polymer chains. Those at the borders of the network might carry
more surfactant molecules since they are close to the surface. The additional C14TAB
molecules hydrophobise the polyelectrolyte/surfactant complexes so that they get again
surface-active. That would explain both the second decrease in surface tension as well
as the increase in surface elasticity. The phenomenon of the decrease in surface tension
is also observed for other polyelectrolytes.47

4.3.4 Foam film stabilities.

As mentioned earlier the reduction of charge induces the destabilisation of the film.
Comparing the stability curve on one hand with the surface tension and elasticity on the
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other hand one can easily see that they do not correlate with each other. Usually, a low
surface tension or an elastic surface would increase the stability. Moreover, the stability
of the films seems to depend only on the excess charge of the polyelectrolyte/surfactant
system but not on the surface charge as there is no implication of a high polyelectrolyte
surface coverage for the most stable film.

4.4 Conclusions

The results of the present chapter show that the reduction of the charge due to poly-
electrolyte/surfactant complexation in the foam film leads to strong reduction in their
stability. The minimum in stability of films containing surfactants and oppositely
charged polyelectrolytes occurs around the nominal IEP of the system. Below the IEP
the reduction in net surface charge is explained by the adsorption of polyelectrolytes at
the surface and the formation of surface-active surfactant/polyelectrolytes complexes.
This increase of material leads to a decrease in surface tension and an increase in sur-
face elasticity. The increase in film stability above the IEP cannot be simply explained
by a charge reversal at the interface due to an excess of polyelectrolytes. On the con-
trary, the increase in surface tension and the decrease in elasticity rather imply a loss in
material. The fact that the stability and the surface potential are higher than far below
the IEP indicates that the excess of polyelectrolytes within the film core contributes
to the electrostatic repulsion rather than to a screening.



5 Effect of surfactant and

polyelectrolyte hydrophobicity∗

Abstract

The present study focuses on the stability control of foam films from oppositely charged
polyelectrolyte/surfactant mixtures, namely, on the cationic surfactant dodecyl trimeth-
yl ammonium bromide (C12TAB) mixed with highly negatively charged polyelectrolytes.
The excess charge of the polyelectrolyte/surfactant complexes can be tuned by varying
the polyelectrolyte concentration so that foam films around the IEP can be stud-
ied. The measurements of the disjoining pressure isotherms show that the polyelec-
trolyte/surfactant ratio has an important influence on film stability, with a stability
minimum close to the IEP and very stable films above that point. However, in the
concentration regime in which the most stable films are formed, the surface coverage is
very low, implying that the overall charge of the polyelectrolyte/surfactant complexes
in the film dominates the film stability and not the complexes at the surface. Compar-
ison with a previous work showed that the choice of surfactant plays an important role
for tuning the foam stability while the type of polyelectrolyte has only a minor impact.

5.1 Introduction

Foams are dispersions of air in water and are widely used in industrial applications
such as enhanced oil recovery and in personal care products. Depending on the field
where it is applied, the foam should be either very stable or completely avoided. The
stability of the foam depends essentially on the stability of the thin films that separate
the dispersed phase, so that it is crucial to understand the properties of the single
foam films. These films are stabilised by an excess pressure normal to the interfaces,
the disjoining pressure. Depending on the origin of this force, two different film types
can be distinguished: If electrostatic repulsion is the main force, a rather thick common
black film (CBF) is formed. It has a thickness of about 100-10 nm and appears light or
dark grey, depending on the respective film thickness. In case of a Newton black film
(NBF), the film is mainly stabilised by steric forces and appears black due to its small
thickness. This film type consists only of two layers of surfactant molecules, including
their hydration shell, while all other liquid is pressed out of the film. That explains
the thickness of about 5 nm, which corresponds to twice the length of a low molecular
∗ Similar content has been published in : Foam films from oppositely charged polyelectrolyte/surfactant
mixtures: Effect of polyelectrolyte and surfactant hydrophobicity on film stability, N. Kristen, A.
Vüllings, A. Laschewski, R. Miller and R. v. Klitzing, Langmuir, 2010, DOI: 10.1021/la1002463
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weight surfactant.7

The addition of polyelectrolytes strongly affects the properties of the foam films. De-
pending on the polyelectrolyte/surfactant mixture, different types of foam films can
be observed: Likely charged components form CBFs due to the repulsion between the
molecules at the interface and in the film core.49,51,88 The same happens for oppositely
charged mixtures in the semidilute concentration regime where surfactant/polyelectroly-
te complexes are formed at the surface that can repel the polyelectrolytes in the
core.45–47 The only case where a NBF has been observed so far has been that of mixtures
of nonionic surfactant and positively charged polyelectrolyte.15,87 This is related to the
fact that the air/water interface is sightly negatively charged8 so that the polycation
is attracted by the surface.

In the semidilute concentration regime, above a certain polyelectrolyte concentration,
a stepwise thinning of the film thickness occurs. This so called stratification process
arises from an oscillation of the disjoining pressure, that is originated from a transient
network formed by the polyelectrolytes in the film core.15,47,48,50,51,53,57 This network is
concentration-dependent and is only formed when the critical overlap concentration,
c*, is reached. These results are in agreement with findings in bulk solutions52,88 and
can be generalised for many different polymers. When the pressure that is applied
to the films is increased, layers of the network can be pressed out of the film. This
phenomenon is independent of the surfactant type and can also be found between solid
surfaces.52

In the present study, we focus on foam films from oppositely charged polyelectrolyte/sur-
factant mixtures. Above the critical surface aggregation concentration (csac), highly
surface-active complexes are formed from the two components.21,22 This occurs already
at low polyelectrolyte concentrations, far below the concentration where aggregates are
formed in the bulk (critical aggregation concentration, cac). These surface complexes
have been the subject of many studies and have been characterised, for example, by
means of surface tension,25,27 elasticity measurements,31,40,86 or various types of reflec-
tivity methods.24,26,28,39,84,85 In this work, we concentrate on mixtures from positively
charged surfactants and negatively charged polyelectrolytes. Foam films with high poly-
electrolyte concentrations are already well established, and the same applies to pure
surfactant films. In both cases, CBFs are formed given that the surfactant can stabilise
the film. We investigate the foam film properties between these two points, starting
at very low polyelectrolyte concentrations up to concentrations where the amount of
polymer exceeds that of the surfactant. In the beginning, the positive charge89 of the
surfactant dominates the film, while at high polyelectrolyte concentrations there is an
excess of negative charges from the polymer. However, in between, there is a point,
where the charge of one component is compensated by the other. In that case, at the
IEP, where the repulsion is reduced, two scenarios are possible: the transition to a
NBF or the destabilisation of the film.

In chapter 4, foam films from C14TAB/PAMPS mixtures were studied. C14TAB is the
shortest surfactant in the CnTAB series that forms stable films,17 which makes it possi-
ble to investigate the whole concentration regime from films of pure surfactant solutions
to those with a high amount of polymer. The stability of the foam films showed a clear
dependence on the polyelectrolyte/surfactant ratio. At the IEP, it was not possible to
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form stable films at all, but once the IEP was crossed, the stability of the foam films
increased again, even beyond that of the pure surfactant film. Surprisingly, the surface
tension as well showed a breaking point just above the IEP, indicating a release the
the polyelectrolyte from the surface. Despite this release of surface complexes above
the IEP, very stable films are formed in this concentration regime. This leads to the
conclusion, that the overall charge in the system, including all charges of the surfactant
and the polyelectrolyte at the surface and in the film bulk, is crucial for the stability
and not only the surface charge, which has been the former assumption.

In the following, the effect of the hydrophilic/hydrophobic balance of the system on
film stability is discussed. For this reason, the influence of another surfactant, namely
C12TAB, is investigated and the effect of polymer hydrophobicity is tested by exchang-
ing PAMPS by PSS.
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Figure 5.1: Disjoining pressure isotherms of C12TAB/PAMPS solutions with a sur-
factant concentration of 10−4 M and different PAMPS concentrations: a)
below the nominal IEP; b) at and above the nominal IEP. The solid line
corresponds to the simulation of the isotherm with constant potential; for
the sake of clarity, only some of the simulated isotherms are shown in the
graph.

5.2 Results

In the present chapter, we have investigated polyelectrolyte/surfactant mixtures of a
fixed surfactant concentration and variable polymer concentration. It is important that
the concentration regime is chosen in a way that it is well below the cmc, cac and c*.
Otherwise, these effects could interfere with the effect of the charge in the system, which
is the focus of this study. The surfactant concentration was fixed at 10−4 M, which
leads to a nominal IEP of 10−4 M in all experiments. The polyelectrolyte concentration
is varied between 10−5 M and 10−3 M and refers to the concentration of monomer units
(monoM).
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Figure 5.2: Stability of the polyelectrolyte/surfactant films; maximum disjoining pres-
sure Πmax before film rupture versus polyelectrolyte concentration at a
fixed surfactant concentration of 10−4 M.

5.2.1 C12TAB/PAMPS mixtures

C12TAB, unlike C14TAB, cannot form stable films from pure surfactant solutions due
to its shorter hydrophobic tail and the resulting lower Gibbs elasticity.17 Only the
addition of a certain amount of polyelectrolyte to the system allows the formation of
stable films with C12TAB which makes it impossible to study foam films at very low
polymer concentrations. Fig. 5.1 shows disjoining pressure isotherms at a surfactant
concentration of 10−4 M with a varied PAMPS concentration. The isotherms are
divided into two groups: Fig. 5.1a shows isotherms below the nominal IEP, while
Fig. 5.1b shows those at and above the nominal IEP. At first, the two groups seem
to behave very differently, but a close look reveals the striking fact that all isotherms
start at a equilibrium thickness of about 100 nm at low disjoining pressures, regardless
of which amount of polyelectrolyte is added. This means that the isotherms coincide
and differ only in slope and maximum pressure (Πmax). The first effect is related to the
ionic strength in the system, since the slope increases with increasing ion concentration.
The stability is defined as the maximum pressure that can be applied to the film before
rupture.

In case of C12TAB/PAMPS mixtures, a minimum concentration of at least 3× 10−5 M
PAMPS is needed to get a stable foam film with a maximum pressure of 300 Pa. An
increase in polyelectrolyte concentration leads at first to an increase in stability to 500
Pa, but at 7.5× 10−5 M PAMPS, close to the nominal IEP of 10−4 M, the stability
decreases again to 300 Pa. At concentrations of 10−4 M or higher, very stable films are
formed, with an increase in stability from 1800 Pa at 10−4 M to 4000 Pa at 10−3 M
PAMPS. These results are summarised in Fig. 5.2, which illustrates the film stabilities
by ploting the maximum pressure Πmax versus the polyelectrolyte concentration. This
stresses the enormous stability increase to 4000 Pa above the IEP compared to 500 Pa
below and shows the stability minimum at 7.5× 10−4 M.

To get more information about the surface potentials, simulations of the disjoining
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pressure isotherms of the respective mixtures were performed. The simulations were
done at constant potential with the PB program version 2.2.1 by Per Linse et al.,12

solving the nonlinear Poisson-Boltzmann equation. The results of the simulations are
summarized in Tab. 5.1 and compared to the Debye length and the corresponding
ionic strength calculated from the experimental data. The simulations of the disjoining
pressure isotherms gave surface potentials between 52 and 62 mV below the IEP with
a slight decrease at the stability minimum. The respective ionic strengths were close to
10−4 M, indicating that the surface potential in this concentration regime is dominated
by the surfactant. The surface potentials of the foam films above the stability minimum
are much higher, starting at 82 mV for 10−4 M PAMPS up to 92 mV at 10−3 M. The
ionic strengths that were used for the simulation, were 1.2× 10−4, 2.0× 10−4, and
3.0× 10−4 M. The values used for the simulations are in good agreement with the
Manning concept of counterion condensation which predicts, that around every third
polymer segment is dissociated.

PAMPS conc. [monoM] Ψ0 [mV] κ−1 [nm] I [M]

3× 10−5 52 30.7 9.0× 10−5

5× 10−5 62 29.7 1.0× 10−4

7.5× 10−5 60 29.0 1.1× 10−4

1× 10−4 82 25.1 1.2× 10−4

5× 10−4 87 20.7 2.0× 10−4

1× 10−3 92 17.7 3.0× 10−4

PSS conc. [monoM] Ψ0 [mV] κ−1 [nm] I [M]

1× 10−5 47 29.7 8.0× 10−5

5× 10−5 62 26.0 9.0× 10−5

7.5× 10−5 60 25.6 1.0× 10−4

1× 10−4 70 24.6 1.2× 10−4

5× 10−4 75 19.6 1.9× 10−4

1× 10−3 85 16.9 3.0× 10−4

Table 5.1: Summary of the surface potentials Ψ0 from the simulation of the disjoining
pressure isotherms of polyelectrolyte/C12TAB films; the Debye length κ−1

is calculated from a fit of the experimental data with a exponential decay
function of first order, the ionic strength I is derived from the simulation
of the surface potential.

To gain a deeper insight in the surface coverage and its correspondence to foam film
stability, surface tension and elasticity measurements were performed. The surface
tension measurements in Fig. 5.3 show a lowering of the surface tension below the IEP
compared to the pure surfactant. At a PAMPS concentration of 10−5 M, the surface
tension is already decreased to 66 mN/m and a minimum of 63 mN/m is reached at
the nominal IEP. Further increase in polyelectrolyte concentration leads to a rise of
the surface tension to a value close to that of the pure surfactant (about 70 mN/m),
indicating a release of material from the surface. Only when the PAMPS concentration
exceeds 10−3 M, the surface tension decreases again, an effect that has been observed
for other polyelectrolytes in this concentration regime as well.47
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Figure 5.3: Surface tension of different polyelectrolyte/surfactant solutions with fixed
surfactant (10−4 M) and variable polyelectrolyte concentration; the dashed
line corresponds to the surface tension of pure C12TAB and C14TAB; the
vertical line illustrates the nominal IEP of the system.

Surface elasticity measurements (cf. Fig. 5.4) support the findings of the surface ten-
sion measurements. At PAMPS concentrations below 10−4 M, the elasticity increases
from 10 mN/m (at 10−5 M) to 25 mN/m (at 5.0× 10−5 M) and remains in this range
until the nominal IEP, suggesting hydrophobic complexes at the surface. Once this
point is crossed, the surface elasticity drops to a low value (5 mN/m), which corre-
sponds to the rise in surface tension described above. After reaching a minimum, the
surface elasticity rises again with increasing polyelectrolyte concentration.

5.2.2 C12TAB/PSS mixtures

To study the effect of the hydrophobicity of the polyelectrolyte, a more hydrophobic
polymer, namely, PSS, has been chosen. This polyelectrolyte is linear and highly
negatively charged and is more hydrophobic than PAMPS, due to the styrene unit in
the backbone.

Disjoining pressure isotherms in Fig. 5.5 show that, in case of PSS, a lower amount
of polyelectrolyte is needed to stabilise the films than in case of C12TAB/PAMPS,
since it is possible to form films already at a concentration of 10−5 M PSS. The film
stability increases from 500 Pa to 1000 Pa at a concentration of 5.0× 10−5 M and
shows a minimum of 800 Pa at 7.5× 10−5 M PSS (cf. Fig.5.2). At polyelectrolyte
concentrations larger than 10−4 M, the foam films are significantly more stable, starting
at 2300 Pa at 10−4 M, up to 5000 Pa at a concentration of 10−3 M PSS. The values
of the surface potential describe well the shape of the film stability curve: Below the
nominal IEP, surface potentials of 47, 62, and 60 mV were simulated for the films with
a polyelectrolyte concentration below the nominal IEP. The assumed ionic strengths
in these simulations are close to 10−4 M, the respective surfactant concentration in the
measurements. With increasing PSS concentrations, the surface potentials increase as
well, from 70 mV at 10−4 M to 85 mV at PSS concentration of 10−3 M. All disjoining
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Figure 5.4: Surface elasticity of C12TAB/PAMPS solutions with fixed surfactant
(10−4 M) and variable PAMPS concentration at different frequencies; the
dashed line corresponds to the elasticity of the pure C12TAB solution; the
vertical line illustrates the nominal IEP of the system.

pressure isotherms have an equilibrium thickness of 90 to 100 nm at pressures of about
200 Pa and get steeper with increasing polyelectrolyte concentration. This effect is
more pronounced for isotherms at and above the nominal IEP and is related to the
increasing ionic strength in the system. The ionic strengths used in the simulations,
summarized in Table 5.1, were very close to the ones of the PAMPS/C12TAB system
and in good agreement with the Manning concept of polyelectrolyte condensation. In
general, the shape of the stability curve of the foam films in dependency of the PSS
concentration resembles that of PAMPS/C12TAB but is shifted to higher stabilities.

The surface tension of the PSS/C12TAB solutions shows basically the same character-
istics as that of the other polyelectrolyte/surfactant mixtures. Below the nominal IEP,
the surface tension is reduced compared to the pure surfactant solution, with a mini-
mum of 60 mN/m at 10−4 M PSS. When the concentration of PSS is higher than 10−4

M, a sudden increase of the surface tension to 70 mN/m occurs and with further addi-
tion of the polyelectrolyte (more than 10−3 M) it decreases again. In the concentration
regime below the IEP, the surface tension is sightly shifted to lower values compared
to that of the PAMPS/C12TAB system, whereas it shows sightly higher values after
an increase of the surface tension. Generally, the release of surface complexes that is
indicated by this rise is more distinct in the two systems with the surfactant with the
shorter hydrophobic tail.

The measurements of the surface elasticity (Fig. 5.6) show a steady rise in elasticity,
beginning at 15 mN/m at 10−5 M PSS and a maximum of 40-45 mN/m at 10−4 M,
which is much higher than the maximum of PAMPS/C12TAB. With increasing PSS
concentration, the frequency dependence of the measurement increases as well. After
the maximum is reached, the elasticity drops to the value of the pure surfactant and
remains constant up to a concentration of 10−3 M, which is consistent with the surface
tension measurements of the respective solutions.
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Figure 5.5: Disjoining pressure isotherms of C12TAB/PSS solutions with a surfactant
concentration of 10−4 M and different PSS concentrations: a) below the
nominal IEP; b) at and above the nominal IEP; the solid line corresponds
to the simulation of the isotherm with constant potential; for the sake of
clarity, only some of the simulated isotherms are shown in the graph.

5.2.3 C14TAB/PSS mixtures

For the sake of completeness, C14TAB/PSS mixtures have been investigated as well,
but it has turned out that it is impossible to form stable and homogeneous films from
these solutions, especially below the IEP. The surface tension measurements (cf. Fig.
5.7) show a very strong reduction in surface tension below the IEP with a minimum
of 42 mN/m. This is the lowest value in all polyelectrolyte/surfactant systems that
we have investigated and indicates a very strong interaction between the surfactant
and the polyelectrolyte at the surface. Just above the nominal IEP, there is a sudden
release of the hydrophobic complexes from the surface and the surface tension rises to
70 mN/m again, which is very close to the value of the pure surfactant. This release is
very sharp, like it is for the case of C12TAB/PSS, and the addition of polymer up to a
concentration of 2.0× 10−3 M does not affect the surface tension significantly. Only at
polyelectrolyte concentrations higher than this, the surface tension starts to decrease
again.

The surface elasticity in Fig. 5.8 shows a non-monotonous behaviour. Even at a
low polyelectrolyte concentration of 10−5 M, the surface is very elastic, with a huge
frequency dependence (50-70 mN/m). With further addition of polyelectrolyte, the
frequency dependence remains but the surface elasticity drops to 10-30 mN/m. At
10−4 M PSS, the nominal IEP, the surface elasticity is maximal, and in contrast to the
lower concentrations the dependence on the frequency is lower. Above this point, the
surface elasticity drops to a value that is almost not detectable anymore and remains
constant in the investigated concentration regime.
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Figure 5.6: Surface elasticity of C12TAB/PSS solutions with fixed surfactant (10−4

M) and variable PSS concentration at different frequencies; the dashed
line corresponds to the elasticity of the pure C12TAB solution; the vertical
line illustrates the nominal IEP of the system.

5.3 Discussion

The focus of this study was the investigation of the properties of foam films from
oppositely charged polyelectrolyte/surfactant mixtures around the IEP. In our former
work, we studied foam films from aqueous PAMPS/C14TAB mixtures.90 The disjoining
pressure isotherms showed a reduced stability with decreasing net charge of the poly-
electrolyte/surfactant complexes and a complete destabilisation close to the nominal
IEP. When this point was crossed, the stability of the foam films increased again (cf.
Fig. 5.2) but the surface characterisation of the respective solutions revealed that this
was not due to a charge reversal at the interface, which has been the working hypoth-
esis so far. Surface tension and elasticity showed that there are indeed surface-active
complexes at the interface below the IEP. However, when the polyelectrolyte concen-
tration exceeds the surfactant concentration, which is the case at concentrations higher
than 10−4 M, the surface tension increases and the elasticity drops, both close to the
value that corresponds to that of the pure surfactant system. This indicates a release
of the complexes from the surface, leaving a more or less pure surfactant layer at the
surface. Only when the polyelectrolyte concentration is increased to the range where
the stratification process starts, surface-active complexes occur again.

Surface tension and elasticity measurements of the surfactant/polyelectrolyte mixtures
that are addressed in this study show the same non-monotonous behaviour. Below the
nominal IEP, more surfactant molecules than polyelectrolyte segments are available.
In this situation, the charges of the polymer units can be complexed by the surfactant,
thereby exposing its hydrophobic tails to the air. This process is driven by the release
of the counterions, which increases the entropy of the system27 and leads to surface-
active complexes that strongly reduce the surface tension. In the concentration regime
above the IEP, the polyelectrolyte concentration exceeds that of the surfactant so that
only part of the polymer segments can be decorated with surfactant molecules. This
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Figure 5.7: Surface tension of C14TAB/PSS solutions with fixed surfactant (10−4 M)
and variable PSS concentration; the dashed line corresponds to the sur-
face tension of the pure C14TAB solution; the vertical line illustrates the
nominal IEP of the system.

results in less hydrophobic complexes that are released from the surface, causing the
increase of the surface tension. At higher polyelectrolyte concentrations, the semidilute
concentration regime is reached and a network of polymers starts to form in the film
core. In that case, the surfactant seems to be unequally distributed over this network
of polymer chains so that some of them carry more surfactant molecules since they are
close to surface. This would explain the reduction in surface tension and the increase
in elasticity in this concentration regime.

5.3.1 Influence of the surfactant

The surfactant C12TAB has considerably different properties than C14TAB. Although
both surfactants have the same surface tension at the investigated concentration, foam
films of the pure surfactant solutions show different properties: C14TAB forms fairly
stable films, while C12TAB cannot stabilise foam films. It has a shorter hydrocarbon
tail, which leads to a higher solubility in water as it is reflected in the cmc that is
almost one order of magnitude higher than that of C14TAB, and in lower adsorption
rates to the surface.91 A study by Bergeron17 showed that the molecular area of a
C12TAB molecule at the surface is significantly higher than that of C14TAB at the
same surfactant concentration close to the cmc and can be explained by stronger van
der Waals forces between the chains in the latter case. This leads to a more loosely
packed C12TAB monolayer at the film surface compared to C14TAB. This very dilute
surface layer in turn results in a lower surface charge for C12TAB films which could
explain the difference in film stability between the two surfactants.

Comparing the shape of the stability graph of the different polyelectrolyte/surfactant
systems, one clearly sees that the shape is mainly dependent on the surfactant type.
In the case of C14TAB, the addition of polyelectrolyte below the IEP leads to the
reduction of the stability, whereas in foam films with C12TAB the films first get more
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Figure 5.8: Surface elasticity of C14TAB/PSS solutions with fixed surfactant (10−4

M) and variable PSS concentration at different frequencies; the dashed
line corresponds to the elasticity of the pure C14TAB solution; the vertical
line illustrates the nominal IEP of the system.

stable when polymer is added. This increase in stability is accompanied by an increase
in surface potential (from 52 to 62 mV in case of PAMPS and from 47 to 62 mV
for PSS), indicating that the polymer contributes to bring material to the surface by
screening the charge of the surfactant, rather than just reducing the charge at the
interface.

The second important difference of the foam film stabilities is the minimum in stability
that is observed close to the IEP. Stable films can be formed at the IEP when C12TAB is
used as a surfactant, whereas in case of C14TAB the film was completely destabilised.
Fig. 5.3 reveals that the reduction in surface tension in this regime is much less
pronounced for C12TAB than it is for C14TAB. This indicates that the complexes that
are formed between the surfactant and the polymer are less hydrophobic and therefore
less surface-active, which suggests that the transport of the material to the surface is
reduced. This could lead to unbound molecules at the surface giving rise to the surface
potential of 60 mV at the point of minimum stability. This value is slightly lower than
that of the foam film with lower polyelectrolyte concentration due to the fact that more
polyelectrolyte/surfactant complexes are formed.

The fact that the observed IEP is slightly below the point, where the ratio of polyelec-
trolyte and surfactant is 1, could have various reasons: for example, the composition
at the surface could be different from that in the bulk solution, or the dissociation
of the surfactant could be incomplete. However, this point of minimum stability was
found to be at a polyelectrolyte concentration 7.5× 10−5 M in all studied polyelec-
trolyte/surfactant systems.
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5.3.2 Influence of the polyelectrolyte

Exchanging the polyelectrolyte has only a small impact on the properties of foam films
with C12TAB. Unfortunately, in this work, only changes of film stability in systems with
this surfactant can be addressed, since it is impossible to form stable and homogeneous
films from PSS/C14TAB solutions.

When the two systems with different polyelectrolytes are compared, one clearly sees
that the film stabilities follow the same trend but that the PSS films are more stable.
However, the simulated potentials of the film surfaces are in the same range for both
polyelectrolytes, implying that this is not due to electrostatic reasons but rather has
another mechanism. PSS, unlike PAMPS, can expose its hydrophobic parts to the
surface, which can have an additional stabilising effect on the films. Below the IEP,
this assumption is supported by a slightly lower surface tension and the continuous
increase of the surface elasticity upon addition of polyelectrolyte. This additional
stabilising element at the surface would also explain why a lower PSS concentration is
needed to form stable films.

However, above the IEP, this simple picture cannot be sustained anymore. In this con-
centration regime, most of the polyelectrolyte/surfactant complexes are released from
the surface, and surface tension and elasticity measurements do not give rise to the
assumption that the polyelectrolyte contributes to the stabilisation of the foam films
by adsorbing to the interface. Quite to the contrary, the release of surface complexes is
even more pronounced for PSS, which is expressed by a sharp jump in surface tension
and surface elasticity. The jump is followed by a rather long plateau, where both the
surface tension and elasticity remain constant, which is observed for mixtures with both
surfactants. A possible explanation for this effect could be the fact that the hydropho-
bicity of PSS can give rise to hydrophobic interactions between the polyelectrolyte
and the surfactant.33 The hydrophobic tail of the surfactant can interact with the hy-
drophobic parts in the core of the polyelectrolyte coil, thereby exposing the charged
headgroup to the outside and making the complex even more hydrophilic. The effect is
probably more pronounced for PSS/C14TAB. These hydrophilic complexes could be a
reason for the increased stability of the foam films from PSS/C12TAB mixtures, since
additional charges are exposed to the film bulk. Yet, the effect is not reflected in the
surface potentials, so it remains rather speculative. In general, the measurements show
that the polyelectrolytes in the film bulk have a strong influence on the film stabil-
ity, even when they are not located at the surface. Very stable films are formed in a
concentration regime with very low surface coverage; moreover, the most stable films
are observed for PSS/C12TAB where the surface tension is that of the pure surfactant.
This implies that the properties of the foam are influenced not only by the surface
properties but also by the bulk composition.

As mentioned above, PSS/C14TAB is a special case among the different polyelec-
trolyte/surfactant mixtures that are investigated in this study. The low surface tension
below the IEP suggests a very high surface coverage, but no stable film can be formed
in this concentration regime. The reduction in surface elasticity below the IEP could
be a hint for a very rigid surface coverage. The attraction between the two compounds
is very strong, since both hydrophobic and electrostatic interactions are possible. Due
to these strong interactions, a network of polyelectrolyte/surfactant complexes can be



5.4 Conclusions 47

formed at the surface, which is cross-linked by the C14TAB molecules. This network
leads to a reduction in surface elasticity, and therefore, to unstable films. Additional
problems arise when the PSS concentration is further increased. In the concentration
regime at and above the IEP, larger aggregates are formed in the bulk solution. When
a film is formed from these solutions, the aggregates are trapped in the film core, lead-
ing to inhomogeneous films, that cannot be investigated.22 Altogether, this makes it
impossible to include this system in the reflections on film stabilities.

5.4 Conclusions

The present study shows that the surfactant plays a major role in the stabilisation
of foam films. In presence of C12TAB, a certain amount of polyelectrolyte is needed
to get stable films. The addition of polymer leads to stable films throughout the
whole concentration regime and only a minimum stability is observed at the IEP point.
Above the IEP, very stable films are formed, even though the surface characterisation
methods indicate only a small amount of material at the surface. In this work, the most
stable films occurred in the polyelectrolyte/surfactant system with the highest surface
tension, implying the lowest surface coverage at high polyelectrolyte concentrations.
This confirms the hypothesis that not only the polyelectrolyte at the surface but also
that in the film core contribute to the stabilisation. The variation of the polyelectrolyte
had only a minor effect on the film stability; the exchange of the polymer to the more
hydrophobic PSS resulted in a shift to slightly higher maximum pressures, which can
be explained by the integration of the hydrophobic parts of the polyelectrolyte within
the surface.





6 Variation of the isoelectric point

Abstract

The influence of the IEP on the film properties was studied and compared to the
findings of PAMPS/C14TAB with an IEP of 10−4 M. To verify the assumption that the
position of the IEP does not change the typical character of the foam film stabilities,
the IEP of the polyelectrolyte/surfactant mixtures has been shifted in two different
ways. Within the first series of measurements, the IEP was changed by reducing the
fixed surfactant concentration in the mixture, leading to a more diluted system, while
in the second approach, a copolymer of nonionic and ionic monomer units was used to
lower the charge density of the polymer. This gave rise to the additional interactions
between the polyelectrolyte and the surfactant, which makes the description of the
foam film behaviour more complex. In both systems, the same characteristics of the
foam film stabilities were found, but the concentration range, where unstable film were
formed, was broader. However, the mechanisms leading to the destabilisation were
different.

6.1 Introduction

Interactions between polyelectrolytes and surfactants are of great relevance for many
applications. Depending on the type of polyelectrolyte and surfactant, the interactions
can be of different nature. In case of charged polyelectrolyte/surfactant mixtures, either
repulsive or attractive electrostatic interactions can occur between the components.92

Furthermore, when nonionic or more hydrophobic compounds are used in a mixture,
hydrophobic interactions play an important role as well,93,94 and all these forces have
a strong influence on, e.g., the properties of foam films or the hydrodynamic behaviour
of the bulk solution.

In case of oppositely charged polyelectrolyte/surfactant mixtures, a strong electrostatic
attraction is observed. The charges of the polyelectrolyte are complexed by surfactant
molecules of opposite charge, which is both energetically and entropically favourable
due to the release of counterions.27 Depending on the ratio of the two compounds, the
formation of these complexes can lead to hydrophobic aggregates located at the surface.
Furthermore, the study of different polyelectrolyte/surfactant mixtures showed that the
stability of foam films strongly depends on this ratio.

In this context, the stability of foam films around the IEP of the system was investigated
(see chapter 4 and 5). To get a deeper insight into the properties of foam film around
the IEP, foam films at different polyelectrolyte/surfactant ratios were studied. The
investigation shows, that the stability of the foam films decreases when the IEP of the
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system is approached, and when the IEP is crossed, foam films with a high stability
are formed. In case of PAMPS/C14TAB, for example, a complete destabilisation takes
place very close to the nominal IEP. Surprisingly, the surface coverage gives no hint
for a charge reversal at the interface, which has been assumed to be the reason for the
decreases of foam film stability around the IEP.

To verify the hypothesis that these findings are not unique for systems with an IEP
of 10−4 M, it is important to investigate polyelectrolyte/surfactant mixtures where the
position of the IEP is shifted. For PAMPS/C14TAB systems, two different ways of
changing the point of equal charges are possible. In the first series of experiments,
the concentration of the surfactant is changed, leading to a system that is either more
concentrated or more dilute as the system described in chapter 4. Accordingly, only
concentration effects are assumed to influence the interactions in foam films and hence,
their stability.

An alternative to the variation of the surfactant concentration is the use of a polyelec-
trolyte with an other degree of charge. As only polymers with a charge density of 100 %
were studied in former investigations, a polymer with a lower degree of charge has to be
used for this approach. For this purpose, a random copolymer of negatively charged and
nonionic monomer units, namely poly[tris (hydroxymethy)methyl]acrylamide co acry-
lamido methyl propanesulfonate, is synthesised. Within this copolymer, the charged
units are exchanged by a nonionic but not very hydrophobic monomer units. Beside
electrostatic attraction between the charged components, now also hydrophobic interac-
tions between the nonionic monomer units and the surfactant or other polyelectrolyte
chains can occure. In general, nonionic polymers interact stronger with negatively
charged surfactants like sodium docecyl sulfate (SDS) and show only weak interactions
with cationic surfactants. This is interpreted as a more favourable interaction of anionic
surfactants with the hydration shell of the polymer or the unfavourable bulkiness of
the cationic head group.95 Nevertheless, interactions between nonionic polyelectrolytes
and CnTAB have been reported in literature,93,95,96 and are supposed to be stronger
for more hydrophobic polymers. Altogether, this implies that the interactions in case
of C14TAB mixtures with PAMPS with a lower degree of charge are more complex.

In the following, the results of the described investigations are presented and compared
to the former findings.

6.2 Results

In a first set of experiments, the IEP was shifted to verify the hitherto assumption that,
regardless of the surfactant concentration, PAMPS/C14TAB solutions are destabilised
close to the nominal IEP. An other surfactant concentration than 10−4 M, which shift
the nominal IEP, has to be carefully chosen. To get a significantly different IEP,
the surfactant concentration should not be too close to 10−4 M. On one hand, when
the amount of surfactant is too high, the corresponding polyelectrolyte concentration
crosses c*, and the effect of the surface charge could be superposed by the stratification
process, which would cover surface effects. On the other hand, a certain surfactant
concentration is needed to stabilize the foam film, as this is a precondition for this type
of investigation. After some preliminary tests, the C14TAB concentration was fixed at
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Figure 6.1: Disjoining pressure isotherms of PAMPS/C14TAB solutions with a fixed
surfactant concentration of 3 × 10−5 M and with varied polyelectrolyte
concentration; a) below the IEP; b) above the IEP; the solid lines represent
the simulations of the foam films at constant potential; for the sake of
clarity, only some of the simulated isotherms are shown in the graph.

3 × 10−5 M, which fulfills the above described requirements of the experiment. As in
previous chapters, the surfactant concentration is fixed in all experiments and only the
polyelectrolyte concentration is varied.

In Fig. 6.1, disjoining pressure isotherms of PAMPS/C14TAB films at polyelectrolyte
concentrations between 10−6 M and 10−3 M PAMPS and of the foam film of the pure
surfactant solution at 3×10−5 M are shown. In Fig. 6.1a, isotherms below the nominal
IEP are depicted. Note, that x-axis is shifted to higher film thicknesses compared to all
other disjoining pressure isotherms of polyelectrolyte/surfactant mixtures in this thesis.
The foam film stabilised by the C14TAB solution without any additional PAMPS starts
at an equilibrium thickness of 153 nm, which is 50 nm thicker than the corresponding
foam film at 10−4 M C14TAB. The addition of 10−6 M PAMPS induces screening of
the surface charge and reduces the thickness at 200 Pa by 10 nm to 142 nm. Disjoining
pressure isotherms of foam films with a PAMPS concentration larger than 10−4 M
are shown in Fig. 6.1b. In this case, the further screening in the films leads to an
equilibrium thickness between 90-100 nm at low disjoining pressures, which is in good
agreement with the measurements at higher surfactant concentration. The slope of
the respective isotherms increases with increasing polyelectrolyte concentration. This
phenomenon is related to the fact that a higher polyelectrolyte concentration leads to
a higher ionic strength in the system. Furthermore, the ionic strengths found in the
mixtures (cf. Table 6.1)are in good agreement with the Manning concept of counterion
condensation, which predicts for PAMPS that only one third of the polyelectrolyte
charges are compensated by counter ions.

In Fig. 6.2 the stabilities of the all described foam films are depicted by plotting the
maximum disjoining pressure before film rupture versus the polymer concentration.
The pure surfactant foam film is stable up to a disjoining pressure of 700 Pa. The re-
duction of film stability compared to the film at higher surfactant concentration (Πmax=
900 Pa) can be explained by lower coverage with surfactant molecules at the surface
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Figure 6.2: Stability of PAMPS/C14TAB films at different IEP; IEP = 3 × 10−5 M
(filled circles); IEP = 1.6×10−4 M (empty circles); IEP = 10−4 M (empty
circles); maximum disjoining pressure Πmax before film rupture versus
polyelectrolyte concentration.

PAMPS conc. [monoM] Ψ0 [mV] κ−1 [nm] I [M]

no PAMPS 117 53.1 2.0× 10−5

1× 10−6 102 50.0 2.0× 10−5

1× 10−4 70 33.8 5.0× 10−5

5× 10−4 75 23.3 1.0× 10−4

1× 10−3 90 16.5 2.5× 10−4

Table 6.1: Summary of the surface potentials Ψ0 from the simulation of the disjoining
pressure isotherms of PAMPS/C14TAB films at a surfactant concentration
of 3 × 10−5 M; the Debye length κ−1 is calculated from a fit of the ex-
perimental data with a exponential decay function of first order, the ionic
strength I is derived from the simulation of the surface potential.

at this concentration. With the addition of 10−6 M PAMPS, Πmax of the foam film
decreases to 480 Pa. These findings are supported by the corresponding potentials of
the film surface, that are derived from simulations of the disjoining pressure isotherms.
The program was written by Per Linse12 and it solves the nonlinear Poisson-Boltzmann
equation by assuming constant potential. Foam films from the pure surfactant solu-
tions have a surface potential of 117 mV, which is very high compared to 78 mV of the
film at 10−4 M C14TAB. The potential is reduced to 102 mV, when 10−6 M PAMPS
is added. In a concentration regime between 10−6 M and 10−4 M PAMPS no stable
film can be formed at all. This is a very broad concentration regime compared to the
system of PAMPS/C14TAB with an IEP at 10−4 M, where only one particular poly-
electrolyte concentration leads to the destabilisation of the foam film. The addition
of more polyelectrolyte leads to the increase in film stability from 450 Pa at 10−4 M
to almost 1000 Pa at a PAMPS concentration of 10−3 M. This is accompanied by an
increase in surface potential up to 90 mV at 10−3 M PAMPS. All results of the film
simulations are summarised in Table 6.1.
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Figure 6.3: Disjoining pressure isotherms of C14TAB at different concentrations; the
solid lines correspond to the simulations at constant potential.

The high surface potential and film thickness of the foam film at 3× 10−5 M C14TAB
gives reason to a deeper investigation of the pure surfactant films. Fig. 6.3 shows
isotherms of pure C14TAB films at different surfactant concentrations. It reveals that
the foam films get thinner and the isotherms steeper with increasing surfactant concen-
tration. As mentioned earlier, both effects are related to the increasing ionic strength
in the investigated surfactant solutions. As described above, at the lowest investigated
concentration, a thickness of 153 nm is observed. With the addition of higher surfac-
tant concentrations, the film thickness considerably decreases from 101 nm at 10−4 M
to 70 nm at 10−3 M due to the screening of the surfactant head groups at the surface.
All film thicknesses mentioned in this paragraph refer to the first data point of the
isotherm at around 220 Pa. In addition to the film thinning, the stability of the foam
films steadily increases. At the lowest investigated C14TAB concentration, Πmax is 700
Pa. With the addition of 10−4 M C14TAB, the film stability increases to 900 Pa. This
difference in stability is not very pronounced compared to the increase that is observed
upon addition of 5× 10−4 M C14TAB. At this concentration, the film stability is with
4000 Pa significantly more stable. The trend continues to the foam film with the sur-
factant concentration of 10−3 M, where the films are stable to a disjoining pressure of
8000 Pa, close to the limit of the method. However, in contrast to the monotonous
behaviour of the disjoining pressure isotherms in terms of film thinning and stability
increase, the surface potentials obtained from the simulations of the isotherms are not
so uniform. In fact, the potential is strongly reduced from 117 mV to 78 mV when the
surfactant concentration is increased from 3×10−5 M to 10−4 M. At this concentration,
a minimum potential is observed and the potential rises again, when more C14TAB is
added to the system. At 10−3 M, the surface potential reaches a value of almost 100
mV (see Table 6.2).

For a better characterisation of the surface properties of foam film stabilised by PAMPS/
C14TAB mixtures at low IEP, surface tension measurements were performed. Since it
is not possible to measure the interfacial tension of the foam film, that of the corre-
sponding polyelectrolyte/surfactant solution has been investigated. In fact, theoretical
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C14TAB conc. [M] Ψ0 [mV] κ−1 [nm] I [M]

3× 10−5 117 53.1 2.0× 10−5

1× 10−4 78 29.3 1.0× 10−4

5× 10−4 95 15.9 4.0× 10−4

1× 10−3 98 10.3 1.0× 10−3

Table 6.2: Summary of the surface potentials Ψ0 from the simulation of the disjoining
pressure isotherms of C14TAB films at different surfactant concentrations;
the Debye length κ−1 is calculated from a fit of the experimental data with
a exponential decay function of first order, the ionic strength I is derived
from the simulation of the surface potential.
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Figure 6.4: Surface tension of PAMPS/C14TAB solutions with fixed surfactant and
variable PAMPS concentration at different IEP; IEP = 3×10−5 M (filled
circles); IEP = 1.6 × 10−4 M (empty circles); IEP = 10−4 M (empty
triangles); the dashed line corresponds to the surface tension of the pure
surfactant at both concentrations.

considerations predict a different surface coverage in case of a foam film compared to
the surface of the bulk solution,73,97 but it is assumed that these changes are only minor
so that they can be neglected. As shown in Fig 6.4, the shape to the surface tension
isotherm of PAMPS/C14TAB at 3×10−5 M resembles qualitatively that of the mixture
at 10−4 M C14TAB, only the IEP is shifted to a lower concentration and the reduction
in surface tension is not so strong. In both cases, the addition of a low amount PAMPS
(10−6 M) has almost no influence on the surface tension, so that it corresponds to that
of the pure surfactant solution. When the polyelectrolyte concentration is increased
in the systems with 3 × 10−5 M C14TAB, the surface tension decreases steadily until
a minimum of 65 mN/m, which is less pronounced than in case of a higher surfactant
concentration. For PAMPS concentrations above the nominal IEP, the surface tension
goes back to the value of the pure surfactant solution, which implies the release of ma-
terial from the surface. However, polyelectrolyte concentrations larger than 2 × 10−4

M induce again the lowering of the surface tension.
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Another way to shift the IEP of the system, is to change the degree of charge of the
polyelectrolyte. So far, only polyelectrolytes with 100 % charged monomer units have
been investigated. Again the type of polymer and the degree of charge need to be
carefully chosen. On one hand, the degree of charge of the polyelectrolyte should be
significantly different from 100 % to get a detectable shift of the IEP. On the other
hand, the reduction of charge density increases the hydrophobicity of the polymer,
which can lead to the formation of aggregates and to a decrease in water solubility.
This phenomenon is for example observed for PSS, where the reduction of sulphonated
monomers leads to surface-active polymers,98 that are accessible to hydrophbic inter-
action with the surfactant (100 % charged PSS is not surface-active in the investigated
concentration regime). However, in case of PAMPS, at a degree of charge of 60 %, no
problems with solubility occur and the formation of aggegates is not very pronounced.
The nominal IEP in this system is at 1.6× 10−4 M.

In Fig. 6.5, the disjoining pressure isotherms of the PAMPS 60%/C14TAB system are
shown. In Fig. 6.5a, isotherms without any polyelectrolyte and with a PAMPS 60%
concentration below the IEP are plotted, while in Fig 6.5b isotherms above the nominal
IEP are shown. The foam film of the pure surfactant has a starting thickness of 101
nm. The addition of 10−5 M PAMPS 60% induces a slight increase in film thickness,
which is very unusual. At higher polymer concentration, the equilibrium film thickness
at 200 and 250 Pa, respectively, is around 100 nm which is rather high compared to
other polyelecotrolyte/surfactant systems. Furthermore, the slope of the isotherms
increases with increasing ionic strenght. The stability of the foam films is shown in
Fig. 6.2. As described in detail in chapter 4, the pure surfactant foam film at 10−4 M
is stable up to a disjoining pressure of 900 Pa. The addition of PAMPS 60% leads to a
strong reduction in film stability up to a maximum pressure of 300 Pa. Between 10−5

M and 2×10−4 M PAMPS 60%, which is slightly above the nominal IEP of the system,
no stable films can be formed. When the polyelectrolyte concentration is increased to
2×10−4 M, the corresponding foam film reaches a stability of 250 Pa, which is depicted
in Fig 6.5b by a filled circle. Further increase of the PAMPS 60% concentration results
in a strong increase in stability to 650 Pa at 5 × 10−4 M and 1200 Pa at 10−3 M,
respectively. The shape of the stability curve is supported by the surface potentials
that are simulated as specified above. Unfortunately, the surface potentials of the foam
films at 10−4 M and 2×10−4 M are not available, since there are too few data points to
simulate the isotherm. The simulation of the isotherm without polyelectrolyte results
in a surface potential of 78 mV. The next isotherm that is accessible to the simulation
is the one at 5× 10−4 M. This foam film has a potential of 58 mV, considerably lower
than that of the pure surfactant film. With increasing polyelectrolyte concentration,
the surface potential rises as well and reaches a value of 72 mV at 10−3 M PAMPS
60%.

The shape of the surface tension isotherm of PAMPS 60%/C14TAB in Fig 6.4 is slightly
different compared to PAMPS/C14TAB mixtures with a degree of charge of 100 %.
The addition of polymer to the surfactant solution has a much larger influence on the
surface tension even though the degree of charge and the corresponding ability to form
complexes with the surfactant is lower. At 10−6 M PAMPS 60%, the surface tension is
already reduced from 70 to 68 mN/m compared to the pure surfactant solution. Further
increase of polymer concentration induces a strong reduction of surface tension until
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Figure 6.5: Disjoining pressure isotherms of PAMPS 60%/C14TAB solutions with
fixed surfactant concentration (10−4 M) and varied polyelectrolyte con-
centration; a) below the IEP; b) above the IEP; the solid lines represent
the simulations of the foam films at constant potential; for the sake of
clarity, only some of the simulated isotherms are shown in the graph.

PAMPS 60% conc. [monoM] Ψ0 [mV] κ−1 [nm] I [M]

no PAMPS 78 29.8 1.0× 10−4

5× 10−4 58 28.0 1.0× 10−4

1× 10−3 72 25.7 1.3× 10−4

Table 6.3: Summary of the surface potentials Ψ0 from the simulation of the disjoining
pressure isotherms of PAMPS 60%/C14TAB films; the Debye length κ−1

is calculated from a fit of the experimental data with a exponential decay
function of first order, the ionic strength I is derived from the simulation
of the surface potential.

a plateau of 46 mN/m is reached at 5 × 10−5 M PAMPS 60%. The surface tension
remains constant until the nominal IEP of 1.6× 10−4 M. The plateau is 6 units below
the minimum that is obtained for PAMPS/C14TAB with an IEP of 10−4 M. At higher
polymer concentrations a sudden increase of surface tension can be observed, but in
contrast to other polyelectrolyte/surfactant systems, the mixture does not reach the
value of the pure surfactant. In fact, a second plateau is reached at 60 mN/m.

Since the surface tension measurements reveal rather unexpected characteristics of
PAMPS 60%/C14TAB complexes at the surface, additional experiments have been car-
ried out. In Fig. 6.6 the results of dilational surface elasticity measurements are shown.
These experiments were performed by using the oscillating drop method at frequencies
between 0.005 and 0.1 Hz. As suggested by the surface tension measurements, the sur-
face elasticity increases upon polyelectrolyte addition compared to the value of the pure
surfactant, until a plateau is reached at 10−5 M PAMPS 60%. At the lowest measured
polyelectrolyte concentration, the elasticity of the different frequencies varies between
25 to 40 mN/m. At the plateau of 60 ± 5 mN/m, the variation is smaller and is even
more reduced close to the nominal IEP. Above the IEP, the surface elasticity drops to
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Figure 6.6: Surface elasticity of PAMPS 60%/C14TAB solutions with fixed surfactant
(10−4 M) and variable PAMPS concentration at different frequencies; the
dashed line corresponds to the elasticity of the pure surfactant; the vertical
line illustrates the nominal IEP of the system.

38 ± 3 mN/m and stays constant up to a polymer concentration of 10−3 M, which is
consistent with the surface tension measurements. In comparison to PAMPS/C14TAB
the elasticity shows a stronger frequency variation. Additionally, the variation of the
surface elasticity due to the investigated different frequencies increases continuosly in
this concentration regime. Alltogether, the elasticity measurements support the results
of the surface tension measurements.

6.3 Discussion

The foam film stabilities of the two systems reveal similarities to the mixture PAMPS/
C14TAB described in chapter 4. The addition of small amounts of polyelectrolyte re-
duces the film stability, compared to the film stabilised only by surfactant, until a
total destabilisation occurs in a concentration regime close to the respective IEP of
each system. When the concentration of polyelectrolyte segments exceeds that of the
surfactant, the films are significantly more stable than the pure surfactant films. The
mixtures described in this study show a broader concentration range where unstable
films occur than PAMPS/C14TAB. In addition, surface tension and elasticity mea-
surements of PAMPS 60% show deviations from the findings of PAMPS/C14TAB, so
that the destabilisation is presumably based on different mechanisms in the two cases.
These differences will be discussed in the following.
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6.3.1 Influence of low surface coverage

The major difference between the PAMPS/C14TAB system with an IEP at 10−4 M
and the one at 3× 10−5 M, respectively, is the surfactant coverage at the interface. In
the latter case, the coverage of the surfactant at the interface is supposed to be slightly
lower. However, this is not visible in the surface tension, since at both concentrations
the surface tension is in the first plateau of the isotherm of the pure surfactant16 and
has a value close to water (71 mN/m). In contrast to that, the foam films of the
two surfactant concentrations show a significantly different behaviour, which implies
different interactions in the film. At the lower concentration, the disjoining pressure
isotherms of the foam film is very flat, which can be explained by the low ionic strength
of the system, but is very thick as well. In this concentration regime, two effects coun-
teract each other. On one hand, the electrostatic repulsion arising from the dissociated
surfactant molecules is low. Yet, on the other hand, the screeining of the electrostatic
double layer is small as well.

However, both the film thickness and the surface potential are very high at this con-
centration. Roughly spoken, the film thickness corresponds to 3× the Debye length
of the system. The film thickness is assumed to be based on the high potential at
the interface. The surface potential, in turn, results from an interplay of several con-
tributions, like surfactant adsorptions at the interface, degree of dissociation of the
charged molecule, charge screening and molecular conformation at the surface. Since
experimental evidence gave rise to the assumption that the pure water/air interface is
negatively charged,9 the addition of cationic surfactant leads to a charge reversal at the
interface. One major drawback of the surface potential simulations of symmetric films
is that no statement can be made on the sign of the potential, so that other methods
have to be taken into account to get information about it. For example, a study on wet-
ting films of C14TAB solutions reported the IEP of the surface to be at 10−6 M which
is well below the concentrations investigated in this work99 and leads to the conclusion
that all surface potentials of the C14TAB foam films are positive. This information
reveals that there is indeed a minimum potential at a surfactant concentration of 10−4

M. There are only few studies of the surface potential of pure surfactant foam films and
to our knowledge, this phenomenon has not been observed for CnTAB before. How-
ever, the study by Exerowa et al.,100 for example, only shows the surface potential of
foam films with a salt concentration of 5× 10−4 M NaCl, which strongly influences the
potential (see chapter 7 and Ref.101), so that the two sets of results can not be directly
compared. In contrast to that, a surface potential minimum has been found for SDS at
the water/air interface as well.102 This is explained by a change of conformation of the
adsorbed molecules at the transition from a very dilute surface coverage to one that is
more dense. At this point, the conformation of the surfactant molecules changes from
a more or less flat adsorption to an upright position and the dipole moment of the
molecule starts to contribute to the potential. This positive contribution of the dipole
moment leads to a reduction of the surface potential to almost 0 mV at concentrations
over 10−3 M. However, this theory can not be applied to the current system as it does
not explain the high positive potential at low surface coverage.

Another possible explanation is given by Teppner et al.,101 who found in an ellipsom-
etry study that the counterion distribution changes near the interface depending on
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the investigated surfactant concentration. At low surfactant concentrations, the coun-
terions do not enter the adsorption layer but stay in the diffuse double-layer near the
interface, so that no ion pairs can be formed and no reduction of the surface charge
occurs. At higher concentrations, the counterions are situated in both the adsorption
and the diffuse double layer, so that charge screening starts to play a role. This would
explain the surface potential of 117 mV at 3 × 10−5 M C14TAB, with the absence of
ion pair formation at the interface. When the surfactant concentration is increased to
10−4 M, the surface potential is reduced to 78 mV due to the beginning charge screen-
ing and to counter ion condensation. Further addition of surfactant leads again to an
increase in the surface potential, which could result from both the increased adsorp-
tion of charged molecules at the interface and the change of molecular conformation
and the corresponding dipole moment. A reason for the fact that a lower potential is
observed compared to the lowest investigated surfactant concentration could be due to
the increasing counterion concentration which leads to a higher ionic strength in the
system.16

Besides the non-monotonous behaviour of the surface potential, the disjoining pressure
isotherms of C14TAB are in good agreement with the findings of other studies on
cationic surfactants,16,17 where an increasing surfactant concentration leads to thinner
and more stable films. This phenomenon agrees also with the qualitative expectations
on the basis of the electrostatic double-layer theory on increasing ionic strength in the
solution.97

Like in case of PAMPS/C14TAB with an IEP of 10−4 M, the addition of low amounts
of PAMPS, leads to a reduction of both the film stability and the surface potential.
Furthermore, this is accompanied by a decrease in film thickness, implying that the
polyelectrolytes that are now situated at the surface, change the distribution of the
counter ions in the Helmholtz layer as described above. Since the polyelectrolytes and
surfactants are oppositely charged, both compounds form surface-active complexes
and thereby release their counterions. This phenomenon is also visible in the surface
potentials of the foam films. The addition of polyelectrolytes leads to a reduction of
the potential when the IEP is approached and increases again, when the concentration
of the PAMPS exceeds that of the surfactant.

The surface tensions show the same characteristics as the PAMPS/C14TAB system
with the higher IEP, but the reduction in surface tensions is not so strong. The lower
adsorption to the surface can easily be explained by the lower amount of surface com-
plexes in this concentration regime. As mentioned before, the surface coverage is much
more dilute and, as predicted, the breaking point in the isotherm is shifted to the
new IEP of 3 × 10−5 M. In a concentration regime between 10−5 M and 8 × 10−5 M
PAMPS, no stable films can be formed at all. In this broad range around the nominal
IEP, the surface coverage is very unsteady, with a maximal coverage below 3 × 10−5

M and a almost plain surface above this concentration. This indicates that the surface
coverage plays only a minor role in stabilising the foam film and that the net charge of
the dissociated polyelectrolyte chain is more important in this case. In the described
concentration range, the surface charge is obviously too low to stabilise a foam film
and a sufficiently high charge in the system is not reached until the addition of 10−4 M
PAMPS. At this point, stable foam films are formed again with a stability of almost
1000 Pa at 10−3 M PAMPS. This is more stable than the pure surfactant film, but less
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stable compared to PAMPS/C14TAB investigated before, although the polyelectrolyte
concentration is the same. However, this phenomenon is not reflected in the surface
potentials since they are in the same range as those of foam films of PAMPS/C14TAB
with an IEP of 10−4 M. From this, the conclusion can be drawn that the stabilisation of
foam films is affected by two individual parameters, the initial surfactant concentration
and the polyelectrolyte/surfactant ratio in the system.

6.3.2 Effect of a lower degree of polymer charge

As mentioned before, the effect of PAMPS 60%/C14TAB mixtures is even more com-
plex. Additional to the broader destabilisation range, the surface tension and elasticity
measurments reveal characteristics that differ significantly from the typical polyelec-
trolyte/surfactant curves discussed in chapter 4 and 5. On both sides of the IEP,
namely between 10−5 M and 10−4 M PAMPS 60% and between 10−4 M and 10−3 M,
respectively, a plateau in both the surface tension and the elasticity can be ovserved. In
the surface tension measurements, the plateau below the IEP is significatnly lower than
that above this point, but the surface tension does not go back to the value of the pure
surfactant as it did in case of a polyelectrolytre with 100 % charged monomer units.
This means, although material is released from the surface, polyelectrolyte/surfactant
complexes remain adsorbed at the interface. These findings are supported by surface
elasticity measurements. Below 10−5 M PAMPS 60%, the elasticity has a medium
value, which suggests that two compounds are adsorbed to the surface, namely poly-
electrolyte/surfactant complexes and unbound surfactant molecules. Above a polyelec-
trolyte concentration of 10−5 M the surface elasticity is higher, which implies a reduced
amount of unbound surfactant, but the constant values suggest that conformation at
the surface stays the same even when more polyelectrolytes are added. Above the IEP
of 1.6× 10−4 M, a sudden change takes place at the surface and the adsorbed material
is reduced. However, the measured values remain again constant over a concentration
range of one order of magnitude and only the variation between the different frequen-
cies changes. Both surface tension and elasticity do not go back to the value of the
pure surfactant, which means that material remains at the surface.

Since PAMPS 60% has both negatively charged and nonionic monomer units, the
interactions between the polymer and the surfactant are very complex. They can
arise from electrostatic attraction between the oppositely charged compounds, but
also from interactions between the surfacant and the nonionic unit. Adsorption of
charged surfactants and nonionic polymers are widely known in literature94,103 and are
usually based on hydrophobic interactions or the formation of hydrogen bonds. For the
occurence of hydrophobic interactions, a surfactant with a sufficiently long alkyl chain
is needed and the treshold is reported to be more than 12 C-atoms in the hydrophobic
tail in the CnTAB series.94

The strongly reduced surface tension indicates that the polyelectrolyte/surfactant com-
plexes at the surface are more hydrophobic than complexes of 100 % charged polyelec-
trolytes. The increased surface-activity arises from the lower degree of charge, which
makes the polymer less water-soluble. Although PAMPS is supposed to be a hy-
drophilic polyelectrolyte, it gains a more hydrophobic character if the degree of charge
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is reduced. For example, at a charge fraction below 20 %, the polymer is not sol-
uble in water anymore.104 Additionally, the surface elasticity measurements reveal a
strong interaction between the surfactant and the polyelectrolyte even at low polymer
concentration. However, the increased complexation can not arise from hydrophobic
interactions between surfactant and polymer. In that case, the alkyl chain of the sur-
factant would interact with the polymer backbone, while the charged head group would
be exposed to the surounding water phase, which would make the complex more hy-
drophilic and not surface-active. O’Driscoll et al.96 observed an interaction between
the nonionic monomer unit and the charged head group of the surfactant, which is
more suitable for this discussion. The described effect arises from an interaction be-
tween the dipole of the nonionic monomer unit and the surfactant, which leaves the
hydrophobic tail of the surfactant exposed to the surounding. Together with the more
hydrophobic character of the polymer, these interactions could be responsible for the
increased surface activity of the complexes.

Additionally, the polymer complexes form coils with a small hydrodynamic radius105

when all charges are complexed, since no repulsion occurs between the polymer seg-
ments. In this case, a highly ordered polyelectrolyte/surfactant film can arise96 at the
interface. This is supported by a relatively high surface elasticity of 60 mN/m, which
gives rise to the assumption that the complexes form an interconnected network at
the surface. The interaction between the nonionic monomer units and the surfactant
can lead to the shielding of the charged head groups. The shielded surfactant can not
contribute to the surface charge anymore, which is therefore reduced. As described
in the previous section, a certain amount of unbound surfactant is needed to stabilise
a CBF. In case of PAMPS 60%/C14TAB, this prerequisite seems not to be given in
a broader concentration range, because of the head group shielding and the films are
already destabilised at low polyelectrolyte concentration of 5 × 10−5 M. Additionally,
aggregates are formed in the bulk at 10−4 M PAMPS 60%, indicating that close to the
nominal IEP, 1:1 complexes occur that precipitate from the solution. However, this is
not reflected in the surface tension or elasticity, which means that the aggregates do
not adsorb at the interface and, hence, do not influence the surface properties.

Unfortunately, the surface characterisation methods provide no information about the
exact conformation of the complexes at the surface. At high surfactant concentra-
tions, the aggregates, that are formed between the anionic/nonionic copolymer and
the cationic surfactant in the bulk are described as micelles that are wrapped with
polymers in a way that the charged units of the polymer103 are complexed with the
surfactant head groups. The nonionic monomer units are exposed to the surrounding
water phase. Now, several conformations of the complexes at the surface are possible.
One possibility is that the bulk aggregates adsorb at the surface as they are in course
of a phase separation at the interface, which is postulated for example by O’Driscoll
et al.96 In that case, the micelles would remain in the core of the polymer coil with
no contact to the air phase. Another possible mechanism would be, that the aggre-
gates change the conformation during the adsorption, so that the more hydrophobic
surfactant tails are exposed to the air. This phenomenon is also observed for proteins,
that accumulate their hydrophobic domains in the core and expose them to the air
when they are attached to the surface. This results in a flatly adsorbed protein at the
interface.106 The latter mechanism is more likely in our case, since no phase separation
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is observed for PAMPS 60%.

When the polymer concentration crosses the IEP of the system, the complexes at the
interface are rearranged, as follows from the surface characterisation. Both the surface
tension and the elasticity measurements indicate that a part of the polyelectrolyte com-
plexes is released from the surface and the influence of unbound surfactant molecules
increases again. Above the IEP, the concentration of the charged polymer segments
exceeds that of the surfactant, so that not all charged units can be complexed by the
surfactant. This affects the surface complexes in two ways. First, the internal repul-
sion of the likely charged polymer segment increases, resulting in a larger persistence
length, i.e. in larger coils. The higher hydrodynamic radius, in turn, leads to a reduced
ordering at the surface96,105 and a higher surface area per complex. Furthermore, fewer
surfactant molecules decorate one polymer chain, thereby reducing the hydrophobicity
of the complex. However, due to the nonionic monomer units, the complexes are still
amphiphilic enough, so that they remain adsorbed on the surface. The surface tension
and elasticity do not change upon polyelectrolyte addition, possibly due to a surface
that is already saturated and where new polymer chains adsorb underneath, forming
a thicker layer at the surface.

At polymer concentrations above 10−4 M, stable films are formed again. In this con-
centration regime, the negative charges of the polyelectrolyte strongly affect the film
stability and the surfactant shielding does not play a role anymore. Comparing the
film stabilities to former results, the films are not so stable, as from PAMPS/C14TAB
at the same concentration, which is also reflected in the surface potential. The latter
is considerable lower compared to foam films from 100 % charged polyelectrolyte and
can easily be explained by the fact that the amount of charged monomer units is 40 %
lower at the same polyelectrolye concentration. Hence, the repulsion that arises from
the charged polymer segments is weaker and the corresponding foam film are less sta-
ble. However, compared to the foam films with a similar charge densitiy (for exapmle
5×10−4 PAMPS and 10−3 M PAMPS 60%), the stabilites are in the same range. This
supports the assumption that the stability arises from the charged polyelectrolyte in the
films, no matter where they are situated, since one remarkable difference between the
two systems is that in the latter case, the polyelectrolyte is adsorbed to the interface.

6.4 Conclusion

In the present chapter, two different ways of shifting the IEP of the polyelectrolyte/
surfactant system are presented. In both systems, the behaviour of foam films resem-
bles, in principal, that of the former systems, where the addition of polyelectrolytes
first reduces the stability until a complete destabilisation at the IEP. Above the IEP,
very stable films are formed again, even more stable than the pure surfactant foam
films. However, one remarkable difference is observed between the systems: In case of
a shifted IEP, the range of unstable foam films is much broader.

In a first set of experiments, the IEP was shifted by reducing the surfactant con-
centration, which leads to a more dilute system. In the dilute system, the critical
concentration, where no stable films are formed, is reached at lower polyelectrolyte
concentration, although the surface tension measurements show the same character-
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istics as the PAMPS/C14TAB described in chapter 4. This implies that below the
IEP, a certain amount of unbound surfactant is needed to stabilise a CBF. Further-
more, the foam film stabilities reveal that Πmax strongly depends on the polyelectrolyte
concentration, but also on the initial surfactant concentration.

In a second approach, the degree of charge of the polyelectrolyte was reduced to change
the IEP. For this reason, a random copolymer of anionic and nonionic monomer was
used, which makes the explanation of the interactions in the foam film more complex.
The analysis of the results shows that the newly formed complexes are more hydropho-
bic.Additionally, the surfactant interacts with the dipole of the nonionic polymer seg-
ments as well. The latter leads to a shielding of the surface charge and a destabilisation
of the foam film already at low polymer concentrations. Above the IEP, some of the
polyelectrolyte/surfactant complexes are released from the interface, but there is still
material left at the surface. Furthermore, stable films are formed again at this point,
meaning that no matter where polyelectrolyte is situated in the film, it contributes to
the stabilisation of the film.

In general, one can conclude that the position of the IEP does not influence the general
characteristics of the film stability curve, but has a strong impact on the concentration
range where films are destabilised.





7 Polyelectrolyte versus monomer

effect

Abstract

So far, the influence of different oppositely charged polyelectrolytes/surfactant mixtures
on the foam film stability around the IEP has been investigated. The question arises, if
the effect of the polymer is related to the size of the macromolecule and to which extent
it acts as a salt. For this purpose the polyelectrolyte is exchanged by the corresponding
monomer. To gain a better understanding of the effect of the monomer units on the
foam films, and to explore how the interactions between the different components are
affected, they are compared to simple salt and surfactant systems.

The comparison between the different systems leads to the conclusion that the size of
the additive indeed influences the interactions in the foam films and the film stabilities.
Furthermore, the hydrophobic/hydrophilic balance of the monomer strongly changes
the effect on the foam films: AMPS, the monomer of the polyelectrolyte PAMPS,
behaves similar to simple salts, whereas NaSS, the monomer of the more hydrophobic
PSS, shows rather the character of a cosurfactant.

7.1 Introduction

In the previous chapters, the influence of polyelectrolytes on oppositely charged sur-
factant foam films has been investigated. The addition of polyelectrolytes reduces
the stability of the foam film towards the IEP and induces a destabilisation close to
the nominal IEP of the mixture. However, the investigation of the surface properties
shows that this effect in not due to a charge reversal at the interface, which has been
the hitherto assumption.90,107

The question arises, to what extend the foam film stabilities and the surface coverage
are affected by the polymeric character and if the character of the monomer units
plays a role. Does the polyelectrolyte act as salt? For this purpose the polyelectrolyte
is exchanged by the corresponding monomer. In that case, the ionic strength and the
character of the monomer unit remain the same, but polymer character is missing.
To distinguish the polymer effect from the specific effect of the monomer unit, foam
films are investigated under the same conditions, including surfactant concentration,
temperature, dipping time etc., but with the respective monomer. Furthermore, the
results are compared to measurements of foam films where other small additives were
used. Since the characteristics of the monomers used in this study are different, they are
compared to different model systems. To investigate the influence of the hydrophobicity
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on the foam film properties, two polyelectrolytes with different chemical structure were
used in the former study. In case of the polyelectrolyte, the influence of hydrophobicity
on foam film stabilities was rather minor. However, the different hydrophobicities of
the corresponding monomers could have a major influence on the foam film stability.

In case of AMPS, the monomer of the polyelectrolyte PAMPS corresponds to a hy-
drophilic, monovalent ion. To distinguish the polymer effect from the salt effect, the
results of AMPS/surfactant mixtures are compared to foam films containing the mono-
valent salt NaCl. The addition of salt to pure surfactant solutions is already well
established in the high concentration regime.2,16,89,97,108–111 The salt ions screen the
repulsion between the surfactant head groups, which leads to a shift of the cmc to
lower concentrations, at least at salt concentrations above 10−2 M. At even higher salt
concentrations, the charge screening in foam films can induce a transition from a CBF
to NBF and has been observed for both cationic and anionic surfactant systems.2,16

In case of NaSS, the monomer of PSS has both a charged, hydrophilic sulfonate group
and a more hydrophobic benzene ring. This hydrophobic/hydrophilic character makes
the molecule accessible to additional hydrophobic interactions with the surfactant, so
that NaSS resembles a cosurfactant. Cosurfactants can have a strong impact on the
surfactant system: For example, the addition of small amounts of dodecanol to SDS
solutions can induce a significant change of the morphology of the surface layer.112,113

Furthermore, foam films from commercial C12TAB samples are considerable more sta-
ble than those from the purified surfactant. The increase in film stability is due to
hydrophobic impurities in the surfactant, which are usually long chained alcohols from
the synthesis.114 However, pure NaSS, like PSS, does not reduce the surface tension,33

so that it is not sure how distinct the cosurfactant character will be.

Similar molecules to NaSS have been investigated in solutions of mixtures with C16TAB.
It has been shown that the physical properties of aqueous solutions are very sensitive
to the molecular structure of the ion. Anions containing benzene rings induce, for
example, the sphere-rod transitions of micelles at lower concentrations than in the
pure surfactant system.115,116

In the following, results on monomer/surfactant foam film are presented and compared
to the described model systems. The surfactant concentration in all experiments is
10−4 M which also determines the nominal IEP in all systems.

7.2 Results

CnTAB/AMPS mixtures

In the following, the influence of AMPS, the monomer of the polyelectrolyte PAMPS,
on foam film stability is investigated. Fig. 7.1 shows disjoining pressure isotherms
of foam films from AMPS/C14TAB mixtures at different AMPS concentrations. For
the sake of clarity, the isotherms are divided into two groups. In Fig. 7.1a, disjoining
pressure isotherms at concentrations below the IEP are depicted, while in Fig. 7.1b,
isotherms at and above the nominal IEP are shown. At 10−5 M AMPS, the equilibrium
thickness at a disjoining pressure of 200 Pa is around 120 nm, which is rather thick
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Figure 7.1: Disjoining pressure isotherms of AMPS/C14TAB solutions with varied
monomer concentration; a) below the nominal IEP; b) at and above the
nominal IEP; the solid lines correspond to the simulation of the isotherm
with constant potential; for the sake of clarity, only some of the simulated
isotherms are shown in the graph.

for foam films at the used ionic strength. Increasing monomer concentration leads to
a strong reduction in film thickness, it decreases from 100 nm at 10−4 M AMPS to
71 nm at 5 × 10−4 M and 58 nm at 10−3 M AMPS, respectively, which is due to the
electrostatic screening in the system. The equilibrium thicknesses mentioned in this
paragraph refer to a disjoining pressure of 200 Pa. In addition to the film thinning, a
slight increase in the slope of the isotherms is observed. This is owed to the fact that
the ionic strength in the system increases from 1.1×10−4 M to 1.5×10−4 M (cf. Table
7.1).

For a better illustration of the foam film stability, the maximum pressure that can
be applied to the film before rupture (Πmax) versus the monomer concentration is
depicted in Fig. 7.2. The addition of 10−5 M AMPS leads to the formation of very
stable foam films. In that case, Πmax is 1700 Pa, which is much higher than in case of
the pure surfactant (900 Pa at 10−4 M C14TAB). When the monomer concentration is
increased to 5 × 10−5 M, no effect on the stability of the foam films can be observed.
Further increase of the AMPS concentration to 7.5 × 10−5 M leads to the immediate
rupture of the film after the formation, so that no stable films can be formed close
to the nominal IEP of the AMPS/C14TAB system. However, at the nominal IEP of
10−4 M, the foam films are even more stable than at low AMPS concentrations with a
maximum pressure of 2000 Pa. When the monomer concentration is further increased,
the foam films get less stable, so that the stability is reduced to 350 Pa at 10−3 M
and finally to 0 Pa at 10−2 M AMPS. Unfortunately, only the most stable disjoining
pressure isotherms give information about the surface potential of the foam films. To
get the surface potential of the films, the disjoining pressure isotherms are simulated by
solving the non-linear Poisson-Boltzmann equation under the assumption of constant
potential. The simulations were performed with the PB program version 2.2.112 by
Per Linse et al. and are summarized in Table 7.1. The addition of small amounts of
monomer lead to an strong increase of surface potential to 115 mV compared to 78 mV
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Figure 7.2: Stability of AMPS/CnTAB films with different surfactants;
AMPS/C12TAB (open circles); AMPS/C14TAB (filled circles); max-
imum disjoining pressure Πmax before film rupture versus monomer
concentration.

of the pure surfactant, which explains also the increase of film thickness at this AMPS
concentration. Further addition of monomer results in a slight decrease of the surface
potential but it is still higher than that of the pure surfactant film. No simulations were
performed at AMPS concentrations ≥ 5 × 10−4 M, since it is not reasonable to make
simulations with 3 or less data points. However, in this system, no direct correlation
between film stability and surface potential can be observed.

AMPS conc. [M] (C14TAB) Ψ0 [mV] κ−1 [nm] κ−1

theo [nm] I [M]

no AMPS 78 29.8 30.4 1.0× 10−4

1× 10−5 115 27.2 28.9 1.1× 10−4

5× 10−5 103 26.8 25.0 1.4× 10−4

1× 10−4 93 24.2 21.6 1.5× 10−4

AMPS conc. [M] (C12TAB) Ψ0 [mV] κ−1 [nm] κ−1

theo [nm] I [M]

1× 10−5 73 30.9 28.9 8.0× 10−5

5× 10−5 75 27.3 25.0 9.0× 10−5

7.5× 10−5 70 26.8 23.1 9.0× 10−5

1× 10−4 66 24.0 21.6 1.3× 10−4

Table 7.1: Summary of the surface potentials Ψ0 from the simulation of the disjoining
pressure isotherms of AMPS/CnTAB films; the Debye length κ−1 is calcu-
lated from a fit of the experimental data with a exponential decay function
of first order, the ionic strength I is derived from the simulation of the
surface potential; κ−1

theo corresponds the Debye length when all ion pairs are
assumed to be dissociated.

When the surfactant is changed to C12TAB, the picture is slightly different. At first, it
is worth to mention that the addition of AMPS leads to stable films, while foam films
that are formed from pure C12TAB solutions, are not stable. This is due to the shorter
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Figure 7.3: Disjoining pressure isotherms of AMPS/C12TAB solutions with varied
monomer concentration; a) below the nominal IEP; b) at and above the
nominal IEP; the solid lines correspond to the simulation of the isotherm
with constant potential; for the sake of clarity, only some of the simulated
isotherms are shown in the graph.

hydrophobic tail of the surfactant and the resulting lower adsorption coefficient17 and
is explained in more detail in chapter 5. In Fig. 7.3, two sets of disjoining pressure
isotherms of AMPS/C12TAB mixtures are shown. At monomer concentrations ≤ 10−4

M, the isotherms coincide on one curve in terms of thickness and differ only slightly
in slope. In contrast to the AMPS/C14TAB mixtures, the equilibrium thickness at a
low disjoining pressure of 200 Pa is 100 nm for all 4 isotherms. However, when the
monomer concentration is further increased, the film thickness is significantly reduced
to 70 nm at 5× 10−4 M and 57 nm at 10−3 M AMPS. As shown in Fig. 7.2, the foam
film stability in the concentration regime below the nominal IEP is around 350 Pa. At
7.5 × 10−5 M AMPS, the film seems to be slightly less stable than those at 5 × 10−5

M and 10−4 M, respectively, but the difference is within the experimental error of the
method, so that this can not be taken under consideration. With increasing AMPS
concentration a decrease of film stability to 0 Pa at an AMPS concentration of 10−2 M
is observed. Comparing these results to AMPS/C14TAB, one clearly sees that below
and at the nominal IEP of 10−4 M, the isotherms are considerable less stable than those
of the latter system. However, when the monomer concentration is increased to around
5 × 10−4 M both stability curves almost coincide, as shown in Fig. 7.2. The surface
potentials obtained from the simulation of the respective isotherms are rather constant
at 70 ± 5 mV, which is also reflected in the constant stability of the foam films up to
10−4 M. As in the former mixture, no simulations were made for the isotherms with a
higher monomer concentration, since there are not enough data points.

To gain a deeper insight into the surface characteristics, surface tension measurements
were carried out. As shown in Fig. 7.4, the addition of small amounts of AMPS to
C14TAB solutions reduces the surface tension of the solution about 3 units to 67 mN/m
and is constant up to an AMPS concentration of 10−4 M. At monomer concentrations
larger than 10−4 M, the screening between the surfactant head groups sets in and the
surface tension is strongly reduced to 51 mN/m at 10−2 M. In case of C12TAB, the



70 Polyelectrolyte versus monomer effect

10-6 10-5 10-4 10-3 10-2 10-1
30
35
40
45
50
55
60
65
70
75

su
rfa

ce
 te

ns
io

n 
/ m

N
/m

AMPS concentration / M

 C12TAB  + AMPS

 C14TAB  + AMPS

 

 

Figure 7.4: Surface tension of AMPS/CnTAB solutions with fixed surfactant (10−4

M) and variable AMPS concentration; AMPS/C12TAB (open circles);
AMPS/C14TAB (filled circles); the dashed line corresponds to the sur-
face tension of the pure surfactant.

decrease of surface tension in the low concentration regime is with 69 mN/m not so
distinct. Furthermore, the screening starts at concentrations one order of magnitude
above that of AMPS/C14TAB, which can be explained by the lower adsorption of
C12TAB to the surface.

CnTAB/NaCl mixtures

To get a better understanding of the foam films from the monomer AMPS with CnTAB,
it is useful to compare them with foam films from mixtures of CnTAB with a simple
salt. In Fig. 7.5, disjoining pressure isotherms of C14TAB with NaCl are shown. Again,
they are divided into two groups: isotherms below the point of equal concentrations
(a) isotherms at and above 10−4M NaCl (b). Up to a concentration of 10−4 M NaCl,
the isotherms coincide on one curve with an equilibrium thickness of 100 nm at a dis-
joining pressure of 250 Pa. With further increase of salt concentration, the equilibrium
thickness is reduced to 73 nm at 5× 10−4 M and 62 nm at 10−3M NaCl. The slope of
the isotherms is very similar in the low concentration regime and first starts to change
significantly at a concentration of 5× 10−4M.

The addition of small amounts of NaCl to C14TAB solutions leads to foam films with
a maximum pressure of 1000 Pa, which is similar compared to the respective pure
surfactant film. The stabilising effect of NaCl on foam films is not so pronounced than
in case of AMPS addition but it follows the same trend (cf. Fig. 7.6). At 7.5 × 10−5

M NaCl, a minimum in foam film stability of 400 Pa is observed. The minimum
stability is observed at the same concentration as the complete destabilisation in the
AMPS/C14TAB system. However, at a disjoining pressure of 380 Pa, small black dots
appear on the film surface and lead to the rupture of the film after a few minutes.
This is a hint for the formation of quite unstable foam films and as a consequence, the
film is considerably less stable at this concentration. When the NaCl concentration
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Figure 7.5: Disjoining pressure isotherms of NaCl/C14TAB solutions with varied salt
concentration; a) below the point of equal concentrations; b) at and above
the point of equal concentrations. The solid lines correspond to the simu-
lation of the isotherm with constant potential; for the sake of clarity, only
some of the simulated isotherms are shown in the graph.

is further increased to 10−4 M, foam films with a stability of 1000 Pa can be formed
again. The surface potentials in this concentration regime between 10−5 M and 10−4

M NaCl support these findings since they are rather constant within a range of 85 ±
3 mV (cf. Table 7.2). The surface potential of the foam film with a salt concentration
of 7.5× 10−5 M can not be simulated, since only 3 data points are available. At higher
salt concentrations, the stability decreases steadily from a Πmax of 600 Pa for 5× 10−4

M NaCl, and 400 Pa for 10−3 M to a complete destabilisation at 10−2 M. In contrast
to the destabilisation close to the IEP, the film rupture is caused by the screening
of the surfactant charges and the reduced repulsion between the opposing interfaces.
This is visible in a continuous thinning of the foam film upon film formation which
is accompanied by the film rupture at film thicknesses around 10 nm. Due to the
destabilisation of the foam films, only the film at 5×10−4 M NaCl could be simulated.
The potential of 57 mV is considerably lower than that at 10−4 M.

When the surfactant is changed to C12TAB, the properties of the foam films are slightly
different, which is manifested in the respective disjoining pressure isotherms in Fig. 7.7.
The equilibrium thickness at 250 Pa in this concentration regime, is with 105 nm in the
same range as the former mixture. The only exception is the foam film at 7.5×10−5 M
NaCl, which is slightly thicker. As described earlier, the film thicknesses are reduced
and the slope of the isotherms increases in the concentration regime ≥ 5×10−4M. The
film stabilities, shown in Fig. 7.6, below the point of equal concentrations are with a
Πmax of 500-600 Pa slightly lower than in case of NaCl/C14TAB. However, the addition
of NaCl to the surfactant solution makes it possible to form stable films. As mentioned
above, pure C12TAB solutions do not form any stable film in this concentration regime.
In contrast to all other mixtures, the increase of salt concentration to 5 × 10−5 M en-
hances the stability of the foam film compared to that at 10−5 M. Additionally, no
destabilisation or minimum stability can be observed at 7.5× 10−5 M NaCl in case of
NaCl/C12TAB mixtures. Further addition of NaCl leads to the formation of foam films
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Figure 7.6: Stability of NaCl/CnTAB films with different surfactants; NaCl/C12TAB
(filled circles); NaCl/C14TAB (filled triangles); maximum disjoining pres-
sure Πmax before film rupture versus salt concentration; for comparison,
the stabilities of AMPS/CnTAB systems are shown in gray.

with a stability of 1000 Pa. Furthermore, at salt concentration ≥ 10−4 M, the disjoin-
ing pressure isotherms of both NaCl/surfactant mixtures almost coincide in terms of
stability and film thickness. This indicates that the ionic strength and the resulting
charge screening plays an important role. The surface potentials, calculated from the
respective isotherms, of 80 ± 5 mV below and at the nominal IEP are very similar
to those of the NaCl/C14TAB mixtures. The comparison of the surface potentials at
higher concentrations is difficult, since due to the above described problems, only the
isotherm at 5 × 10−4 M NaCl could be simulated. However, the potential of 48 mV
at this concentration is only slightly lower than that of the film from the respective
NaCl/C14TAB solution.

The surface tension isotherms of NaCl/CnTAB show similar trends as AMPS/CnTAB
mixtures (cf. Fig. 7.8). However, the screening starts at higher concentrations than
in case of AMPS, namely at 10−3 M for C14TAB and 10−2 for C12TAB, respectively,
which is one order of magnitude higher than in the former case. Additionally, the
reduction of surface tension for C14TAB in the low salt concentration regime is not so
pronounced so that the surface tension is only slightly lower than for mixtures with
C12TAB. The isotherms of both mixtures are very close to the surface tension of the
pure surfactant solution in this concentration range.

CnTAB/NaSS mixtures

In the following, results of NaSS/CnTAB mixtures are presented. In Fig. 7.9, disjoin-
ing pressure isotherms of NaSS/C14TAB mixtures are shown. The addition of small
amounts of the monomer NaSS (10−6 M) to a 10−4 M C14TAB solution leads already
to the formation of very stable films compared to the pure surfactant film ( Πmax =
1250 Pa vs. 900 Pa for the pure surfactant). When the NaSS concentration is in-
creased to 10−5 M, the stability is reduced. Both isotherms coincide, indicating that
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NaCl conc. [M] (C14TAB) Ψ0 [mV] κ−1 [nm] κ−1

theo [nm] I [M]

1× 10−5 87 26.1 28.9 9.0× 10−5

5× 10−5 82 25.5 25.0 1.0× 10−4

1× 10−4 85 23.6 21.6 1.4× 10−4

5× 10−4 57 17.2 12.4 2.1× 10−4

NaCl conc. [M] (C12TAB) Ψ0 [mV] κ−1 [nm] κ−1

theo [nm] I [M]

1× 10−5 85 30.5 28.9 8.0× 10−5

4× 10−5 77 28.5 25.9 9.0× 10−5

7.5× 10−5 80 27.3 23.1 1.1× 10−4

1× 10−4 80 23.7 21.6 1.4× 10−4

5× 10−4 48 17.9 12.4 2.0× 10−4

Table 7.2: Summary of the surface potentials Ψ0 from the simulation of the disjoining
pressure isotherms of NaCl/CnTAB films; the Debye length κ−1 is calcu-
lated from a fit of the experimental data with a exponential decay function
of first order, the ionic strength I is derived from the simulation of the
surface potential; κ−1

theo corresponds the Debye length when all ion pairs are
assumed to be dissociated.

the ionic strength at such low monomer concentrations is dominated by the surfac-
tant. Indeed, the foam films are very similar to the pure C14TAB film (cf. chapter
4) in terms of ionic strength, surface potential and equilibrium thickness. When the
monomer concentration is further increased, no stable foam films can be formed in a
broad concentration regime (cf. Fig. 7.11). At NaSS concentrations as high as 10−3

M, a stable film is observed at low disjoining pressures. A few minutes after forma-
tion, a black dot appears that spreads very slowly (see Fig. 7.16 left). The film is
stable for hours, without completing the transition to a NBF. Only when the applied
pressure is increased, further spreading is induced and the film ruptures eventually.
When the monomer concentration is further increased, aggregates are formed between
the two components due to the hydrophobic interaction between NaSS and C14TAB.
An inhomogeneous film can be formed and a CBF-NBF transition can be observed
immediately (see Fig. 7.16 right). However, after a few minutes, the film ruptures due
to the aggregates that are trapped in the film.

Foam films of NaSS/C12TAB mixtures are a rather similar compared to the systems
with C14TAB and are shown in Fig. 7.10. The film thicknesses at a disjoining pres-
sure of 200 Pa at concentrations below the IEP are in the same range than those
of NaSS/C14TAB. At very low concentrations, stable films can be formed in contrast
to pure surfactant films that are not stable at all. Compared to NaSS/C14TAB, the
absolute stabilities of 1000 Pa at 10−6 M and 300 Pa at 10−5 M NaSS, respectively,
are reduced (see Fig. 7.11), which can be explained by the lower surface coverage of
surfactant molecules in case of C12TAB films.17 This is also reflected in the surface po-
tential of 76 mV at 10−6 M, which is slightly lower than that of the corresponding foam
film with C14TAB. In the concentration regime between 10−5 M and 10−2 M NaSS,
no stable films are formed at all, but when the monomer concentration is increased
to 10−2 M, stable foam films are observed again. Above a disjoining pressure of 200
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Figure 7.7: Disjoining pressure isotherms of NaCl/C12TAB solutions with varied salt
concentration; a) below the point of equal concentrations; b) at and above
the point of equal concentrations; the solid lines correspond to the simu-
lation of the isotherm with constant potential; for the sake of clarity, only
some of the simulated isotherms are shown in the graph.

NaSS conc. [M] Ψ0 [mV] κ−1 [nm] κ−1

theo [nm] I [M]

1× 10−6 + C14TAB 83 27.9 30.2 1.0× 10−4

1× 10−6 + C12TAB 76 26.9 30.2 1.0× 10−4

Table 7.3: Summary of the surface potentials Ψ0 from the simulation of the disjoining
pressure isotherms of NaSS/CnTAB films; the Debye length κ−1 is calcu-
lated from a fit of the experimental data with a exponential decay function
of first order, the ionic strength I is derived from the simulation of the
surface potential; κ−1

theo corresponds the Debye length when all ion pairs are
assumed to be dissociated.

Pa a CBF-NBF transition takes place and the black domains spread over the whole
film within seconds. This transition is shown in Fig. 7.17 (left). When the transition
is completed, the film ruptures immediately. In this concentration regime, the charge
screening plays an important role, so that the films are considerably thinner compared
to the foam films at lower concentrations. At a monomer concentration of 10−1 M, a
transition to a NBF occurs directly after film formation and the resulting NBF with
a thickness of 7 nm is stable beyond the maximum pressure that is applicable in the
experiment. The occurrence of NBF is very similar to the NaSS/C14TAB system, but
takes place at concentrations one order of magnitude higher. In this concentration
regime, no simulations of the surface potential can be performed. However, this type
of film is stabilised by steric forces and not by electrostatic forces, so that the surface
potential is only secondary.

The effect of the NaSS on the surface tension isotherms is rather complex. In a first
set of experiments, the influence of a fixed amount of NaSS on the surface tension of
the surfactant solutions is investigated. These changes in the isotherms upon addition
of 10−3 M NaSS to CnTAB solutions are shown in Fig. 7.12a. For better comparison,
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Figure 7.8: Surface tension of NaCl/CnTAB solutions with fixed surfactant (10−4

M) and variable NaCl concentration; NaCl/C12TAB (filled triangles);
NaCl/C14TAB (filled circles); for comparison, the surface tension of
AMPS/CnTAB systems are shown in gray; the dashed line corresponds
to the surface tension of the pure surfactant.

the surface tension isotherms of the pure surfactant are depicted as well. The addition
of NaSS to the surfactant solutions results in an strong decrease of the surface tension,
and this effect is more pronounced for NaSS/C14TAB. Below the respective cmc of
the surfactant a minimum of 30 mN/m is reached. This value is identical in both
cases; only the surfactant concentration at which this minimum occurs, is different.
Further addition of the surfactant leads to an increase of surface tension and both
curves coincide on that of the pure surfactant, which is in good agreement with a
study of Monteux et al.33

The surface tension at a fixed surfactant concentration in dependence of the monomer
concentration is shown in Fig. 7.12b. The surface tension isotherms resembles that
of the pure surfactant and no minimum is observed. The addition of NaSS to the
surfactant solutions leads to a continuous reduction in surface tension until a plateau
is reached. This plateau gives evidence of the existence of a cmc in the system which,
in turn, indicates the formation of micelles in the solution. In contrast to the above
described surface tension isotherm with varied surfactant concentration, no minimum
is observed. In the case of NaSS/C14TAB, the decrease in surface tension is more
pronounced and the cmc is reached at lower monomer concentration of 2 × 10−3 M.
Furthermore, the surface tension value of the plateau region is 30 mN/m and therefore
considerably lower than for NaSS/C12TAB mixtures. In this case, the cmc is observed
at 2 × 10−2 M at a surfaces tension of 35 mN/m. Both cmc values are in the same
concentration range as those of the pure surfactant but the plateau values are lower.
Considering the cmc, it is worth mentioning that the foam films in the concentration
regime above this point show no stratification, although micelles should be present in
the bulk solution.
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Figure 7.9: Disjoining pressure isotherms of NaSS/C14TAB solutions with varied
monomer concentration, below the IEP; the solid line corresponds to the
simulation of the isotherm with constant potential.

C12TAB/C10SO3 mixtures

Since NaSS is more hydrophobic than AMPS, it could also have the characteristics of
a cosurfactant. To gain a better understanding of the monomer, measurements with
the anionic surfactant C10SO3 were performed. These measurements are shown in Fig.
7.13. At the lowest investigated C10SO3 concentration, the foam film is very similar to
that of NaSS/C12TAB in terms of slope surface potential and equilibrium thickness (cf.
Table 7.4). With increasing monomer concentration, both film thickness and surface
potential are reduced due to the higher ionic strength and the associated screening in
the system. As described earlier, C12TAB forms no stable foam films, but the addition
of 10−6 M C10SO3 leads to the formation of foam films with a Πmax of 600 Pa (see Fig.
7.14). The increase of the surfactant concentration leads to a broad regime of unstable
films up to a concentration of 5 × 10−4 M. At this concentration, a foam film with a
stability of 350 Pa can be formed. The effect is comparable to that of NaSS/C12TAB
but the stability increase at low concentrations is less pronounced. Additionally, the
critical concentration at which stable foam films can be formed again, is considerably
lower than in case of NaSS mixtures. When the surfactant concentration is increased,
the stability of the foam films strongly increases to 2800 Pa at 10−3 M and 6800 Pa
at 10−2 M C10SO3. At 0.1 M C10SO3, stratification due to micelles is observed at low
disjoining pressures and finally, a CBF-NBF transition takes place (cf. Fig. 7.18).

This NBF has a thickness of 10 nm and was only stable up to a disjoining pressure of
200 Pa (see Fig. 7.14). In contrast to that, the NBF of the NaSS/C12TAB system at
this concentration was stable and no stratification could be observed before the NBF
transition.

The shape of the surface tension isotherm is similar to that of NaSS/C12TAB mixtures
of a fixed monomer concentration (see Fig. 7.12a). However, the addition of C10SO3

leads to a stronger decrease at low concentrations (< 10−4 M) and the cmc appears at
one order of magnitude lower. The minimum of 30 mN/m has the same value, only
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Figure 7.10: Disjoining pressure isotherms of NaSS/C12TAB solutions with varied
monomer concentration; a) below the IEP; b) above the IEP; the solid
line corresponds to the simulation of the isotherm with constant poten-
tial; for the sake of clarity, only some of the simulated isotherms are
shown in the graph.

C10SO3 conc. [M] Ψ0 [mV] κ−1 [nm] κ−1

theo [nm] I [M]

1× 10−6 80 29.4 30.3 1.0× 10−5

5× 10−4 33 14.0 12.4 2.0× 10−4

1× 10−3 31 9.0 9.2 1.0× 10−3

Table 7.4: Summary of the surface potentials Ψ0 from the simulation of the disjoin-
ing pressure isotherms of C10SO3/C12TAB films; the Debye length κ−1 is
calculated from a fit of the experimental data with a exponential decay func-
tion of first order, the ionic strength I is derived from the simulation of the
surface potential; κ−1

theo corresponds the Debye length when all ion pairs are
assumed to be dissociated.

the surface tension of the plateau is slightly higher (37 mN/m), which is very similar
to that of the C10SO3 isotherm. Again, the stratification of the foam films start at a
concentration far above the cmc of the system at 10−1 M.

7.3 Discussion

As shown in chapter 4 and 5, the addition of polyelectrolyte has a strong influence on
foam film behaviour around the IEP. To distinguish between the effect the monomer
segment properties (salt effect and molecule specific effects) and the polymeric effect,
PAMPS is exchanged by its monomer AMPS and foam films are investigated at the
same monomer concentration.
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Figure 7.11: Stability of NaSS/CnTAB films with different surfactants;
NaSS/C12TAB (open circles); NaSS/C14TAB (filled circles); max-
imum disjoining pressure Πmax before film rupture versus monomer
concentration.

7.3.1 Salt effect

Since AMPS is a rather small molecule, it is compared to systems with the simple salt
NaCl. Indeed, the mixtures show significant similarities. In all four systems, stable
foam films are formed at low monomer and salt concentrations, respectively. In case
of C14TAB, a destabilisation or a minimum stability can be observed in both mixtures
close to the IEP, although the effect is more distinct for AMPS. Above this minimum,
stable films are formed again, but the stability decreases up to a concentration of 10−2

M, where no stable films can be formed at all. For C12TAB the effect is similar, but no
minimum in stability is detected. Above a certain concentration, the film thicknesses
are the same and also the destabilisation in the high concentration regime occurs at
the same point for all systems. However, at concentrations ≤ 10−4 M, the films that
are formed with C12TAB are considerably less stable than those of C14TAB mixtures.

Since AMPS is bulkier and slightly more hydrophobic than NaCl, due to the C-C
double bond in the molecule, it is assumed that AMPS has a stronger tendency to
penetrate into the interface of the foam film.117 In case of C14TAB, this increases
the lateral screening of the charged surfactant head groups and allows the adsorption
of more surfactant molecules at the surface. It is also visible in the surface tension
measurements, where the surface coverage at low AMPS concentration is rather high
compared to the other mixtures and the lowering of the surface tension due to charge
screening is observed one order of magnitude lower. However, the lateral screening
does not reduce the surface potential of the foam films. The opposite is the case, the
potential increases due to the higher surfactant adsorption which results in rather thick
foam films. At higher monomer concentrations, ion pairing between the surfactant and
the monomer reduces the surface potential and the charge screening in the electrostatic
double-layer leads to an reduction in film thickness.

For both systems with C14TAB, a destabilisation and a stability minimum, respectively
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Figure 7.12: Surface tension of NaSS/CnTAB solutions; a) with fixed monomer (10−3

M) and variable surfactant concentration; b) with fixed surfactant (10−4

M) and variable NaSS concentration, the dashed line corresponds to the
surface tension of the pure surfactant; C12TAB systems (open symbols);
C14TAB systems (filled symbols).

is observed close to the nominal IEP and the question arises, why this happens. In
case of AMPS, the formation of ion pairs between AMPS and the surfactant could
be a possible reason, since the release of the smaller counterions is entropically more
favorable.27 The ion pair formation would lead to a reduced charge in the system an
therefore to destabilisation of the foam film. However, this explanation fails, when
systems at lower AMPS concentrations are considered. If ion pair formation occurred,
the surface potential would be much lower and the foam film stability would be reduced
approaching the IEP. Since this is not the case, the effect that causes the destabilisa-
tion has to be of different origin. Evidence comes from NaCl/C14TAB foam films at
7.5 × 10−5 M, where small black dots appear at the film surface before film rupture.
These black dots are a hint for a beginning CBF-NBF transition, implying that lo-
cal heterogeneities develop due to the lack of repulsion between the interfaces and a
transitions starts. Stable NBF occur only, when the surface coverage is maximum and
crystalline ordering of the molecules is observed.2 Since this requirement is not fulfilled,
the foam films rupture immediately when the dots spread. The same mechanism is as-
sumed to take place in AMPS/C14TAB mixtures as well, but as the screening seems
to be more pronounced for AMPS, the formation of local discontinuities occurs much
faster and at much lower disjoining pressures, so that the foam films rupture directly
after film formation.

The described lateral screening in the low concentration regime is not so pronounced
in case of C12TAB. The surface tension indicates that the surface coverage is lower
for AMPS/C12TAB than for mixtures with C14TAB. This means that even when the
repulsion of the surfactant head groups is reduced, the surface layer is assumed to be
very dilute. In this case, the charge screening that affects the surface tension, starts at
about one order of magnitude higher than for C14TAB. The effect of AMPS/C12TAB
and NaCl/C12TAB on the surface coverage is rather similar. The surface potentials
of the two systems are slightly lower than those for C14TAB, which supports the hy-
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Figure 7.13: Disjoining pressure isotherms of C10SO3/C12TAB solutions with varied
C10SO3 concentration; a) at concentrations below and at 10−3 M; b) at
concentrations above 10−3 M; the solid lines correspond to the simulation
of the isotherm with constant potential; for the sake of clarity, only some
of the simulated isotherms are shown in the graph.

pothesis of a lower surface coverage compared to the latter systems. The dilute surface
layer also explains, why the destabilisation effect that takes place in both systems with
C14TAB can not be observed for C12TAB, since the foam films are not so sensitive to
local heterogeneities.

Above the point of equal concentration, the the foam film properties of the different
systems is very similar although the reduction in surface tension is different in all cases.
In all 4 systems, the reduction of film thickness and film stability takes place in the same
concentration regime. Pronounced changes in Πmax and the thickness are first observed
at a concentration of ≥ 5 × 10−4 M and the complete destabilisation occurs at 10−2

M. Furthermore, at the concentration of 10−3 M, the maximum pressure of all systems
almost coincides. However, at least for the system with NaCl and AMPS/C12TAB this
is in a concentration range where according to the surface tension measurements the
surface coverage is still very low. This means that the coverage of the film interfaces
has no influence on the film thickness and stability. Therefore, one can conclude that
the ionic strength, which is the same in all systems is the crucial parameter concerning
film thickness and stability.

In the high concentration regime, the addition of salt has usually two effects: First, it
increases the adsorption density of ionic surfactant at the interface due to an enhanced
lateral screening of the surfactant head groups and the resulting lower repulsion between
the molecules at the surface.111 This leads also to a lowering of the cmc in the system.
Additionally, because of the charge screening, the salt reduces the repulsion between the
two film interfaces, which leads to thinner films. Usually, when the salt concentration is
sufficiently high, the surfactant head groups are screened so well that the electrostatic
barrier between the film interfaces is overcome and van der Waals attraction sets in,
which results in further thinning of the film. At very low distances between the two
surfaces, a steric repulsion can stabilise the film again and a NBF occurs. The described
phenomenon has been observed, for example, for films with C14TAB or with SDS and
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Figure 7.14: Stability of C10SO3/C12TAB films; maximum disjoining pressure Πmax

before film rupture versus C10SO3 concentration; for comparison the sta-
bilities of NaSS/C12TAB films are shown in gray.

NaCl in the concentration regime around 1 M.16,89 However, for the formation of a
stable NBF, a densely covered surface is required. This is usually the case, when the
concentration is close to the cmc of the system. In case of CnTAB at 10−4 M, the
surface coverage is still very low. In general, at low surfactant concentrations, the
amount of salt2,118 that is needed to induce a NBF transition is even higher than in
case of a nearly fully covered surface. Hence, the salt concentration that is needed
to induce a transition to a NBF is very high in this system so than no NBF can be
observed.

7.3.2 Hydrophilic/hydrophobic balance

In case of NaSS, the effect on foam films is quite different. The addition of very low con-
centrations of NaSS leads to a significant increase in film stability. This occurs already
at 10−6 M, while in this concentration regime, the influence of the polyelectrolyte is still
negligible. When the monomer concentration is further increased, the film stability is
rapidly reduced. The effect is very pronounced, so that at concentrations above 10−5

M, no stable films are observed. The addition of the monomer leads to a very broad
concentration regime, where no stable films can be formed. For C12TAB, this regime is
even larger than in case of C14TAB. Above a concentration of 10−3 M for C14TAB and
10−2 M for C12TAB, respectively, foam films get stable again. Additionally, CBF-NBF
transitions are observed in this concentration regime for both systems.

The comparison between NaSS systems and those of AMPS shows significant differences
as well. In fact, the monomer NaSS has more or less the opposite effect on film
stabilities. It stabilises foam films at very low concentrations, where AMPS has no
influence on the foam films and leads to a destabilisation in a range, where the other
monomer forms very stable films. Furthermore, in the concentration regime above the
IEP, very stable NBFs are formed, but in case of the AMPS, a reduction in film stability
occurs due to charge screening. The size and the charge of the two monomers are
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Figure 7.15: Surface tension of pure C10SO3 solutions (empty circles) and
C10SO3/C12TAB mixtures with fixed surfactant (10−4 M) and variable
C10SO3 concentration (filled circles); the dashed line corresponds to the
surface tension of the pure C12TAB.

comparable, which implies that properties of NaSS are dominated by the hydrophobic
part of the molecules. Only in the high concentration regime, the transitions to a NBF
give a hint that NaSS can also act like a salt. In general, the film stabilities of the
NaSS/C14TAB and the surface tension isotherms give evidence, that the monomer acts
like a cosurfactant. For this reason, the properties of the films with the monomer are
compared to a catanionic system, consisting of the anionic surfactant C10SO3 and the
cationic surfactant C12TAB.

For the discussion of the foam film stabilities of mixtures with NaSS, it is important
to consider the surface characteristics. The surface tension isotherms of NaSS/CnTAB
mixture are quite complex. In case of a fixed NaSS concentration and a variable surfac-
tant concentration, a strong reduction in surface tension at low surfactant concentration
is observed as well as a huge minimum below the cmc, which is in good agreement with
findings from Monteux et al..33 The strong reduction in surface tension gives evidence,
that the monomer is incorporated into the surface layer, even though pure NaSS is
not surface-active. This implies that a cooperative binding process occurs when sur-
factant and monomer are present in the solution.115 Furthermore, the dip in surface
tension suggests that the monomer is resolubelised from the surface and integrated
into micelles, so that a more or less pure surfactant layer is left at the surface. This
phenomenon is also observed, when surface-active impurities are present in a surfactant
solution.119

At a fixed CnTAB concentration and a varied NaSS concentration, the surface tension
shows a plateau at high monomer concentrations, which implies that micellar structures
are formed in the bulk solution. This has also been observed for C16TAB mixtures
with tosylate,115,116 a hydrophobic ion, which is very similar to NaSS, so that the
two compounds can be easily compared. In a study by Li et al., the addition of the
hydrophobic ion to the surfactant solution led to a transition from spherical to rodlike
micelles, even at rather low concentrations. Furthermore, at a high concentration
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Figure 7.16: Foam films from NaSS/C14TAB mixtures at a disjoining pressure of 200
Pa; left: at a NaSS concentration of 10−3 M; right: at a NaSS concen-
tration of 10−2 M.

of micelles, entangled structures were observed. The formation of micelles is quite
surprising, especially at these low concentration because the hydrophobic tail of the
monomer is rather short. However, besides the usual hydrophobic interactions, Π-
stacking can occur as well due to the aromatic ring in the monomer120 with could
enhance the formation of micelles.

The absence of a dip below the cmc in the NaSS/CnTAB mixtures indicates in Fig.
7.12 that the surfactant is not desorbed from the surface, so that it is assumed that the
surfactant is present in both the micelles and the surface layer. The surfactant type
that is used in the mixture, has a strong influence on the micelle formation. In case of
C14TAB, the cmc occurs at a concentration that is one order of magnitude lower than
for C12TAB. This phenomenon happens, even though the surfactant concentration is
a 1/20 and a 1/200 of the monomer concentration, respectively, implying that already
the addition of small amounts of molecules can have a strong influence on the system.
Furthermore, the surface tension at the cmc is much lower in the case of C14TAB,
which indicates that the surface is more densely packed. In total, the difference in
surface tension between the two systems is 5 mN/m, which can be explained by the

Figure 7.17: Foam films from NaSS/C12TAB mixtures; left: at a NaSS concentration
of 10−2 M; rigth: at a NaSS concentration of 10−1 M.
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Figure 7.18: Foam films of C12TAB/C10SO3 mixtures at 10−1 M C10SO3; Stratifica-
tion of the foam film.

lower adsorption coefficient of C12TAB17 and a resulting lower cooperative adsorption
of NaSS to the surface.

In contrast to NaSS, C10SO3 is surface-active and can be used as a surfactant to stabilise
foam films (data not shown). This is manifested in the surface tension isotherms by a
much stronger reduction in surface tension and a lower cmc. An explanation for this
effect is a higher adsorption coefficient of C10SO3 in comparison to NaSS due to the
longer hydrophobic tail of the molecule. At concentrations close to the cmc, a minimum
in surface tension is observed, which gives evidence that the cationic surfactant is
solubilised in micelles and a pure C10SO3 layer is developed at the surface. In fact, the
plateau value of C10SO3 is slightly higher, which could be because of the cooperative
binding of NaSS to C12TAB in this concentration regime and the resulting denser
surface layer.

The comparison of the film stabilities of NaSS/CnTAB mixtures with those of C10SO3/
C12TAB shows that in the concentration range between 10−6 M and 10−5 M, foam films
with NaSS are more stable. A reason for that could be the difference in cosurfactant
chain length. A neutron reflectometry study of tosylate/C16TAB mixtures at the air-
water interface showed, that small hydrophobic ions are embedded in the hydrophobic
region of the surface layer.115,121 The additional adsorption of molecules leads to the
expansion of the monolayer and not to the screening of the lateral repulsion between
the surfactant head groups due to ion pair formation. This, in turn, results in an
increase in surface coverage rather than in a reduction of the surface charge. Foam
films from mixtures with C14TAB are more stable than those with C12TAB, which can
be explained by higher surface coverage in the first case. The simulation of the sur-
face potentials supports these findings, since the potential of NaSS/C14TAB is slightly
higher than that of NaSS/C12TAB at 10−6 M. In contrast to that, C12TAB and C10SO3

interact stronger, since these molecules can form 1:1 complexes. According to a study
on oppositely charged surfactant mixtures with different chain lengths, systems of sur-
factants with a similar length of the hydrophobic tail interact stronger than those with
a distinct difference in chain length.122 In the present case, due to the similar chain
lengths, and the resulting chain compatibility between the two compounds, hydropho-
bic interaction can take place additionally to the electrostatic interactions between the
head groups. This leads to a strong screening of the surface charge due to the complex
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formation, which has an effect on the foam films: At low C10SO3 concentrations, the
reduced surface charge leads to foam film that become unstable close to the IEP.

In all systems, no stable films can be formed in a quite broad concentration regime.
In case of C10SO3, the destabilisation occurs only below the IEP of the system and
can be explained by the strong electrostatic interaction between the two oppositely
charged compounds. This reduces the surface charge such that the repulsion between
the opposing film surfaces is too low to stablise the foam films. However, when the
nominal IEP is crossed, the excess of anionic surfactant leads to the formation of stable
films again. In contrast to this, the addition of NaSS to the CnTAB solutions leads to
the occurrence of a destabilisation regime that is much larger, so that the destabilisation
can not be related to a low surface charge. The reason for the destabilisation mechanism
is rather the character of the hydrophobic ion. On one hand, hydrophobic ions are often
used as defoamers, since the addition increases the distance between the surfactant
molecules.117 This can lead to a reduction of the surface potential, so that no stable
films can be formed in this concentration regime. However, the destabilisation in this
system takes place in a concentration regime, were the surface coverage is not very
dense, so that it is not sure, if this effect can appear.

On the other hand, the hydrophobic tail of the monomer is very short compared to
the used surfactant. A few studies on the influence of the surfactant chain length
have shown that the surface elasticity decreases when the length of the hydrophobic
tail is reduced.17,114 The reduction in surface elasticity is usually related to a decrease
in film stability and, finally, no stable films can then be obtained. This leads to
the conclusion, that surface elasticity could play a crucial role in destabilising the
foam films. In general, the CBFs that are formed from NaSS/surfactant solutions in
the high concentration regime are not very stable, even though the surface tension
measurements imply a high surface coverage. This supports the assumption that the
surface elasticity is not high enough to stabilise the films. Only when a NBF is formed
above the cmc of the system, a very stable foam film can be observed. However, the
stabilisation mechanism is different for NBFs.

NaSS films do not show stratification, even though a concentration range is investi-
gated that is about one order of magnitude higher than the cmc. This effect has been
observed before by Bergeron et al.109 and Espert et al.111 A possible reason for this
phenomenon could be that the concentration of micelles is too low close to the cmc,
so that there might not be enough micelles to form ordered structures. On the other
hand, the addition of salt to a solution suppresses the stratification process and en-
hances a transition to a NBF,2,123,124 which can be observed in both NaSS systems.
The salt character of the monomer could therefore hinder the stepwise thinning of the
films above the cmc of the mixture, so that only a NBF-transitions takes place. In
general, micelles can act as a source for molecules that adsorb at the surface. It can
be assumed, that monomers are transported to the film interface, depleted from the
micelles and then integrated into the surface layer125 so that a densely covered surface
is developed, promoting the stability of the NBF.

The first CBF-NBF transition can be observed at concentrations just below the cmc
of the two systems. In this case, the NBF is not very stable and ruptures shortly
after the transition. As mentioned earlier, a stable NBF can only be formed, when the
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film surface is densely covered and the surface layer has a crystalline structure. This
indicates that the surface layer has not reached the maximum density below the cmc,
so that the NBF ruptures after the formation.

Usually, before a transition to a NBF occurs, small black dots appear at the films
interface. The dots are often called ‘holes’ but are rather regions of smaller film thick-
ness.2 These thin domains spread over the whole film, due to a difference in interfacial
tension between the two regimes. Since the surface tension is lower in the inner part
of the domains and a lower energy state in the system is more favorable, the spreading
is enhanced and a new, thinner film is formed. In case of a NaSS/C14TAB mixture
at 10−3 M, a special phenomenon is observed: Shortly after film formation, a black
dot occurs in the film. However, the spreading of the domain is very slow and does
not finish even after hours. Only when the applied pressure is increased, the spreading
continues and the film ruptures soon after the pressure increase. It seems, that the
difference in interfacial tension inside and outside the domain is so small, that the two
film thicknesses are in equilibrium and the spreading is not favored, so that the film
is trapped in a meta stable state. Apparently, the surface layer is close to maximal
coverage, since a NBF with a small diameter is stabilised but not crystalline enough
to stabilise the further growing film.

Furthermore, aggregates between NaSS and C14TAB are formed at the highest inves-
tigated concentration. These are observed in Fig. 7.16 (right) as a bright layer on
the NBF, but are not visible in the bulk solution. The aggregates are not fixed at the
surface as found for polyelectrolyte/surfactant gels,39 but move freely on the surface.
However, the aggregates seem to disturb the crystalline surface structure of the NBF
such that the film ruptures soon after the transition. Like in case of polyelectrolytes,
the threshold of the aggregate formation seems to be a surfactant chain length of 14
alkyl groups, since the interactions between the monomer and C12TAB are not so strong
that visible complexes are formed. Even at monomer concentration that are one order
of magnitude higher, no aggregates can be observed, which can easily be explained by
a reduced hydrophobic interaction between the compounds.

In case of C10SO3, no NBF transitions are observed around the cmc. In contrast to
the mixtures with NaSS, the stability of the foam film strongly increased above the
nominal IEP. Furthermore, the foam films containing C10SO3 get thinner due to the
increasing ionic strength in the system. This is supported by the surface potentials,
which are reduced to around 30 mV at 10−3 M C10SO3. These observations are in
good agreement with findings of other surfactant foam films in the literature.16,97 Very
stable films with stabilities up to 6800 Pa are formed in this concentration regime but
no stratification occurs until a concentration that is around one order of magnitude
higher than the cmc. Eventually, at a concentration of 10−1 M C10SO3, several steps
in thickness can be observed that are assumed to be due to a layering of micelles in the
system. After the stratification a film with a thickness of 10 nm is formed. The last
transition seems to be a NBF transition, but unfortunately, at this particular thickness
of 10 nm it is hard to say, if really a NBF is formed or if it is rather a very thin CBF.
However, the surface coverage seems to be to low or the repulsion of the interfaces
not strong enough to stabilise the film, so that it ruptures at rather low disjoining
pressures.
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In summary, the monomer NaSS has the character of a cosurfactant and a organic salt,
depending on its concentration in the mixtures. At low concentrations the cosurfactant
character dominates and it has the ability to stabilise foam films. However, it can not
stabilize foam films on its own and can therefore not be compared to a real surfactant.
Especially in the high concentration regime, the effect of the NaSS and C10SO3 differs
significantly. In case of NaSS, no stratification occurs, but a CBF-NBF transition.
The deviation from the surfactant properties is mostly due to the hydrophobic part
of the monomer. It is indeed hydrophobic enough to be accessible to hydrophobic
interactions with the surfactant, but the hydrophobic part is too short, so that the
chains of the two compounds in the system are not so compatible to form strong
complexes. Furthermore, at concentrations close to the cmc, the salt effect starts to
dominate hydrophobic properties of the monomer, which leads to the formation of a
NBF.

7.3.3 Comparison between monomer and polymer

In this section, the effect of the respective monomer on foam film properties is com-
pared to the effect of the polyelectrolyte discussed in chapter 4 and 5. In case of
AMPS/PAMPS with C14TAB, both differences and similarities are observed. As in
films with the corresponding polymer, stable foam films are formed at low concentra-
tions. However, these films are much more stable than those of the pure surfactant,
whereas in case of PAMPS, the stability was reduced below the IEP. Additionally, the
surface potentials in this regime are much higher for the AMPS systems, which also
explains the high stability of the foam films. Close to the nominal IEP, a complete
destabilisation of the foam film occurs, which resembles the PAMPS/C14TAB system.
However, above the IEP, a jump in film stability is observed, which is in contrast to the
steady increase in film stability that occurs when polyelectrolyte is added to the sys-
tem. Furthermore, when the AMPS concentration is increased, the stability is reduced
until a complete destabilisation of the foam films at 10−2 M, which is contradictory to
the results of the polymer.

In case of C12TAB, the effect on foam films is again different. First of all, AMPS, like
PAMPS, has the ability to stabilise foam films, so that stable foam films are formed even
at low AMPS concentrations around 10−5 M. Yet in contrast to films with PAMPS, the
increase of the amount of monomer has almost no influence on the foam film stability
until a concentration of 5×10−4 M. The surface potentials and the surface tension in this
concentration regime are more or less constant, which supports the assumption that the
addition of monomer has only a minor effect on the surface coverage. Furthermore, in
case of PAMPS/C12TAB the destabilisation of foam films was not very distinct, but for
the AMPS system, no destabilisation or stability minimum can be observed at all. This
implies that the mechanism that leads to the destabilisation effect, is different, when
the surfactant chain is prolongated. At higher concentrations, the foam film stability
decreases and a complete destabilisation occurs, which is again contradictory to the
films with PAMPS. In this concentration regime, the stability of both AMPS/CnTAB
systems coincide, even though surface tension measurement show distinct differences
in surface coverage.
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Additionally, the surface tension measurement reveal that the characteristics of the
surface layers are very different. In case of polyelectrolyte/surfactant mixtures, the
surface tension was strongly reduced below the IEP and then abruptly changed at the
IEP. In contrast to this, the surface tension of the monomer mixtures remains constant
at a value close to that of the pure surfactant and is only decreased, when a strong
charge screening occurs at high monomer concentrations.

In general, one can say that, even though in the concentration range below the nominal
IEP the foam film properties are quite similar to the polyelectrolyte/surfactant system,
the effect of the AMPS can be better explained by the influence of the salt character.
This is especially obvious in the surface tension measurements, where no hydrophobic
complexes are observed at the interface and all curves show a continuous behaviour.
The characteristics that distinguish AMPS from the simple salt originate in the volume
of the ion and its slight hydrophobicity.

The influence of the monomer NaSS is very different from the one of the corresponding
polyelectrolyte PSS. In case of PSS, the interactions between the polyelectrolyte and
C14TAB are so strong that aggregates are formed already at quite low polymer con-
centrations, so that it is impossible to investigate the foam film of this mixture. When
C12TAB is used in the system, the polyelectrolyte stabilises the foam films. This is
also the case for NaSS at low concentrations but the effect is much stronger. When the
concentration is increased no stable foam films can be formed in a broad concentration
regime. For the polymer a minimum in film stability is observed close to the IEP, but
no complete destabilisation occurs. This leads to the conclusion, that the stabilisation
process is different in the two systems. At high concentrations, the foam films with
PSS are very stable and CBFs are formed. In contrast to that, Nass does not form
stable CBFs above the IEP but NBF are observed in the concentration regime above
10−2 M. In this concentration regime, the monomer shows rather the characteristics of
a salt.

The surface tension shows significant differences between the two systems as well. The
isotherms of NaSS/CnTAB mixtures show the typical shape of a surfactant with a
continuous decrease and a plateau at the cmc. This implies, that micelles are present
in the solution. On the other hand, PSS/CnTAB systems show the characteristic non-
monotonous behaviour of the polyelectrolyte/surfactant mixtures discussed in previous
chapters.

In summary, the properties of NaSS are better described by a cosurfactant than by
the polymer. Due to the hydrophobicity of the monomer, it can adsorb at the surface
over a large concentration regime in the presence of surfactant and the foam film are
similar to catanionic mixtures presented above. However, in the high concentration
regime acts more like an organic salt.

7.4 Conclusion

The results of the present study show that the influence of the monomer differs signifi-
cantly from the effect of the polymer, even though the foam film stabilities seem similar
at first sight. In case of AMPS, the addition of the monomer has similar effects as the
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addition of a simple salt like NaCl. Foam films below the IEP are stabilised due to its
ability to reduce the repulsion between the surfactant head groups and the resulting
increased adsorption of the surfactant. Above the IEP, the increased ionic strength in
the film enhances the ion condensation at the film surfaces and decreases the repulsion
of the opposing film interfaces. This leads to a reduction of the film thickness and film
stability and finally to the destabilisation of the foam films in the high concentration
regime.

In contrast to that, NaSS behaves like a cosurfactant and stabilises foam films after the
addition of very low amounts. However, in the concentration regime around the IEP, no
stable films can be formed even though the surface coverage of the film interfaces is quite
high. This is assumed to be due to a low surface elasticity when the monomer with the
short hydrophobic tail is adsorbed. At concentrations around the cmc of the system,
CBF-NBF transitions can be observed. A transition to a NBF is typical for systems,
where high amounts of salt are added, which suggests, that in this concentration regime
the salt character of the monomer starts to affect the foam films.

In summary, the functionality of the molecules strongly affects the interactions between
the compounds in the mixtures, so that it is crucial, if a monomer or a polymer is
added to the surfactant solution. Furthermore, besides the size of the molecule, the
hydrophilic/hydrophobic balance in the monomer unit plays an important role in foam
film stabilisation.





8 Effect of the polyelectrolyte

chain length

Abstract

This chapter deals with the influence of the polyelectrolyte chain length on foam film
stabilities of oppositely charged polyelectrolyte/surfactant mixtures. In chapter 7,
the influence of a long polyelectrolyte chain and the effect of the monomer has been
investigated. The differences in the findings suggest that the polyelectrolyte chain
length affects the foam film properties. In this study, rather short polyelectrolytes
with 60 and 20 repeat units, respectively, have been investigated to gain information
about the transition from monomer to polymer effect.

The results show that above a certain chain length, the molecular weight of the poly-
electrolyte has only a minor influence on the foam film stability and the surface tension.
However, the use of a polymer with 20 monomer units reveals that beside the described
effect of the polymer and the monomer, also an oligomer effect can be observed. In this
case, the adsorption process and the foam films stabilities are considerably different to
the former findings, due to the short polyelectrolyte chain.

8.1 Introduction

Polyelectrolyte/surfactant mixtures are often used in industrial applications like per-
sonal care products and cleaning agents. Besides the rheological properties of the bulk
solution, one can also change the adsorption and the foam film characteristics by choos-
ing different polyelectrolyte and surfactant types. In the case of oppositely charged
polyelectrolyte/surfactant mixtures, strong electrostatic interactions occur which lead
to the formation of complexes between the two compounds. This is both, energetically
and entropically favorable, since the repulsion of the surfactant headgroups at the in-
terface is reduced and the entropy of the system is increased due to the release of the
counterions.27

In chapters 4 and 5, foam films of cationic surfactant and anionic polyelectrolytes
around the IEP has been investigated. In the case of C12TAB and PSS with a chain
length of > 300 monomer units, the addition of polyelectrolyte to the surfactant so-
lution leads to the formation of stable foam films and a minimum in film stability
at a concentration very close to the nominal IEP. From surface tension and elasticity
measurements it follows that there is a reduction in surface charge at low PSS con-
centrations but no charge reversal takes place at the interface. In a second approach,
the polymer was exchanged by the monomer, which is in the case of PSS, NaSS. As
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discussed in chapter 7, the foam film properties of the mixtures with the monomer
are very different from those with the polymer. Due to the hydrophobic parts of the
molecule, the monomer resembles a cosurfactant and can be integrated into the sur-
face layer at all investigated concentrations and has also the ability to form micelles in
presence of another surfactant.

From this results, the question arises, how the foam films are affected, when instead
of the long polyelectrolyte or the monomer, different PSS with short polyelectrolyte
chains are added to the mixture. Can a transition between the monomer behaviour
and the effect of the polymer be observed?

In a study by Monteux et al.,33 it was shown, that a polymer with at least 20 monomer
units is needed to get the effect of the polymer in terms of surface tension isotherms.
In the case of an oligomer with less monomer segments, the adsorption at the air water
interface differed strongly from that of longer polymers. For macromolecules with more
than 20 monomer units, no significant dependence on molecular weight has been found.
In general, the polyelectrolyte adsorption at the interface and, therefore, the surface
tension should be constant at the same monomer unit concentration, when the polymer
adsorbs flat at the interface.126 In the case of coil adsorption or when the adsorption
rate of the polymer endgroup differs from that of the middle segments, changes should
be visible in the surface tension.127

The molecular weight dependence in thin liquid films in the semidilute concentration
regime, is already well established.128–132 In this concentration range, the molecular
weight has no influence on the oscillatory force in the system. However, when the
longer polyelectrolytes are exchanged by a polymer with 20 monomer units, the scaling
behaviour changes from a power law that scales with c−1/2 to one with an exponent
of −1/3.104 This implies that the polyelectrolytes do not overlap to a network-like
structure in the film bulk but arrange as spherical coils. In more detail, the transition
between the dilute regime and the critical overlap concentration (c*) is shifted to higher
concentrations, when a shorter polyelectrolyte is used.128

Nevertheless, there are some properties in the film bulk that do have a molecular
weight dependence, e.g. the osmotic pressure. The shorter the polyelectrolyte chain,
the higher is the osmotic pressure in the film at the same monomer concentration.130

Altogether, this suggests that shorter polyelectrolytes do affect the foam films in the
investigated concentration regime.

To investigate this influence of the polyelectrolyte chain length on the foam film sta-
bility, PSS samples of different molecular weights have been studied and compared
to former measurements of PSS/C12TAB mixtures with a chain length of about 340
monomer units and to foam films where the corresponding monomer is added. The
IEP of the system is determined by the used surfactant concentration of 10−4 M. Be-
sides the disjoining pressure isotherms of the foam films of the mixtures, also surface
tension and partly elasticity measurements have been performed and are presented in
the following section.
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Figure 8.1: Disjoining pressure isotherms of PSS60/C12TAB solutions with varied
polyelectrolyte concentration; a) below the IEP; b) at and above the IEP;
the solid lines correspond to the simulation of the isotherm with constant
potential; for the sake of clarity, only some of the simulated isotherms are
shown in the graph.

8.2 Results

PSS of two different molecular weight, namely 20 monomer units (PSS20) and 60
monomer units (PSS60) were studied.

8.2.1 PSS60/C12TAB

Disjoining pressure isotherms at different PSS60 concentrations are shown in Fig. 8.1.
The surfactant concentration is fixed at 10−4 M, which defines the nominal IEP at
10−4 M. The foam films are characterised by the film thickness, the stability, i.e. the
maximum pressure that can be applied to the film before the film ruptures (Πmax), the
slope of the isotherms that depends on the ionic strength of the sample solution and
the the surface potential which has been simulated by using the PB program version
2.2.1,12 written by Per Linse. This program solves the nonlinear Poisson-Boltzmann
equation under the assumption of constant potential.

Fig. 8.1a depicts isotherms below the IEP, while Fig. 8.1b shows the isotherms at and
above the IEP. The isotherms up to a concentration of 10−4 M PSS60 almost coincide
on one curve an differ only in slope and stability. The film thickness at a disjoining
pressure of 200 Pa is 91-95 nm, which is in the same range as the thicknesses in other
investigated polyelectrolyte/surfactant systems in this concentration regime. At higher
polymer concentrations the equilibrium thickness is reduced to 83 and 72 nm, at 5×10−4

M and 10−3 M PSS60, respectively due to a stronger screening of the electrostatic
double-layer. This is in contrast to other studied polyelectrolyte/surfactant systems,
where no screening could be observed at high polyelectrolyte concentrations.

Furthermore, the slope of the isotherms is affected by the polyelectrolyte concentration.
Since it is related to the ionic strength in the system and the isotherms get steeper with
increasing polymer concentration. At concentrations below the nominal IEP, the effect
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Figure 8.2: Stability of PSS/C12TAB films with different PSS chain lengths; maxi-
mum disjoining pressure Πmax before film rupture versus polyelectrolyte
concentration.

is not so pronounced, but at concentration ≥ 5 × 10−4 M PSS60, a strong increase in
the slope of the isotherms is observed.

The addition of 10−5 M PSS60 leads to an increase in stability compared to the pure
surfactant system (cf. chapter 5) to a maximum pressure of 430 Pa (see Fig. 8.2). A
polymer concentration of 5×10−5 M further increases the stability to 750 Pa. However,
at 7.5 × 10−5 M PSS60, Πmax is reduced and a minimum in film stability of 600
Pa is observed. Further addition of PSS60 is again accompanied by an increasing
film stability, which is far beyond the stability that could be reached below the IEP.
Nevertheless, the film stabilities are with 1500 Pa at 10−4 M and 4500 Pa at 10−3 M
PSS60, respectively, almost 1000 Pa lower than in case of PSS with a chain length of
340 monomer units.

The shape of the stability curve is also reflected in the surface potentials. The surface
potential of the foam films first increases from 52 to 60 mV when the polyelectrolyte
concentration is changed from 10−5 M to 5 × 10−5 M PSS60, shows a minimum of 58
mV at 7.5× 10−5 M and then further increases to 78 mV upon addition of 5× 10−4 M
PSS60. However, even though the stability of the foam film further increases with an
increase of the polyelectrolyte concentration to 10−3 M, the surface potential decreases
to 65 mV due to the charge screening in the system. The results of the surface potential
are summarised in Table 8.1.

Surface tension measurements of the corresponding polyelectrolyte/surfactant solutions
are shown in Fig 8.3. The surface tension isotherm of PSS60 corresponds to the typical
shape of polyelectrolyte/surfactant isotherms found in Ref.:90,107 The addition of low
amounts of polymer (10−5 M) lead to a strong reduction in surface tension compared
to the pure surfactant solution. Further increase of PSS60 concentration reduces the
surface tension to a minimum of 58 mN/m at the nominal IEP. Comparing this to
the surface tension of PSS/C12TAB solutions at the respective concentration reveals,
that the shorter polyelectrolyte chain decreases the surface tension 1-2 mN/m more
than the polyelectrolyte with the higher molecular weight. At PSS60 concentrations
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PSS60 conc. [monoM] Ψ0 [mV] κ−1 [nm] I [M]

1× 10−5 52 29.9 8.0× 10−5

5× 10−5 60 28.5 9.0× 10−5

7.5× 10−5 58 26.0 1.0× 10−4

1× 10−4 65 24.5 1.2× 10−4

5× 10−4 78 22.1 1.7× 10−4

1× 10−3 65 14.2 3.0× 10−4

Table 8.1: Summary of the surface potentials Ψ0 from the simulation of the disjoining
pressure isotherms of PSS60/C12TAB films; the Debye length κ−1 is calcu-
lated from a fit of the experimental data with a exponential decay function
of first order, the ionic strength I is derived from the simulation of the
surface potential.
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Figure 8.3: Surface tension of PSS/C12TAB solutions with fixed surfactant (10−4 M)
and variable PAMPS concentration; the dashed line corresponds to the
surface tension of the pure surfactant; the vertical line illustrates the nom-
inal IEP of the system.

≥ 10−4 M, a sudden increase in surface tension to 70 mN/m is observed, indicating a
release of surface complexes and leaving only a more or less pure surfactant layer at the
interface. Above the nominal IEP of the system, both PSS and PSS60 surface tension
curves almost coincide. This suggests that the mechanism that leads to the depletion
of the surface in the same for both polyelectrolytes.

8.2.2 PSS20/C12TAB

As described in section 8.1, the differences of the disjoining pressure isotherms of
PSS60/C12TAB are only minor compared to the PSS with 340 monomer units and
occur mainly at in the high polyelectrolyte concentration range. To get a deeper
understanding of the influence of the chain length on film stability, a shorter polyelec-
trolyte is studied as well. According to Monteux et al.,33 a polyelectrolyte chain length
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Figure 8.4: Disjoining pressure isotherms of PSS20/C12TAB solutions with varied
polyelectrolyte concentration; a) below the IEP; b) at and above the IEP;
the solid lines correspond to the simulation of the isotherm with constant
potential; for the sake of clarity, only some of the simulated isotherms are
shown in the graph.

of at least 20 monomer units is needed to reach polymer character, so that a PSS with
this chain length has been chosen.

Disjoining pressure isotherms of the PSS20/C12TAB mixtures are shown in Fig. 8.4
and divided into isotherms below the nominal IEP in Fig. 8.4a and at and above the
IEP, respectively, in Fig. 8.4b. Up to a concentration of 5 × 10−4 M PSS20, all foam
films start with a equilibrium thickness of 95-98 nm at 220 Pa. Only at 10−3 M, the
charge screening due to the higher ionic strength sets in and reduces the film thickness
to 64 nm at this point. The effect of the screening is even more pronounced for this
polyelectrolyte than in the case of PSS60. This trend is also found for the slope of
the disjoining pressure isotherms. The Debye lengths calculated from the fit of the
disjoining pressure isotherms with an exponential function of first order (cf. Table
8.2), are much lower than those of the PSS60 system. The increased ionic strength in
the system leads to steeper isotherms, and the differences are already distinct below
the nominal IEP.

With increasing polyelectrolyte concentration, the stability of the foam films continu-
ously increases (cf. Fig. 8.2). This is different to all other polyelectrolyte/surfactant
mixtures that showed a destabilisation or minimum stability at 7.5 × 10−5 M. Never-
theless, the stability increases from 380 Pa at 10−5 M to 580 Pa at 5 × 10−5 M and
880 Pa at 7.5× 10−5 M PSS20. This difference of 300 Pa is within the accuracy of the
measurement, so that this effect can be taken into account. Comparing all systems,
one clearly sees that the film stabilities at 7.5 × 10−5 M coincide on one disjoining
pressure and differ only below and above this point. When the PSS20 concentration
is further increased, the film stability increases from 1050 Pa at 10−4 M to 3000 Pa
at 10−3 M. Additionally, it is shown that the trend at polyelectrolyte concentrations
≥ 10−4M is the same, but the absolute film stabilities are further reduced compared to
long polyelectrolyte chains. The surface potentials of the isotherms, summarised in Fig.
8.2, support this picture. The foam film with the lowest polyelectrolyte concentrations
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PSS20 conc. [monoM] Ψ0 [mV] κ−1 [nm] I [M]

5× 10−5 60 29.0 9.0× 10−5

7.5× 10−5 67 27.1 1.2× 10−4

1× 10−4 70 22.5 1.4× 10−4

5× 10−4 75 18.9 2.0× 10−4

1× 10−3 60 13.7 3.5× 10−4

Table 8.2: Summary of the surface potentials Ψ0 from the simulation of the disjoining
pressure isotherms of PSS20/C12TAB films; the Debye length κ−1 is calcu-
lated from a fit of the experimental data with a exponential decay function
of first order, the ionic strength I is derived from the simulation of the
surface potential.

could not be simulated, since only 3 data points are available. However, the surface
potential increases from 60 mV at 5 × 10−5 M to 75 mV at 5 × 10−4 M. Only at 10−3

M PSS20, the surface potential is reduced to 60 mV due to strong charge screening in
the system. Besides the differences at the particular concentration of 7.5× 10−5 M, all
potentials are in the same range than those of PSS60/C12TAB.

Surface tension isotherms of PSS20/C12TAB mixtures are shown in Fig. 8.3. Com-
paring measurements of these mixtures with the ones of solutions containing polyelec-
trolytes with a higher molecular weight, the effect on surface tension is completely
different. Firstly, the surface tension is already lowered to 52 mN/m at a concentra-
tion of 10−5 M, which is 12 mN/m lower than that of PSS60. Additionally, the surface
tension stays constant until a PSS20 concentration of 5 × 10−5 M and than steadily
increases. This increase starts below the nominal IEP of the system, i.e. at lower con-
centrations than for the other PSS systems. The sudden increase of the surface tension
detected for both PSS and PSS60 at a polyelectrolyte concentration above the IEP is
not observed in the case of PSS20. Furthermore, the surface tension goes not back
to the value of the pure surfactant, but reaches a maximum of 60 mN/m, indicating
that the polyelectrolyte/surfactant complexes remain at the interface. On the other
hand, the surface tension slightly decreases at polyelectrolyte concentrations higher
than 2× 10−4 M, which is which is consistent with PSS/C12TAB mixtures.

Both the foam film and the surface tension measurements of PSS20/C12TAB show sig-
nificant differences to the results of polyelectrolyte/surfactant mixtures with a longer
polymer chain, so that additional experiments are required. To get a deeper insight
into the surface properties of the system, surface elasticity measurements have been
performed at different frequencies between 0.005 and 0.1 Hz (cf. Fig. 8.5). Again, the
results differ strongly from those of PSS/C12TAB in chapter 5. At low PSS20 concen-
trations, the surface elasticity of 88 mN/m ±6 is highly elevated compared to that of
the pure surfactant solution. The elasticities of the different oscillation frequencies are
distributed over a range of 12-15 mN/m, which is constant over the whole concentra-
tion range. At a concentration of 10−5 M PSS20, the maximum elasticity of about 100
mN/m is reached and stays almost constant, when the polymer concentration is further
increased to 5 × 10−5 M. Close to the IEP of the system, the surface elasticity starts
to decrease again. However, not a sudden reduction of surface elasticity like in case
of PSS/C12TAB is observed, but rather a steady and continuous decrease. At 10−4 M
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Figure 8.5: Surface elasticity of PSS20/C12TAB solutions with fixed surfactant (10−4

M) and variable PAMPS concentration at different frequencies; the dashed
line corresponds to the elasticity of the pure surfactant; the vertical line
illustrates the nominal IEP of the system.

PSS20 for example, the surface elasticity is lowered to 65 mN/m and it is reduced to
46 mN/m at 10−3 M, the highest investigated concentration, which is not even close
to the elasticity of the pure surfactant. At this concentration, the decrease seems to
level off, which coincides with surface tension measurements at the respective concen-
tration, where a slight decrease is detected. Altogether, the results suggest that the
addition of PSS20 to C12TAB solutions leads to a completely different adsorption of
the polyelectrolyte/surfactant complexes than in case of longer polyelectrolyte chains.

8.3 Discussion

The focus of this study was the investigation of the influence of the polyelectrolyte chain
length on the foam film stability. In general, the results of the foam film stabilities
suggest, that the effect of the polyelectrolyte with 60 and 20 monomer units resembles
more that of the long polymer chain than that of the monomer. In the latter case, the
foam film stabilities and the surface characteristics are completely different.

The foam film stabilities reveal that the addition of polyelectrolyte leads to the forma-
tion of stable foam films with C12TAB. The surfactant has, due to the short hydropho-
bic tail a low adsorption rate to the air/water interface, which results in a low surface
charge and, in turn, in unstable C12TAB foam films.17 However, when PSS is added,
regardless which of the three types, stable films are formed in the whole investigated
concentration regime. For the two long chain polyelectrolytes, the foam film stability
and the surface tension isotherms have the characteristic shape, discussed in chapter
5. The foam film stability first increases when polymer is added and a minimum in
stability is observed close to the nominal IEP of the system. Once the IEP is crossed,
very stable foam films are formed. Although the foam film stabilities below the IEP
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are very similar, the films of the PSS mixtures are in average 1000 Pa more stable than
those with PSS60.

As mentioned above, the surface tension isotherms of the surfactant solutions with
PSS and PSS60 are very similar. Below the IEP, very hydrophobic complexes between
C12TAB and the polyelectrolyte are formed, which adsorb at the interface due to the
strong electrostatic interaction between the two compounds. Since more surfactant
molecules than polyelectrolyte segments are present in the solution, all charges of the
polymer chain are complexed by surfactant molecules, which expose their hydrophobic
alkyl chains to the surrounding. The release of the counterions further increases the
entropy of the system, which also enhances the complexation between the compounds.
Additionally, the hydrophobic backbone of the polyelectrolyte can be adsorbed at the
surface. Altogether, this leads to a strong decrease in surface tension already at quite
low polyelectrolyte concentrations. With further increase of the PSS concentration, the
surface tension is reduced until a minimum at the nominal IEP. The surface tension
measurements in this concentration regime show that PSS60 adsorbs slightly stronger
at the surface than the longer polyelectrolyte. This indicates that the length of the
polyelectrolyte chain indeed has an influence on the adsorption. As described earlier,
a change in surface tension gives a hint that the polyelectrolyte does not adsorb flat to
the interface.126 In that case, no change in surface tension would be visible since the
monomer concentration and therefore the amount of adsorbed segments would remain
constant. On the other hand, when the polyelectrolyte is adsorbed in a coiled confor-
mation, the amount of adsorbed coils increases, because a higher amount of polymer
chains is available at the same monomer concentration when a shorter polyelectrolyte
is added.

At concentrations above the nominal IEP of 10−4 M, a significant change of the surface
coverage is observed. A strong increase in the surface tension gives evidence that the
polyelectrolyte/surfactant complexes are released from the surface and a more or less
pure surfactant layer is left at the interface. Above the IEP, an excess of polyelectrolyte
segments is present in the system. Not every charged monomer unit can be complexed
by an surfactant molecule which increases the charge on one polyelectrolyte chain.
This in turn makes the complexes more hydrophilic and less surface-active. Since no
surface-active complexes remain at the surface in this concentration regime, the surface
tension behaviour of the two polyelectrolytes is the same above the IEP.

The adsorption process of PSS20/C12TAB complexes at the surface is more complex.
Not only the absolute surface tension is reduced, but the shape of the isotherm is
changed as well. Below the IEP, a strong decrease in surface tension is observed.
Furthermore, it remains constant until a concentration of 5×10−5 M and is not contin-
uously reduced until a minimum at the nominal IEP as it is the case for the two longer
PSS. On the contrary, a steady increase in surface tension takes place, that starts at
7.5×10−5 M PSS20 and continues until 2×10−4 M. These findings are supported by the
elasticity measurements, where a slow decrease is observed in the same concentration
regime. The difference to the systems with PSS and PSS60 is manifested not only in
the contrast between stepwise change in surface tension in the former case instead of
the sudden release of surface complexes in the latter, but also the striking fact that no
complete release of the polyelectrolyte/surfactant complexes is observed. The surface
tension increases to a level that corresponds to the minimum of the mixtures with the
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longer polyelectrolytes.

For the explanation of these significant differences in the adsorption, the changes in the
system have to be considered. Firstly, the use of short polyelectrolyte chains does not
change the concentration of monomer units but that of the polyelectrolyte endgroups.
When the endgroups and the monomer segments in the polymer chain have a different
tendency to adsorb at the surface, this can lead to a significant change in the adsorption
process.127 In the case of PSS60, the endgroup concentration is increased by a factor of
6 and in the PSS20 system is increased already 17 × which could lead to strong changes.
However, the hydrophobicity difference between -CH2- and -CH3 is only minor and can
not explain the dramatic changes observed for the PSS20 system.

The low surface tension and the high surface elasticity that are observed at concen-
trations between 10−5 M and 5× 10−5 M in the PSS20/C12TAB mixture gives further
evidence on the structure of the surface layer. Especially the high surface elasticity
of almost 100 mN/m implies, that a rigid, interconnected surface layer is formed.133

PSS/C12TAB can interact electrostatically as well as hydrophobically due to the op-
positely charged monomer units and the hydrophobic backbone of the polymer.107

Therefore, the surfactant can connect the polymer chains at the surface and form a
network-like surface layer. The strong reduction in surface tension also leads to the
assumption that the polyelectrolytes adsorb in a more extended fashion to the surface,
which leads to a strong decrease in surface tension even at very low polyelectrolyte con-
centrations. Further addition of polyelectrolyte to the mixture results in an increase
in the surface tension, while the elasticity is reduced. This indicates that the inter-
connected surface network disappears and the conformation of the adsorbed polyelec-
trolytes changes. Since more polyelectrolyte chains are available in this concentration
regime and short chains have a higher diffusion coefficient,126 the polymer chains are
assumed to adsorb in a more coiled fashion.

At concentrations above the nominal IEP, the surface tension is reduced by about
10 mN/m compared to the PSS and PSS60 system. In the latter case, this is ex-
plained by a lower amount of surfactant molecules that are complexed with the poly-
electrolyte, which makes the aggregate less surface-active. However, since the monomer
unit/surfactant ratio in the case of a shorter polyelectrolyte system has not been
changed, the reduced surface tension has to be originated in a different adsorption
process to the surface. It is suggested that a cooperative binding process occurs at the
interface when a short polyelectrolyte chains adsorbs to the surface, since the short
polymer is more flexible and can diffuse faster. Once a polymer is connected to the
interface, is can easily complex with more surfactant molecules that are in close prox-
imity of the polyelectrolyte chain. This would lead to a non-uniform distribution of
the surfactant molecules on the polymer and could explain the special surface tension
characteristics of PSS20. The slowly decreasing surface elasticity in the concentration
range above 2×10−4 M additionally indicates a formation of multilayers at the surface.

Besides the number of polyelectrolyte chains in the system and the surface coverage,
also the dissociation degree of the polyelectrolyte’s charged groups is affected. This
already is visible in the disjoining pressure isotherms of PSS60 at a concentration of
10−3 M where the surface potential is reduced to 65 mV compared to 85 mV in case
of PSS.107 For PSS20 at the same concentration, the potential is further reduced to
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60 mV. Additionally, the foam films start at lower films thicknesses at the described
concentration, compared to the mixtures with a long polyelectrolyte, namely 72 nm
for PSS60 and 65 nm for PSS20, respectively. The ionic strengths calculated from the
exponential fit of the disjoining pressure isotherms, shows that the ionic strength in
the system is increased from 3.3 × 10−4 M for PSS to 5.0 × 10−4 M for PSS20 at a
concentration of 10−3 M. The high ionic strength does not agree with the Manning
concept of polyelectrolyte condensation which was valid in all investigated systems
with longer polyelectrolyte chains. Both the high ionic strength and the low film
thicknesses are more the characteristics of a added salt, which leads to the conclusion
that the polyelectrolyte character is reduced when a shorter polyelectrolyte is used.

Below the IEP of the mixture, the foam film stabilities of all three systems are rather
similar. Especially at the lowest investigated concentration of 10−5 M PSS, all three
foam films have the same film stability. This and the fact that the surface potentials
of the foam films are similar implies that the molecular weight of the polyelectrolyte
plays only a minor role, although the characterisation of the surface layer shows already
significant differences. However, above the nominal IEP, the foam film stabilities differ
strongly between the polyelectrolyte/surfactant systems. In this concentration regime,
the foam film stabilities follow the trend PSS > PSS60 > PSS20. If this is due to
the increasing polymer chain concentration and their higher mobility in the film core92

or because of the the lower surface potential for shorter polymer chains in the high
concentration regime, remains rather speculative.

The foam film stabilities reveal another peculiarity of PSS20 compared to all other
investigated polymer/surfactant systems. For the other mixtures, a complete desta-
bilisation or a minimum in foam film stability has been observed close to the nominal
IEP. In contrast to that, PSS20 does not show any stability minimum at the polymer
concentration of 7.5×10−5 M, but a continuous increase in film stability. However, the
foam film stabilities in this system are in principal quite low compared to the other
mixtures, due to the higher polyelectrolyte chain concentration and the higher mobility
of the macromolecules in the film core. The results show, that the film stabilities of
all three systems almost coincide on one point at this special concentration. Further-
more, the surface tensions are in the same range at this point so one could assume that
different polymer chain length indeed do change the adsorption and foam film charac-
teristics, but at the IEP of the system, this does not play a role. On the contrary, at
this certain point, only the polyelectrolyte/surfactant ratio in the system seems to be
important.

Further evidence that PSS20 has different properties than the longer polyelectrolytes
show the following experiments by Üzüm et al.:104 When the PSS20 concentration is
further increased, stratification can be observed (data not shown), which is a hint for
a polymer network and, therefore, characteristic for polyelectrolytes. However, the
investigation of PSS20 solution in thin films between two solids surfaces has shown,
that the structuring of the polymer chains is different with the short polyelectrolyte
with 20 monomer units. Polyelectrolytes in the semidilute concentration regime form
a network of overlapping polymer chains both in thin liquid films and in the bulk
solution. When the two opposing film interfaces are approached, an oscillating force
is measured. The distance between the oscillation maxima is concentration dependent
and scales with a power law of c−1/2.52 The exponent of −1/2 is characteristic for
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polymer networks. On the other hand, in the case of spherical particles and micelles,
the power law scales with c−1/3. In the case of a short polyelectrolyte chain, the overlap
concentration c* is shifted to higher concentrations,128 which is manifested in a scaling
law of c−1/3 for PSS20. This indicates that short polymers do not overlap, but arrange
as single coils in the film core.

In summary, the results reveal that in broad range the molecular weight plays only
a minor role, but for smaller polymers with just a few monomer units, the influence
changes significantly.

8.4 Conclusion

In this study, TFPB, surface tension, and elasticity measurements have been performed
to investigate the effect of the polyelectrolyte chain length on foam film stability and
adsorption process. Compared to the PSS with 340 monomer units, almost no differ-
ences can be observed, when PSS with a chain length of 60 repeat units is added. Only
the increased number of chains and the resulting higher fluctuations in the film core
lead to the formation of less stable films compared to the longer polyelectrolyte. Yet,
the characteristic shape of the foam film stabilities and the surface tension isotherms
remain the same.

However, the presented results show that the use of an oligomer with 20 repeat units
indeed has an influence on both, adsorption and foam film stabilities. The higher
concentration of polyelectrolyte chains in the films results in an increased osmotic
pressure and a faster diffusion/mobility of the polyelectrolytes in the foam film. Fur-
thermore, the short polymer chains adsorb flat at the film interface at low polyelec-
trolyte concentrations and change their conformation to a more coiled structure, when
the concentration is increased. In contrast to the other mixtures, no release of sur-
face complexes occurs above the IEP and the adsorbed polymer coils remain at the
surface. The described changes have an impact on the foam films and lead to lower
film stabilities. Just at the IEP, where a minimum stability has been observed for all
polyelectrolyte/surfactant systems, no destabilisation occurred. Instead, the stabili-
ties of all three systems coincide on point, which results in an continuous increase in
film stability for the PSS20/C12TAB. This implies that the foam film stabilities in this
concentration regime is mainly dominated by polyelectrolyte/surfactant concentration
ratio in the film.

Altogether, the results presented in this chapter show that, besides the polymer and
the monomer effect discussed in previous chapters, an oligomer effect can be found for
polyelectrolytes with 20 repeat units.
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thin films

Abstract

In the following chapter, the dynamics of polymer chains in thin films are investigated
by using polyelectrolytes labeled with the fluorescent dye rhodamine B. In the first
section, the behaviour of polyelectrolytes in the foam film during the stratification
process is investigated. The results indicate that the polyelectrolyte layers are not
expelled from the network in the film core, which was the hitherto assumption, but
collapse onto the remaining layers. However, further experiments have to be conducted,
to explain the discrepancies between the presented results and those of former studies.

In the second part of the chapter, the diffusion of polyelectrolytes in the film core
is studied and compared to that in the bulk solution. For this purpose, fluorescence
correlation spectroscopy (FCS) and surface force apparatus (SFA) measurements have
been performed. It was shown that the confinement in the foam film indeed influences
the diffusion of the macromolecules. Compared to the bulk solution, the diffusion is
slowed down, when the polyelectrolyte solution is confined between the two interfaces
of the film, due to the similar dimensions of the film thickness and the polymer coil.
However, when the film thickness is further reduced, the polymer chain diffusion is
accelerated again.

9.1 Introduction

In the previous chapters, the influence of polyelectrolyte/surfactant mixtures on foam
film stability was investigated. However, besides being a good method to get informa-
tion about foam film stabilities, foam films can also be used to study colloidal particles
or macromolecules in spacial confinement. Confinement effects are likely to occur,
when molecules are brought into an environment with dimensions that are similar to
their own size. Since this is the case in thin liquid film with a thickness around 100
nm, they present a good model system of a slit pore.57

In the following, results on the structuring and the diffusion of polyelectrolytes in
thin films are presented. For these investigations, polyelectrolytes are labeled with a
fluorescent dye, which makes them accessible to single molecule-tracking or the mea-
surement of fluorescence intensity fluctuations. It is important to use covalently bound
dye molecules, since otherwise, the dye could be expelled from the thin liquid film and
no information about the polyelectrolyte chains could be given.

In this study, rhodamine B was used, which is a a strong fluorescent dye with an
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emission maximum at 585 nm and a stable molecule that is not so sensitive to quenching
and bleaching as fluorescein, for example.

9.2 Fluorescence spectroscopy on foam films

The conformation of polyelectrolyte chains strongly depends on the concentration. For
example, in the semi-dilute regime, above a certain threshold concentration, polyelec-
trolytes start to overlap and form network like structures in bulk solution. The mesh
size ξ of this network depends on the monomer concentration and scales with c−1/2.
When the macromolecules are entrapped between two surfaces and the interfaces ap-
proach each other, this gives rise an oscillatory force. In foam films, between two
air/water interfaces, the oscillations manifest themselves as a stepwise thinning of the
film, also referred to as stratification. The step size is independent of the surfactant
type, which influences only the initial film thickness. This implies that the stratifica-
tion arises only from the polyelectrolyte structuring and not from interactions between
polyelectrolyte and surfactant.15 The force oscillations can also be observed between
two solid surfaces, as colloidal probe-AFM measurements show52,61 and are therefore
entirely independent of nature of the surface.

The origin of this oscillatory force is controversially discussed in literature. Initially,
Milling et al.134 proposed a layering of coiled polyelectrolyte chains in the film. How-
ever, this supposes a dependency of the step size on the chain length, which could not
be confirmed in studies with polyelectrolyte of different molecular weight.53 Since the
period between the oscillations corresponds to the mesh size of the polymer network
in the bulk, it is now assumed that a similar transient network is formed in confine-
ment.52,135 Therefore, the steps in film thickness are supposed to be associated with
the number of meshes that fit the distance between the interfaces. When the pressure
on the interfaces is increased, the polyelectrolyte network rearranges in a way, that a
network with one mesh less is formed, which is visible in the step in thickness. In an
alternative model, a layer-wise arrangement of the polyelectrolyte chains with a pre-
dominant alignment parallel to the confining surfaces51 is proposed. This suggestion is
in good agreement with theoretical predictions,132 but fails to explain the connection
between the step size of the stratification and the mesh size in bulk solution. So far,
the arrangement of the polyelectrolytes in confinement remains an open question.

Solving this problem is related to the question, what happens during the stratification
process. In a former work of Toca-Herrera et al.49 on fluorescein labeled poly(allylamine
hydrochlorid) (PAH), the changes in fluorescence intensity before and after the step
in film thickness has been investigated. For that reason, a foam film was formed in
a TFPB and the fluorescence intensity was monitored while the disjoining pressure
in the film was increased. In this study, it was shown, that the measured emission
intensity decreased during the stratification process, which was explained by a layer-
wise expulsion of the labeled polyelectrolytes from the film.

On the other hand, in a study on the eximer formation in foam films from pyrene labeled
poly(acrylic acid) (PAA), the total intensity of the fluorescence emission remained
constant during the stratification process. This, in turn, implies that the total number
of polyelectrolyte chains in the film is constant and that the network is rearranged
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such, that instead of being expelled, one layer of the polyelectrolytes collapses onto the
remaining layers. To clarify these contradictory results, the fluorescence of foam films
containing rhodamine B labeled PSS (RITC-PSS) is investigated.

9.2.1 Additional experimental details

Fluorescence-TFPB

For these experiments, a modified TFPB is used that is connected to a fluorescence mi-
croscope and a spectrometer. The fluorescence microscope (Eclipse 600 FN, Nikon) is
equipped with a filter block for rhodamine B excitation (AHF-Analysetechnik, Tübin-
gen, Germany). In this block, an excitation filter, transmitting at 543 ± 11 nm, is
combined with a dichroic mirror (562 nm) and an emission band pass filter (590 ±
20 nm). The sample is illuminated by a mercury short arc lamp. Additionally, a fur-
ther block provides the possibility of observing the film with white light to determine
the film thickness. The fluorescence signal is analysed by a spectrometer (Triax 180,
Jobin Yvon-Spex Instruments S.a., Cedex) that is coupled to the microscope and the
spectra are recorded with an accumulation time of 10 × 1 s. The images of the film
are captured with a fluorescence sensitive high-resolution CCD camera (Hr 1UV, Prox-
itronic, Bensheim, Germany) that can be connected to the microscope instead of the
spectrometer.

9.2.2 Results and discussion

Fluorescence-TFPB is used to investigate the behaviour of the polyelectrolytes during
the stratification process in foam films from mixtures of C12TAB and RITC-labeled
PSS. In the semidilute concentration regime a stepwise transition to thinner foam films
is observed. Depending on the polyelectrolyte concentration one or more steps are
induced. In this experiment a concentration of 10−2 M is used where of 90% is unlabeled
polyelectrolyte and 10% of the polymer chaines carry a RITC- label. The degree of
labeling is about 1 dye per 100 monomer units, which leads to a total rhodamine
B concentration of 10−5 M. To stabilise the foam films, a concentration of 10−4 M
C12TAB is used. As shown in Fig. 9.1, this mixture leads to foam films in which one
stratification step is observed. The step width is 19 nm from a film thickness of 59 to
40 nm at a disjoining pressure of 150 Pa. After the transition, the film is stable up to
900 Pa before it ruptures.

For the observation of the fluorescence intensity, the applied pressure is kept constant
for 20 min and then a fluorescence spectrum is measured. To quantify the intensity,
the area under the spectrum is calculated. In Figs. 9.2 and 9.3, the results of these
measurements are shown. In Fig. 9.2, the fluorescence intensity is plotted versus the
disjoining pressure. Before the film formation, the fluorescence of the droplet in the
film holder is measured. After the film formation, the intensity is reduced to less than a
half. However, during the stratification process, the intensity of the emitted light does
not change significantly, according to the calculated intensities, the increase is about 1
%. In Fig. 9.3, the fluorescence spectra at the different film states are depicted.
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Figure 9.1: Disjoining pressure isotherm of PSS/C12TAB in the semidilute concen-
tration regime; the step in thickness is illustrated by the arrow.
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Figure 9.2: Visualisation of the change in fluorescence intensity versus disjoining
pressure.

Since the peak maximum is not so distinct and the emission spectra seem to be very
broad, they have been compared to the ones of a RITC-PSS bulk solution, recorded with
a commercially available fluorescence spectrometer. The spectra of a concentration
range between 5×10−5 M and 10−3 M are shown in Fig. 9.4 and follow the same trends
as the spectra of the foam film. With increasing dilution, the maximum disappears
more and more and the emission spectrum gets very flat. According the these results,
the existence of stray light that disturbs the measurements can be excluded. However,
due to the band-pass filter, only a part of the whole fluorescent peak is recorded, so
that the shape of recorded spectra is very unusual.

The stratification of the foam film can also be observed via a fluorescent-sensitive CCD
camera. The images of the transition are shown in Fig. 9.5, where the brighter spots
correspond to the thinner film areas. The thinning of the film starts at several areas
of the film simultaneously. The spots grow and coalesce, thereby spreading over the
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Figure 9.3: Fluorescence spectra of the different states of the foam film.
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Figure 9.4: Fluorescence spectra of different bulk concentrations of RITC-PSS; the
solid lines indicate the cut-off wave length of the emission band pass filter

whole film. However, on the fluorescent images, the intensity increase seems to be
much stronger than that detected by the spectrometer.

The presented results show that the polyelectrolyte concentration remains constant
in the film core during the stratification process. So far is was assumed that single
layers of the polyelectrolyte network in the film core are expelled and the amount of
polyelectrolyte is reduced. However, since the constant intensity in the measurements
indicate a constant polyelectrolyte concentration in the film, this assumption can not
hold anymore. It is rather proposed, that the network is rearranged during the transi-
tion to a thinner film. One possible explanation would be that one layer collapses onto
another layer in the film, this way, all polyelectrolytes are integrated into the remaining
network.

Our results are supported by the findings of Rapoport et al.,57 who also found a con-
stant total fluorescence intensity after the stratification step in foam film with pyrene-
labeled PAA. However, the opposite effect has been observed for fluorescein-labeld
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Figure 9.5: Images of the changes of fluorescent intensity during the stratification
process.

PAH/C12G2 mixtures.

To clarify these contradictions and to understand the behaviour of the polyelectrolyte
network in the film core when the applied pressure is increased, the influence of different
parameters has to be investigated. Firstly, the effect of the fluorescent dye that is used
to label the polyelectrolytes. For example fluorescein, that is used in the latter case,
is known to be sensitive to bleaching and to self-quenching. The reduction of the
fluorescence intensity was interpreted as a decrease of polymer concentration in the
film, but it could be also due to a self-quenching process when one polyelectrolyte layer
collapses onto the remaining network. In this case, the polyelectrolytes are in close
proximity and are accessible to the self-quenching.

Another important parameter is the surfactant type and the interactions between the
two compounds in the film. The type of surfactant has no influence on the step width of
the stratification process and only affects the initial film thickness.15 However, it does
have an impact on the spreading velocity of the the domain on the film. For example,
when polyelectrolyte and surfactant interact at the interface, the domain growth in
much slower than in the case of polymer/surfactant combinations that do not form
complexes. This is explained by polyelectrolyte chains that dangle into the film bulk,
thereby slowing down the stratification process.62,63 These dangling chains could also
influence the stratification process by hindering the polyelectrolytes to be expelled from
the film core. To study the effect of the surfactant during the stratification, it would
be interesting to compare it to measurements without any surfactant. Since foam
films without surfactant are not stable, theses experiments should be performed on a
solid support. For this reason, one could combine fluorescence measurements with a
CP-AFM, where aqueous films are confined between two solid surfaces.

So far, the results have been interpreted as constant fluorescent intensities. However,
the measurements show a slight increase in intensity. Why the fluorescence seems
to increase after the stratification remains unclear. It is rather unlikely, that the
concentration of polyelectrolyte in the film is increased during the rearrangement of
the network in the film core.

In summary, the findings indicate, that the behaviour of the polyelectrolyte is different
from the proposed mechanism of the expulsion of polyelectrolyte layers from the film.
However, to clarify the mechanism and to understand the influence of parameters like
surface properties of the fluorescent labels, further experiments need to be conducted.
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9.2.3 Conclusion

The presented results on the changes on the fluorescence intensity during the strati-
fication process of foam films lead to a rather surprising conclusion: The intensity of
the emitted light remains almost constant or rather increases after the stratification
step, which is in contrast to the findings of a former study. Furthermore, it is con-
tradictory to the former assumptions, that a polyelectrolyte layer is expelled from the
film during the stratification. The result indicate that instead, the polyelectrolyte layer
collapses on the remaining layer in the film core, so that the amount of polyelectrolyte
is constant during the experiment. However, further studies need to be conducted to
elucidate the contradictions and their correlation to the type of the fluorescent dye,
the surface charge etc.

9.3 Diffusion of polyelectrolytes in thin films

As mentioned above, thin films also correspond to a slit pore geometry and can be used
as a tool to study the effect of confinement on polyelectrolytes. The thickness of the
films is several tens of nm, so that the dimension of the film is in the same range as that
of the macromolecules. The confining walls of the film affect the polymer such that the
macromolecules get a new equilibrium conformation that differs from the bulk state,
which also changes the dynamic properties of the polymer as, for example, diffusion.136

The effect on diffusion and molecular conformation are of great interest in molecular
biology applications such as nanofluidics. Nanofluidic devices contain nanoslits and are
used for analytical processes like the separation of biomacromolecules by electrophoresis
or HPLC.136,137

Besides the confinement, the diffusion is influenced by a large variety of parameters like
the viscosity of the solution, salt concentration, molecular size, and degree of ionisation
of the macromolecule.138,139 A well established method to study these effects in bulk
solutions, is the fluorescence correlation spectroscopy (FCS).140,141 In this approach, the
diffusion coefficient is calculated from the diffusion time through a defined volume in the
solution. However, to investigate the diffusion of macromolecules in confinement, it is
better to couple a fluorescence microscope to a surface force apparatus (SFA). A droplet
of the aqueous solution containing the polyelectrolyte is placed between two glass slides
and the thickness is adjusted. To follow the diffusion of the polymer in both cases, the
macromolecule has to be labeled with a fluorescent dye. The polyelectrolyte of choice is
poly(allylamin hydrochlorid) (PAH), which is covalently bound to fluorescing molecules
in a simple procedure. Furthermore, the degree of ionisation can be easily adjusted by
controlling the pH in the system.142 The critical assumption of this setup is that the
attachment of a small dye molecular does not substantially change the properties of
the polymer chain. However, this requirement seems to be fulfilled.139

Since the experiments in the thin liquid films are conducted between two solid inter-
face, no surfactant is needed to stabilise the film. This has the advantage, that no
interactions between polyelectrolytes and surfactants can alter the diffusion process.
Furthermore, to avoid the adsorption of the positively charged polyelectrolytes to the
negatively charged glass walls, the surface has to be modified. The silanisation of the
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glass slides results in a surface that carries positive charges at the desired pH of 5.5.

In the following, the diffusion of polyelectrolytes in confinement is investigated and
compared to the behaviour in the bulk solution. For this reason the positively charged
polyelectrolyte PAH was labeled with rhodamine B, which was also used in the first
section of this chapter. In a first approach, the bulk diffusion was studied by FCS
experiments and the effect of a confinement to 50 µm were tested. To gain more
information, how the confinement to several tens of nm affect the diffusion, single
molecule tracking experiments have been performed in a SFA and the film thickness
has been varied between 40 and 150 nm.

9.3.1 Additional experimental details

Fluorescence correlation spectroscopy (FCS)

Fluorescence correlation spectroscopy (FCS) experiments were performed in cooper-
ation with Christine Papadakis from the TU München. FCS was developed in the
1970s and is a sensitive method to study kinetic processes through statistical analysis
of equilibrium fluctuations. A fluorescent dye is coupled to the system of interest, so
that spontaneous fluctuations in the system’s state generate variations in fluorescence
intensity. The autocorrelation function of the fluorescence emission fluctuations car-
ries information on the characteristic time scales of the system.140,141 For example, the
typical decay time of the autocorrelation function is related to the diffusion time of
the particles through the detection volume. The fluorescence intensity, I(t), emitted
by the fluorescent molecules in the observation volume is measured and autocorrelated
with the following equation.

G(τ)− 1 =
〈δI(t)δI(t+ τ)〉

〈I(t)〉2
(9.1)

where δI(t) is the instantaneous deviation of the measured intensity from its time
average, 〈I(t)〉. For freely diffusing, uniformly fluorescing, and monodispers particles,
the correlation function can be fitted with the following expression:
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where N is the average number of molecules in the sampling volume, p is the fraction
of the dye molecule in the triplet state, τD is the diffusion time and τT is the triplet
time.140,143 To calculate the diffusing coefficient from the fitted diffusion time, the setup
is calibrated before starting the experiment. This is usually done by measuring the
diffusion time of molecules with a known diffusion coefficient, in this case rhodamine
6G (Sigma-Aldrich, D = 2.8× 10−10 m2/s).

To study the effect of the viscosity on the diffusion times and coefficients of the polyelec-
trolytes, it was varied by adding different amounts of glycerol to the solution, namely
10 and 50 w/w %. The diffusions coefficients are then calculated thy the following
equation.
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Figure 9.6: Scheme of polystyrene spacers between two glass slides.
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with D being the diffusion coefficient, Gl/H2O the corresponding water/glycerol mix-
ture, τx the respective diffusion time and η the viscosity of the solutions.

The FCS measurements were carried out at a LSM 510- Confocor 2 from Carl Zeiss Jena
GmbH (Jena, Germany). The sample was placed in a sample holder and illuminated
with HeNe-laser with excitation wave length of 543 nm. The fluorescent fluctuations
were recorded for 10× 10 s, with a long-pass filter of 585 nm.

To investigate the effect of confinement on the diffusion of the polyelectrolytes, the
diffusion coefficients of the bulk solutions have been compared to those in thin liquid
films. A simple way to create thin films is to trap the polyelectrolyte solution between
two glass slides using polystyrene beads with a defined diameter in the micrometer
range as spacers. (cf. Fig. 9.6).144

To prevent the adsorption of the positively charged polyelectrolytes at the negatively
charged glass substrates, it is important to modify the surfaces. Therefore, the glass
slides were silanised by dipping them into an aminosilane solution prior to the experi-
ment.

Surface force apparatus (SFA)

The surface force apparatus (SFA) was first set up in the 1970s and has been improved
and modified since then.145,146 It is usually taken to investigate interactions in thin
liquid films between two solid surfaces such as structural forces, drainage or phase
transitions. However, these experiments are restricted to the measurement of mean
values of physical properties and are therefore unable to reveal molecular motions, as
the diffusion constant or molecular mobility in confined space. Hence, the combination
of the SFA technique with a video microscope for the tracking of single fluorescent dye
molecules provides more detailed information on the diffusion and mobility of single
molecules.

The experiments were performed in cooperation with Frank Cichos and Martin Pumpa
from the Universität Leipzig. The home-build set up used in this study, consists of a
highly sensitive wide field fluorescence microscope, with the SFA placed beneath. The
whole apparatus is mounted on vibration isolated table and the sample is illuminated by
an frequency doubled Nd:YAG laser with a wave length of 532 nm. The fluorescence
is than collected by a CCD camera for further evaluation. The excitation light is
separated from the luminescence by a dichroic beam splitter and blocked by a long-
pass detection filter.
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Figure 9.7: Snap shot of the molecule tracking process; the blue trajectories correspond
to the diffusing polyelectrolytes, the red points to adsorbed polymer chains
and the small dots to free rhodamine B molecules; done in cooperation
with the Uni Leipzig.

The fluorescent probe is placed beneath two quartz glass plates that are glued to an
aluminium frame. The upper surface is fixed to the SFA, while the lower surface is
mounted on a piezo scanner and a xyz- translation stage, so that it can be moved in
all three dimensions.147 To determine the distance between the two surfaces, gold nano
spheres with a diameter of 40, 60, 80, 100, and 150 nm are used as spacers. Due to
the monodispersity of the particles, a precise determination of the film thickness is
possible.

For the determination of the diffusion coefficients, videos of 1000 frames with a ex-
posuretime of 20 ms and a frame rate of 50 Hz were recorded. The evaluated area
was 150×150 Pixel, which corresponds to 21×21 µm. The step size distribution is
determined be comparing two consecutive frames and connecting bright areas with a
distance of less than 10 pixels with trajectories. The diffusion coefficient can then be
calculated by the following equations.148,149

D =
σ2

x + σ2

y

4τ
(9.4)

where σi is the standard deviation of the step size in x and y direction.

Dobs/Dreal = 1−
texp

3tframe

(9.5)

with texp being the exposure time and tframe the time between the frames.
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Figure 9.8: Chemical structure of a) PAH and b) the fluorescent dye rhodamine B.

PAH-Labeling

The cationic polyelectrolyte poly(allylamin hydrochlorid) (PAH, MW = 65000) was
purchased from Sigma-Aldrich (Steinheim, Germany) and used as received. For the
fluorescent labeling, 25 mg PAH were dissolved in 2 mL carbonate buffer (pH = 9.5).
200 µL of a 1 mg/mL rhodamine B isothiocyanate solution ( Fluka, Steinheim, Ger-
many) were added to the polyelectroylte solution and stirred for 2 h. After the reaction
time, the labeled PAH fraction was separated from the unbound dye via size exclu-
sion chromatography with a column from Amersham Bioscience (Freiburg, Germany).
The resulting rhodamine labeled polyelectrolyte was freeze-dried and dissolved to the
desired concentration.

Modification of the glass surfaces

To avoid the adsorption of positively charged polyelectrolyte to the negatively charged
glass substrate, the surfaces were modified such that the resulting surface charge is
positive. For this purpose, cover slips were cleaned in a 1:1 H2O2:H2SO4 solution for
20 min and then carefully rinsed with Milli Q water. Afterwards, the glass was dipped
in a 1 % aqueous solution of 3-aminopropyltrimethoxysilane for 10 min. During this
step, the silane is covalently bound to the Si-OH groups at the glass surface, which
results in a positively charged surface. After the dipping, the slips are carefully rinsed
with EtOH and Milli Q water and placed in an oven for 10 min at 110 ◦C.150

9.3.2 Results and discussion

To determine the effect of confinement on diffusion, first the diffusion of the polyelec-
trolytes in the bulk solution has to be investigated. The method of choice is the FCS
which allows the determination of the diffusion time and coefficient.

In Fig. 9.9, the autocorrelation functions of RITC-PAH in different H2O/glycerol mix-
tures are shown. Glycerol increases the viscosity of the solution, which slows down the
diffusion of the polyelectrolyte. A slower diffusion is desired, since in single-molecular
tracking, slower particles can be followed more easily. In an aqueous solution the diffu-
sion coefficient is 1.1×10−9 m2/s. The addition of 10 % glycerol to the polyelectrolyte



114 Dynamics of polymer chains in thin films

0,01 0,1 1 10 100 1000

1,0

1,5

2,0

 

 

 

 

G
 (t

)

time t / s

H2O
10 % glycerol
50 % glycerol

Figure 9.9: Normalised FCS autocorrelation functions of fluorescent-labeled PAH in
water/glycerol mixtures; done in cooperation with the TU München.

solution has almost no effect on the diffusion, in this low concentration regime, the
influence of glycerol on the viscosity can be neglected. However, when 50 % glycerol
are added, the effect on viscosity is much more pronounced and the diffusion coefficient
is reduced to 3.6× 10−10 m2/s.

To determine diffusion of the polyelectrolytes in thin films in the µm range, the liquid
is confined between two glass slides and polystyrene beads are used as spacers. The
thickness of the film is determined by a z-scan through the film and was found to be
50 ± 5 µm. The position of the sample volume can also be adjusted via the z-scan.
This way, both the diffusion in the film core and close to the interface can be studied.
However, in this thickness range, the influence of confinement is only minor, so that
the diffusion coefficients are not affected at all. Furthermore, no difference between the
polymer diffusion in the film core and in close proximity to the confining walls can be
detected.

Since further confinement can not be reached with a commercial FCS without any adap-
tion, so that single-molecular tacking experiments in confinement have been performed
on a SFA. In these experiments, only polyelectrolyte solutions with 50 % glycerole are
investigated, since only diffusion coefficients in this range are accessible to the method.
The film thickness is again adjusted by using spacers between the two glass slides, but
in this case gold nanoparticles with a much smaller diameter are used, namely 150,
100, 80, 60, and 40 nm. After acquisition of the videos, the diffusion coefficients are
determined by the method described above. In Table 9.1 the results of the diffusing
polyelectrolytes in confinement are summarised. The diffusion coeffcients reveal that
the confinement indeed affects the diffusion of the polyelectrolyte. However, the evo-
lution of the diffusion is not monotonous. The confinement to a film thickness of 150
nm, the diffusion coefficient is reduced to 8.1× 10−12 m2/s which is almost two orders
of magnitude lower compared to the bulk solution. Further confinement leads again
to an increase of the diffusion coefficient. In the thinnest film with a thickness of 40
nm, the polyelectrolytes are accelerated to 1.0 × 10−10 m2/s, which is the same order
of magnitude than that of the bulk solution.
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film thickness [nm] diffusion coefficient [m2/s]

150 8.1× 10−12

100 8.9× 10−12

80 1.4× 10−11

60 1.6× 10−11

40 1.0× 10−10

Table 9.1: Diffusion coefficients of RITC-PAH in a 50 % gylcerol mixterure in a con-
finement between 150 and 40 nm.

In the bulk solution, the polyelectrolytes have a coiled conformation. Depending on
the degree of charge, the hydrodynamic radius of the polyelectrolyte chain is different.
For polymers with a high degree of charge, the radius of the coil increases due to
the electrostatic repulsion between the charged monomer units, and according to this,
polyelectrolyte chains with a lower degree of charge are smaller.142 In case of PAH,
the degree of charge can be easily adjusted by changing the pH of the system. At the
used pH of 5.5, the polyelectrolyte is highly charged which increases the hydrodynamic
radius.

When the molecule is brought into a confinement of several tens of nm, the dimensions
of the polymer are in the same range as the surrounding geometry. This has an effect
on the equilibrium state of the coil and changes its conformation.136 The change in
conformation would explain the initial reduction in diffusion coefficient upon confine-
ment. It is supposed that the structure of the polymer changes from a spherical coil
to a more stretched conformation. Long and needle-like structures are more sensitive
to the confinement,151 which would explain the observed effect.

The non-monotonous behaviour of the diffusion coefficient is rather surprising. How-
ever, there are theoretical considerations that explain the increase of the diffusion
coefficient for spherical particles with further confinement of the film.152 When the
polyelectrolytes diffuse in the bulk solution the surrounding of the macromolecules is
rather rough due to neighbouring polymer chains. The neighbouring macromolecules
hinder the diffusion, since the friction between the the coils is rather large. Yet, when
the polyelectrolytes are close to the borders of the film, the walls are smooth compared
to the surrounding of the coils in bulk solution. This reduces the friction between the
macromolecule and the wall and the diffusion process is accelerated. With decreasing
film thickness, the influence of the smooth wall gains importance, since more molecules
are in close proximity to the confining walls. Therefore, the diffusion coefficient in-
creases with increasing confinement.

9.3.3 Conclusion

In this section, the influence of the viscosity and the confinement on polyelectrolytes
is investigated. The increase in viscosity alters the diffusion of the polymer chains,
but the effect is only visible at glycerol concentrations of 50 %. The addition of this
amount of glycerole reduces the diffusion coefficient by about one order of magnitude.
Furthermore, the presented results show that the confinement influences the diffusion
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of the polyelectrolyte as well. First, the confinement to 150 nm decreases the diffusion
coefficient compared to the bulk, but further confinement again accelerates the diffu-
sion. It is assumed that the confinement changes the equilibrium conformation of the
polyelectrolyte chain to a more elongated coil, which, in turn, induces the reduction of
the diffusion coefficient. However, further confinement leads to an acceleration of the
diffusion. In thinner films, the influence of the confining wall is enhanced, the smooth
walls reduce the friction of the polymers compared to the neighbouring polymer chains
in the volume phase. The combination of these effects leads to the non-monotonous
change of the diffusion coefficient.



10 Conclusion and Outlook

General conclusions

The main focus of this work is the effect of oppositely charged polyelectrolyte/surfactant
mixtures on foam films around the IEP of the system. Polyelectrolyte/surfactant mix-
tures were the subject of many studies in the last years, but most of them consider the
bulk properties or the surface characterisation and if foam films are discussed, mainly
the semidilute concentration regime of the polyelectrolyte is studied. The articles on
foam film with polyelectrolyte/surfactant mixtures in the dilute concentration regime
are few.

In this thesis, mainly mixtures of positively charged surfactant and negatively charged
polyelectrolytes in the dilute concentration regime around the IEP of the mixture were
investigated. The foam films have been studied with respect to different aspects:

(i) the effect of the polymer concentration

(ii) the influence of the size of the macromolecule and the surfactant

(iii) the effect of the hydrophilic/hydrophobic balance of the molecules

(iv) the influence of small molecules like a salt

(v) the dynamics of polyelectrolytes in the film core

The presented results show that the foam films are very sensitive to the polymer/ sur-
factant concentration ratio and to the type and hydrophobicity of the two components.
To study foam films around the IEP of the systems, the excess charge of the poly-
electrolyte/surfactant complexes was varied by using a fixed surfactant concentration
and a variable amount of polyelectrolyte. In most investigated systems, a minimum in
stability could be observed close to the nominal IEP. However, the exact shape of the
foam stability curve was strongly affected by the used surfactant. In case of C14TAB
and highly charged polyelectrolyte, the foam film stability was reduced towards the
IEP and no stable foam films could be formed at the point of equal charges. Once this
point was crossed, the stability of the films increased again with increasing polyelec-
trolyte concentration. On the other hand, in case of C12TAB, the foam film stabilities
first increased upon polyelectrolyte addition and only a minimum stability was ob-
served at the IEP. Above the IEP, very stable foam films were observed. In general,
no stable foam films can be obtained from pure C12TAB solutions. Nevertheless, the
addition of all types of negatively charged additives as hydrophobic and hydrophilic
polyelectrolytes, with a long or short chain, as well as the monomer or the salt that
were investigated, always led to the formation of stable foam films. Depending on
the systems, the concentration regime in which the initial stabilisation appeared was
different.

The general properties of foam films formed from polyelectrolyte/surfactant mixtures
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were very similar throughout all systems. A reduction of foam film stability was de-
tected slightly below the nominal IEP of the system and very stable foam films were
found in the concentration regime above the IEP. However, the surface characterisation
of the air/water interface revealed that this phenomenon is not due to a charge reversal
at the interface. The shape of the stability curve is qualitatively the same for differ-
ent surface coverages and is dependent on the polyelectrolyte/surfactant concentration
ratio. Below the IEP, hydrophobic polyelectrolyte/surfactant complexes adsorb at the
surface, but due to the low amount of unbound surfactant molecules in the system,
the foam films are not very stable. Furthermore, above the IEP, most of the surface-
active complexes are released from the interface and only a more or less pure surfactant
layer is left at the surface. Nevertheless, in this concentration regime, the most stable
foam films are found. The qualitative influence of the polyelectrolyte hydrophobicity
on foam film stability was only minor, at least in the case of 100 % charged polyelec-
trolytes. The addition of more hydrophobic polyelectrolytes only affected the absolute
film stabilities, but not the shape of the stability curve.

In all investigated polyelectrolyte/surfactant mixtures, only two exceptions were found,
where the surface tension differed from the described behaviour. A copolymer with only
60 % charged monomer units was used to proof that the destabilisation effect at the IEP
was independent from the position of the IEP. The adsorption of the polyelectrolyte
at the interface was changed due to the uncharged parts of the macromolecule that
increased the hydrophobicty of the polymer. Furthermore, the surface characterisation
revealed that the polyelectrolyte is accessible to more than electrostatic interactions
between the charged groups and hydrophobic interactions between the hydrophobic tail
of the surfactant and the polymer backbone. The charged head group of the surfactant
can also interact with the dipole moment of the uncharged units of the polyelectrolyte.
This way, the positive charges of C14TAB were shielded far below the IEP which led
to the destabilisation of the foam film at quite low polyelectrolyte concentrations. In
a similar set of experiments, where the IEP was shifted by reducing the surfactant
concentration, it was shown that a certain amount of unbound surfactant molecules is
needed to stabilise the foam film, since a broad range of unstable films around the IEP
appeared in these mixtures as well.

The second exception was the addition of polyelectrolytes with only a few repeat units
instead of the longer polymers with 340 monomer units used in a former study. When
a polymer with 60 monomer units was used, the surface properties and the foam film
stability were only slightly affected. Only the film stabilities were shifted to slightly
lower values due to the higher amount of polymer chains and the resulting higher fluc-
tuations in the film. However, the addition of polyelectrolytes with only 20 monomer
units had a strong influence on both the adsorption and the foam film stabilities. The
surface tension was reduced much stronger, both below and above the IEP. This was
due to the fact that the short polyelectrolyte adsorbed in a more extended way and
a cooperative binding process occurred, once the polyelectrolyte was connected to the
surface. Even above the IEP, polyelectrolyte/surfactant complexes remained adsorbed
at the surface. The film stabilities were affected by the short polymer chains as well.
They were further reduced (lower Πmax) compared to the longer polyelectrolytes. How-
ever, the stability minimum at the IEP was not very pronounced. On the contrary,
at this particular point, the surface tension and the foam film stabilities of all three
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investigated polyelectrolyte chain lengths coincided in one point. It is suggested that
at this particular concentration, only the polyelectrolyte/surfactant ratio is important.
Altogether this leads to the conclusion that in a broad range of molecular weight, the
influence of chain length of the foam film stability and the surface coverage is only
minor. However, in the case of oligomers with only a few repeat units, the effect on
stability and adsorption is more pronounced.

In general, the addition of small molecules like the monomer or salt led to different
foam film properties in comparison to that of the polyelectrolytes. The influence of
the hydrophilic/hydrophobic balance plays an important role concerning foam film
stability and surface composition. When the hydrophilic monomer AMPS is added to
the solution, the effect is comparable the addition of a monovalent salt. The surface
tension is continuously reduced due to the screened repulsion between the surfactant
headgroups. Below the IEP, stable foam films were formed, but with increasing ionic
strength in the mixture, both the film thickness and the stability were reduced. One
exception of the continuous behaviour of the foam film stability was found at the IEP
of the system. At this particular point, a destabilisation of the foam films occured
as it was observed for polyelectrolyte/surfactant mixtures. Again, the destabilisation
was more pronounced for C14TAB than for C12TAB where no stability reduction could
be observed. In case of NaSS, the more hydrophobic monomer, the molecule was
integrated into the surface layer and led to a strong reduction in surface tension. At
low concentrations the monomer has the ability to stabilise the foam films, which gives
evidence for a characterisation as a cosurfactant. However, in the high concentration
regime, a CBF- NBF transition was observed, indicating that in this range the monomer
resembles an (organic) salt.

In the last chapter of the thesis, the dynamics of polymer chains in thin films were in-
vestigated. Firstly, the effect on the polymer network in the semidilute concentration
regime during the stratification was investigated by means of fluorescence measure-
ments. The results indicated that polyelectrolytes are not expelled from the film core
during the transition, which was the former working hypotheses but rather collapsed
onto the remaining network. However, contradictions to former results remain to be
solved. In the second part, the diffusion process in confinement is studied with single
molecule-tracking. The combination of different effects leads to a non-monotonous evo-
lution of the diffusion coefficient. First, the confinement changes the conformation of
the polyelectrolyte chain which results in an decrease of diffusion coefficient compared
to the bulk behaviour. In thinner films, the diffusion coefficient increases again because
the reduced friction of the smooth walls compared to the neighbouring polyelectrolytes
in the bulk phase gains more importance.

Future prospectives

During the work on this project and the unraveling of some of the initial questions,
new issues developed which could be further explored. In the following, some possible
directions for future research will be presented.

The investigation of foam films from oppositely charged polyelectrolyte/surfactant mix-
tures have shown that some principal mechanisms in foam film stability have not been
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understood so far. For example, the foam film stability above the IEP is independent of
the surface coverage and the elasticity. Yet, many studies stress the impact of surface
elasticity on the foam film stability. However, a general theory is missing concerning
the influence of this parameter on the foam film properties. Furthermore, the elasticity
of the foam film interface is not accessible with the present techniques, so that in this
work, the difference between the surface characteristic of the bulk solution and that
of the film interface was neglected. Nevertheless, theoretical calculations postulate
changes of the surface coverage, when a film is formed. To solve these questions, the
development of new techniques is required that makes is possible to measure the foam
film elasticity directly.

Another open question besides the surface elasticity is the composition of the surface
layer. In contrast to insoluble monolayers that are spread on the surface, the surface
composition of water-soluble mixtures can not be determined directly from the foam
film measurements. To gain more information about the interfacial composition, the
combination of TFPB with other techniques like, for example sum frequency genera-
tion would be needed. This would be very helpful for example, in the investigation
of catanionic surfactant system to see the transition between the effect of a cosurfac-
tant/organic salt and a surfactant.
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