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Kurzzusammenfassung

Oberflächenaktive Substanzen, bzw. Tenside, verändern die Luft-Wasser-Grenzfläche in Bezug auf
ihre Gleichgewichts- und dynamischen Eigenschaften. Auf makroskopischer Ebene ist die Bildung von
Schäumen ein typisches Merkmal von Tensid-Lösungen. Sie wird bei mechanischer Deformation von
wässrigen Lösungen beobachtet.

Die Hauptmotivation dieser Arbeit ist es, durch die erhaltenen Forschungsergebnisse ein besseres
Verständnis von Luft-Wasser-Grenzflächen auf molekularen Ebene zu erlangen und dieses Wissen
auf kolloidale Systeme zu beziehen. Letztere sind intrinsisch durch ein ungewöhnliches Verhältnis
von Oberfläche zu Volumen bestimmt. Diese Arbeit zielt insbesondere auf ein Verständnis der
Beziehung zwischen der mikroskopischen Struktur einer Adsorptionsschicht und der Molekülstruktur
seiner Bestandteile ab. Darüber hinaus ist ein Hauptziel, die mikroskopischen Eigenschaften einer
Grenzfläche mit dem makroskopischen Verhalten eines Systems in Beziehung zu setzen.

Der Oberflächen-Dilatationsmodul ist ein Schlüsselparameter für die Charakterisierung dynamischer
Eigenschaften einer Grenzfläche. Eine wichtige Errungenschaft dieser Arbeit ist die Weiterentwick-
lung der Technik der „oszillierenden Blase“. Der Bereich zugänglicher Frequenzen wurde deutlich
erweitert und erlaubt nun eine Domäne abzudecken, die mit der charakteristischen Zeitskala relevanter
Relaxationsprozesse übereinstimmt. Die Technik hat das Potential, zu einem Standardverfahren in
der Kolloid- und Grenzflächenforschung zu reifen. Eine zweite instrumentelle Errungenschaft ist ein
neu entwickeltes Gerät, das die Lebensdauer einer einzelnen Schaumlamelle in feuchtigkeitsgesättigter
Umgebung misst. Ziel ist die systematische Untersuchung der Stabilität von einzelnen Schaumlamellen
mittels eines statistischen Ansatzes. Die reflexionsbasierte Messung der Lebensdauer von Lamellen
ermöglicht die Bestimmung von Wahrscheinlichkeiten für deren Abreißen. Sie sind charakteristisch für
eine gegebene Tensid-Lösung.

Diese eingeführten instrumentellen Entwicklungen sind die Grundlage für die folgenden Studien. Um
die Anwendbarkeit der speziell angefertigten Apparaturen zu evaluieren, wurden im Rahmen dieser
Dissertation insgesamt fünf Tensid-basierte Systeme untersucht.

i) Während die wichtigste Anwendung von Tensiden in ihrem Einsatz als Wasch- und Reinigungsmitteln
besteht, wird hier ein unkonventionelles Phänomen aus der Biologie diskutiert, das ebenfalls auf der
Wirkung von Amphiphilen beruht: der Fluchtmechanismus des Käfers stenus comma vor Fressfeinden
durch Ausscheidung eines Sekrets, das oberflächenaktive Verbindungen enthält. Die Oberflächen-
Rheologie einer Adsorptionsschicht bestehend aus den Hauptkomponenten des Sekrets wurde bestimmt
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und der positive Effekt der Oberflächenviskosität erörtert.

ii) Die Vergleichbarkeit der Ergebnisse von Oberflächendilatationsexperimenten mittels der oszillierenden
Blase und Studien von Elektrokapillarwellen, die einen ähnlichen Frequenzbereich abdecken, wurden
bewertet. Dazu wurden Mischungen von Natriumdodecylsulfat und Natriumchlorid hinsichtlich ihrer
Schäumungs- und Oberflächeneigenschaften in Abhängigkeit der Ionenstärke untersucht. Um die
Ergebnisse zu interpretieren, wurde ein neuer Parameter eingeführt und gezeigt, dass dieser mit
gemessenen Schaum- und Lamellen-Stabilitäten korreliert. Außerdem wird auf die Herausforderungen
im Umgang mit den verwendeten rheologischen Methoden hingewiesen.

iii) Weiterhin wurden ionenspezifische Effekte in Lösungen von n-Alkylsulfaten mit variierenden monova-
lenten Alkali-Gegenionen untersucht. Neben den Abweichungen der Gleichgewichtseigenschaften ihrer
Adsorptionsschichten werden die entsprechenden Schaumstabilitäten bezüglich der Nichtgleichgewicht-
seigenschaften diskutiert. Eine Ordnung entlang der von Hofmeister vorgeschlagenen Reihenfolge
wurde gleichermaßen hinsichtlich der betrachteten Grenzflächeneigenschaften bestätigt.

iv) In konzeptionell verwandter Art und Weise wurde der charakteristische Einfluss hoch-geladener
Lanthanoid-Ionen auf Adsorptionsschichten der Modellsubstanz n-Dodecylphosphocholin ausgewertet.
Sie ist strukturell verwandt mit Phospholipiden, die zum Ausbau von Zellmembranen genutzt werden.
Der räumliche Ursprung der Ionenspezifität wird geklärt und eine mögliche mechanistische Begründung
vorgeschlagen, die auf abweichendem Solvatationsverhalten beruht.

v) Schließlich wurde die Leistungsfähigkeit und Empfindlichkeit der entwickelten oszillierenden Bla-
senapparatur durch Unterscheidung der geometrischen Isomere eines lichtempfindlichen Azotensids
verdeutlicht. Messungen der Schaumstabilität bestätigen die von der oszillierenden Blase zu er-
wartenden Beobachtungen.

Die Ergebnisse der Punkte iii) bis v) wurden bisher nicht veröffentlicht. Die jeweiligen Manuskripte
befinden sich jedoch derzeit in Vorbereitung zur Publikation. Eine vollständige Liste von Forschungsergeb-
nissen, die im Zusammenhang dieser Dissertation und vorheriger Studienabschnitte entstanden sind,
wird angegeben.

Rheologische Messungen mit Hilfe der speziell angefertigten oszillierenden Blase stellen den Hauptteil
der Dissertation dar. Darüber hinaus wurde eine weitere Charakterisierung durch Techniken wie Analyse
von Elektrokapillarwellen, Summenfrequenzspektroskopie, Infrarot-Reflexions-Absorptionsspektroskopie,
dynamische Lichtstreuung, isotherme Titrationskalorimetrie und dielektrische Relaxationsspektroskopie
durchgeführt, um die Ergebnisse rheologischer Messungen sinnvollen zu ergänzen.

Die vorgestellte oszillierende Blase ist schrittweise zu einer Apparatur herangewachsen, die zusätzliche
Einblicke in die Eigenschaften von Grenzflächenschichten verspricht und erhebliche Vorteile gegenüber
konkurrierenden Methoden bietet. In diesem Projekt konnte die Robustheit des Geräts und die
Zuverlässigkeit der erhaltenen Daten signifikant erhöht werden. Weitere Entwicklungs-Bemühungen
werden diese Methode zu einem Standard-Messverfahren für Oberflächen-Dilatationseigenschaften
über einen erhöhten, erweiterten - und bisher schwer zugänglichen – Frequenzbereich reifen lassen.
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Abstract

Surface active agents, shortly referred to as surfactants, tune the air-water interface with respect to
both its equilibrium and dynamic properties. On a macroscopic scale, the formation of foam is the
most prominent characteristic of a surfactant solution. It takes place when subjecting an aqueous
solution to mechanical deformation.

Prime motivation of the research presented in this thesis is to obtain a better understanding of
air-water interfaces on a molecular scale and to relate this knowledge to colloidal systems which are
naturally determined by an unusual ratio of surface to volume. In particular, this thesis aims for an
understanding of the relationship between the microscopic structure of an adsorption layer and the
molecular structure of its constituent molecules. Moreover, relating the microscopic properties of an
interface to the macroscopic behavior of a system is a major objective.

The surface dilatational modulus E is a key parameter for the characterization of dynamic properties
of an interface. A major accomplishment of this thesis is that the oscillating bubble technique has
been pushed to new limits by extending the accessible frequency range via thorough reengineering.
It now allows covering the mid-frequency range matching the characteristic time scale of important
relaxation processes. The technique has the potential to mature to a standard procedure in colloid
and interface science. Recent advances and concepts for automatization are outlined in

D. Stadler, M. J. Hofmann, H. Motschmann and M. Shamonin. “Automated System
for Measuring the Surface Dilational Modulus of Liquid–Air Interfaces.” In Meas. Sci.

Technol., 27(6) 65 301. 2016.

A second instrumental achievement is a new device that measures the lifetime of an individual foam
lamella in a humidity-saturated environment. It aims to systematically investigate the stability of
individual foam lamellae relying on a statistical approach. The reflection-based measurement of lamella
lifetimes allows for determining probabilities of rupture, which are characteristic of a surfactant solution
as described in

M. J. Hofmann and H. Motschmann. “Measurement of the Lifetime of Individual Foam
Lamellae.” In Rev. Sci. Instrum., 87 94 101. 2016.

These accomplished instrumental developments are the basis for the studies presented in the following.
In order to evaluate the applicability of the custom-built apparatuses, a total of five surfactant-based
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systems has been studied within this dissertation.

i) Whereas the probably most prominent application of surfactants is in washing and cleansing agents, a
rather unconventional amphiphile-related phenomenon from biology is discussed: the escape mechanism
of the beetle stenus comma from predatory insects via excretion of a mixture containing surface
active compounds. The surface rheological characteristics of their main components’ adsorption layers
were determined and the beneficial effect of surface dilatational viscosity κ was pointed out in the
peer-reviewed publication

A. A. Dietz, M. J. Hofmann and H. Motschmann. “The Role of Surface Viscosity in
the Escape Mechanism of the Stenus Beetle.” In J. Phys. Chem. B, 120(29) 7143–7147.

2016.

ii) The comparability of surface dilatational results obtained from the oscillating bubble device and
electrocapillary wave (ECW)-studies targeting a similar frequency range has been assessed. Mixtures
of sodium dodecyl sulfate (SDS) and NaCl were studied with respect to their foaming properties and
surface characteristics as a function of ionic strength. To interpret the results, a new parameter has
been introduced in

M. J. Hofmann and H. Motschmann. “A Parameter Predicting the Foam Stability of
Mixtures of Aqueous Ionic Amphiphile Solutions With Indifferent Electrolyte.” In Colloids

Surf. A, 529 1024–1029. 2017.

and shown to be correlated with experimentally measured foam and lamella stabilities. Besides, the
challenges associated with both the oscillating bubble and ECW-based methods are pointed out.

iii) Furthermore, effects of ion specificity in solutions of molecular n-alkyl sulfate surfactants with
varying monovalent alkali-counterions have been studied. Besides the deviations in equilibrium
characteristics evidenced for the adsorption layers, the corresponding foam stabilities are discussed with
respect to the non-equilibrium properties. Trends along the established series proposed by Hofmeister
have been equally recovered concerning interfacial properties.

iv) In a conceptually related manner, the characteristic influence of highly charged lanthanide ions
on adsorption layers of the model substance n-dodecylphosphinecholine (DPC), which is structurally
related to the phospholipids forming cell membranes, has been evaluated. The spatial origin of ion
specificity is clarified and a possible mechanistic rationale based on deviating solvation behavior is
suggested.

v) Finally, the capability and sensitivity of the developed oscillating bubble apparatus was showcased
by distinguishing the geometrical isomers of a photosensitive azo-surfactant via its response to surface
dilatational perturbation. Measurements of foam stability confirm the expectation suggested by the
oscillating bubble results.
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The results of points iii) to v) have not been published so far, but the respective manuscripts are
currently under preparation. An exhaustive list of research results published in the course of this
dissertation and previous stages of studies is given.

Rheological measurements by means of the custom-built oscillating bubble device represent the major
part of the thesis. In addition, further characterization by techniques such as ECW-studies, sum
frequency generation vibrational spectroscopy (SFGVS), infrared reflection absorption spectroscopy
(IRRAS), dynamic light scattering (DLS), isothermal titration calorimetry (ITC) and dielectric relax-
ation spectroscopy (DRS) has been carried out to complement the rheological results in a sensible
manner.

The presented oscillating bubble device has gradually grown to an apparatus providing additional
insight into the characteristics of interfacial layers. It exhibits considerable advantages over competing
methods such as accelerated data acquisition and the direct measurement of the system’s response
originating from its mechanical perturbation. Within this project, the robustness of the device and the
reliability of the obtained data could be increased significantly. Some further efforts will allow this
method to mature to a routine technique of measurement for surface dilatational characteristics over
an elevated, extended – and so far not readily accessible – frequency range.
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I Introduction

Surface active agents are at the heart of numerous commodity products such as cleansing agents,
shampoos and cosmetic products. These compounds, shortly referred to as surfactants, are amphiphilic
molecules characterized by a structural asymmetry. A distinct partitioning between a hydrophilic, i.e.,
water-seeking headgroup and a longer hydrophobic tail with a low affinity towards water causes this
kind of substances to arrange in a defined manner at an air-water interface. This equally holds true
for the adsorption at liquid-liquid interfaces.

A multitude of scientific questions arises from the presence of interfacially active molecules. How to
prove the existence of a surface layer? How does it behave under equilibrium and dynamic conditions?
What are the macroscopically observable consequences of surfactant adsorption? How can processes
on the molecular level be bridged to „real world“ properties? And most importantly: How to rationally
tune the composition of a mixture or a system in order to control its characteristics? The answer to
the first question can be clarified by means of a very simple experiment. If a solution generates a foam
subsequent to shaking or other mechanical agitation, this can be considered a strong indicator for
the presence of surface active materials in both the bulk and especially at the interface. Foams can
be formed by dissolved molecular amphiphiles, larger polymeric foaming agents, particles, biological
molecules such as proteins and other compounds. Besides the colorful appearance of individual foam
lamellae allowing for conclusions about film thickness, foams are applied as valuable materials in
personal care products. Other types of foam are widely used in construction business and automotive
industry.

After their formation, aqueous foams exhibit a remarkable structural transition, if they are left to decay.
Besides foaming, there are other circumstances and applications in which non-equilibrium properties
assessed in dynamic conditions are particularly relevant. For example, this is the case in enhanced oil
recovery. The effect of an elevated surface viscosity is considered to be beneficial to separation speed
and efficiency for the collection of oil from porous media. On the other hand, increased stiffness, i.e.,
pronounced elastic behavior is frequently found to aggravate foam generation. Exemplarily, this can
be induced by high contents of polymeric surfactants.

Within this thesis, a simplistic device allowing for the measurement of single foam lamella lifetimes
has been developed. It allows for measuring the stability of individual foam lamellae based on the
reflection of light. A statistical description yields a characteristic probability of rupture for a given
surfactant solution, which is correlated with foam column stabilities.
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I. Introduction

Even though both rheological and surface characterization are deemed to play decisive roles for an
understanding of the mechanisms governing foam stability, the literature on simultaneous investigations
of the latter quantities is scarce. As discussed extensively in several contributions at the 6th International
Workshop on Bubble and Drop Interfaces 2015 in Potsdam/Golm, this situation is due to the lack of
appropriate instrumentation covering particularly the range of elevated frequencies. This especially
holds true, when it comes to studies of interfacial rheology despite the detailed information obtainable
from this class of experiments. For example, minor changes in lipid headgroup orientation were
found to alter surface rheological characteristics in model systems of biological membranes. It is
therefore apparent that interfacial rheology is able to serve as a valuable tool, if it is possible to
relate the obtained indirect information to a comprehensible molecular picture. The present work
intends to relate surface rheological data collected from the custom-built „oscillating bubble“ device,
supplemented by additional measurement techniques, to molecular constitution, foaming behavior and
the exchange processes occurring at and within the surface of the respective aqueous solutions as
suggested in Figure I.1. Considerable advances concerning the instrumentation have been put forward
recently. Among others, new hardware components, a refined image processing algorithm, improved
automated control features and a state-of-the-art graphical user interface have been implemented.

In the following, the focus will be on both the equilibrium and dynamic interfacial properties of aqueous
surfactant solutions studied at the air-water interface.

Surfactant exchange

Foam stabilityMolecular constitution

Interfacial
rheology

XO3SO n
t

h

Figure I.1: Conceptual triangle of molecular constitution, surfactant exchange and foam stability.

Within this dissertation, a total of five systems has been examined.

i) Whereas amphiphiles are most commonly encountered in washing powder, they are found in biology as
well. The beetle stenus comma is known to excrete surface active material under certain circumstances.
The beneficial consequence of surface dilatational viscosity κ in the respective adsorption layer for this
insect has been pointed out. Predators chasing the escaping beetle are required to spend additional
energy for overcoming the dissipation of energy provided by the interfacial visco-elastic adsorption
layer.

ii) Effects on foam stability and interfacial properties upon addition of NaCl to sodium dodecyl sulfate
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(SDS) have been observed and interpreted in terms of a newly introduced parameter. It was shown to
correlate with measured foam and lamella stabilities. Additionally, the challenges of assessing surface
dilatational properties by different instrumental approaches are discussed.

Furthermore, the elucidation of relations between surfactant structure, ion specificity and foaming
characteristics was one of the major points of interest.

iii) Effects of ion specificity in solutions of molecular n-decyl sulfate with varying monovalent alkali-
counterions are studied with respect to dynamic interfacial properties and foam stability. An ordering
of foam stabilities and interfacial characteristics according to the series proposed by Hofmeister could
be confirmed.

iv) The characteristic influence of highly charged lanthanide ions on adsorption layers of the model
substance n-dodecylphosphinecholine (DPC) is evaluated. It is structurally related to phospholipids,
which are the main components of cell membranes and therefore potentially of interest to achieve
a better understanding of processes at their interfaces. Deviations in bulk solvation behavior of the
studied lanthanide ions were assumed to be the origin of ion specificity evidenced in surface dilatational
rheology.

v) Capability and sensitivity of the developed oscillating bubble apparatus was showcased by distin-
guishing the geometrical isomers of a photosensitive azo-surfactant based on its response subject to
surface dilatational perturbation. Observations of a previous study from literature not taking into
account surface dilatational properties could be confirmed and rationalized in terms of a molecular
picture.

Rheological measurements with the custom-built device constitute the major part of the presented
work. Further characterization using a multitude of different surface specific, bulk and spectroscopic
techniques has been carried out to complement the results in a sensible manner.

The thesis is structured as follows: A summary of the theoretical background of the applied experimental
methods and behavior of surfactants at interfaces is given in Chapter II. Chapters IV and V show
the results obtained in the course of the conducted separable projects i) to v) and the corresponding
discussions, respectively. Whereas an introduction specific to the topic is given at the beginning
of each section in the Results (Chapter IV), the appertaining conclusion is drawn at the end of
the respective section in the Discussion (Chapter V). Furthermore, brief descriptions of the utilized
experimental devices and materials are summarized in Chapter III. A unifying conclusion highlighting
the most relevant findings and pointing towards successfully resolved challenges completes this thesis
in Chapter VI. Published results emerging from the work of this thesis and previous stages of studies
are listed exhaustively in Appendix A.
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II Theoretical Framework

1 Surface Model

An adequate description of the air-water interface requires taking into account the „under-monolayer“
as an important part of the interfacial region. This is achieved by the use of the further developed
Guggenheim rather than the older Gibbs-surface model. The latter ascribes deviations from the
adjacent bulk phases to a mathematical plain and grounds on the fundamental Gibbs-Duhem-relation.
Only recently, there have been contributions pointing out the importance of this understanding based
on experiments using sum frequency generation vibrational spectroscopy (SFGVS). [5,6] An essential
part in the analysis of surfactant properties is their characterization with respect to equilibrium surface
tension. Typically, the results are represented as plots of equilibrium surface tension γe against the
bulk concentration c of the surfactant solution in logarithmic scale. For classical surfactants, the plot
assumes the generic form as shown in Figure II.1. It features three characteristic regions A, B and C
with different concentration-dependencies. In region A, there is only a slight decrease in equilibrium
surface tension γe, which turns into a very pronounced descent in region B. The onset of the range of
constant equilibrium surface tension γe in region C is identified as the critical micellar concentration
(cmc), which defines the lowest concentration at which micelles, i.e., a certain type of aggregates are
formed in a cooperative process.

Interestingly enough, this type of representation, or to be more precise, its accompanying interpretation
has only recently led to vigorous discussions in the field of colloid and interface science. This is due to
apparently contradicting results from long-standing equilibrium thermodynamic considerations and
experimental evidence from evolved surface analysis techniques, which have been developed over the
last decades. The main subject of discussion is the interpretation of region B and the information to
be extracted from it. Around 50 papers trying to clarify and discussing the so called „Gibbs-paradox“
have been published over the last ten years.

According to Gibbs, the topmost monolayer is fully saturated upon the transition from region A to
region B at a surfactant concentration where only a slight decrease in equilibrium surface tension
γe is observable. At concentrations beyond, the surface tension will decrease more severely even
though the number of molecules in the monolayer remains constant. This consideration implies, that
in the concentration range of region B, a change in surfactant bulk concentration c will have a more
pronounced impact on the monolayer properties in terms of equilibrium surface tension γe than a
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Figure II.1: Generic plot of equilibrium surface tension γe vs. bulk concentration c for a conventional
surfactant with its three characteristic regions A, B and C. The sharp transition from a
close to linear decrease to a constant value of equilibrium surface tension γe as a function
of bulk concentration c is identified as the cmc.

modification of the surface layer itself, which is truly a paradox observation.

Menger et al. argue that an estimation of the area-per-molecule obtained from the negative slope
of the equilibrium surface tension isotherm relying on the Gibbs adsorption isotherm (GAI) leads to
„greatly overestimated“ values of molecular surface area. [7] Two major points of their work concern
their call for a more cautious handling of surface tension data demanding to take into account results
from highly surface specific techniques such as neutron reflectivity (NR) and the interpretation of
declining equilibrium surface tension γe in region B in terms of a cooperative process.

The latter authors were criticized harshly for their disapproval of Gibbs-thermodynamics [8] by another
research group, which stated, that the disagreement between their published data and the Gibbs-theory
arises from a non-adequate application of the latter theory to the conducted experiments. Finally,
they even concluded, that the data intended to challenge the Gibbs-analysis serve to prove the validity
of the classical approach if used properly.

In a later work, Bermúdez-Salguero et al. showed that surface saturation is obtained only at the
higher concentration end of region B and that micellation - if the surfactant is capable of this kind of
aggregation - can occur only if the surface is saturated. [9] This will be shown in the following.

The surface chemical potential of a solute in a binary mixture obtained from coupling the GAI to the
non-ideal surface equation of state (SEOS) according to Volmer is given by
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ln
(π∗
x
)

= zm (1− π∗) + ln γ∞, (II.1)

whereas π∗ denotes the reduced surface pressure defined as

π∗ = π
πCMC

. (II.2)

The remaining quantities represent the molar fraction of the solute x and the bi-dimensional compress-
ibility factor zm. Approaching the molar fraction of the cmc, the reduced surface pressure assumes a
value of 1 and the latter equation simplifies to

ln
(π∗
x
)
x→xCMC

= ln γ∞ = − ln xCMC. (II.3)

Analysis of the limiting case for vanishing surfactant concentration leads to a relation between the
standard energy of adsorption ∆G◦ads and the standard energy of micellation ∆G◦mic. Starting from

ln
(π∗
x
)
x→0

= zm + ln
(π∗
x
)
x→xCMC

(II.4)

with

∆G◦ads = −RT ln (πx
)
x→0 (II.5)

∆G◦mic = RT ln xCMC (II.6)

rearranging leads to

∆G◦mic = ∆G◦ads + RT (zm + lnπCMC) . (II.7)

The standard energy of micellation ∆G◦mic is smaller in amplitude than the standard energy of
adsorption ∆G◦ads by the constant in the latter equation, meaning that adsorption is favored over
micellation. It is the basis for the interpretation of adsorption as a cooperative process, which is a
prerequisite for the second possible cooperative process, namely micellation. This implies, that micelle
formation starts (only) after completion of monolayer adsorption.

Just as the interpretation of region B in Figure II.1, also the determination of the cmc and Gibbs
surface excess is subjects of discussion. [10] Different methods are known to lead to slightly deviating
values of the cmc and its interpretation as a concentration range rather than a sharp value. The
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1. Surface Model

maximum surface coverage Γ∞ can be obtained as the constant of a polynomial fit of the surface
coverage Γ against the reciprocal bulk concentration c. Therein, the surface coverage Γ itself is
determined from a second or third order polynomial fit of the plots of equilibrium surface tension γe
against logarithmic bulk concentration c in combination with the GAI.

Recent experiments relying on surface specific techniques are indicative for a saturation of the
monolayer only in region B. Next to the already mentioned SFGVS-results, [5,6] this equally holds for
data obtained from NR, [11] and pyrene-fluorescence [12]. Radiotracer methods have been found to lead
to the same quantities as measured by thermodynamic methods. [13]

But also the GAI itself has been subject to discussion due to rise of the mentioned surface specific
techniques. It allows accessing the surface coverage Γ from experimental equilibrium surface tension
isotherms via

Γ = − 1
mRT

d γ
d lna, (II.8)

whereas a denotes the activity, R the natural gas constant, T the temperature and m a prefactor
representing the number of surface active species emerging from the dissolved amphiphile. Equa-
tion II.8 allows determining the surface coverage Γ only indirectly from tensiometric data. „It is still
unclear exactly, what is being measured in tensiometric experiments.“ [11] From comparison with the
complementary NR, which grants direct access to surface coverage Γ within an accuracy in a range of
5% the following conclusion is to be drawn: [14] the prefactor m of the GAI assumes a value of 2 for
aqueous solutions of 1:1 ionic surfactants. If ion condensation has to be considered, however, the
value of the prefactor is lower than in the idealistic case of full dissociation. [15]

In contrast to the abstract concept of a Gibbs dividing surface for the selection of a separation
plain between interface and bulk with the consequence of a mathematical surface with no volume,
Guggenheim suggested to assign a volume with a defined mass to this plain. [16,17] The formalism
for a theoretical description of this interfacial region characterized by a finite extension nevertheless
remains similar to the procedure developed by Gibbs. [18] In short, the Guggenheim-concept favors
the existence of an „interphase“ characterized by a smooth, but steep transition between bulk and
interface, whereas the classical Gibbs-model describes a step-like progression.

Despite the ongoing discussion and (mis)interpretation of the GAI its foundations going back to the
Gibbs-Duhem relation cannot be challenged. Also overinterpretation of the GAI should be given up on.
The key point for the following considerations of dynamic processes at interfaces is the assumption
of an interfacial region with a finite thickness. This allows for an interpretation of the experimental
findings in terms of exchange processes between the bulk, this „subsurface“ and the interface.
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2 Surface Equations of State

Surface equations of state (SEOSs) serve to relate the surface pressure π defined as difference in
surface tension between the pure solvent γsolvent and an adsorption layer covered interface by

π = γsolvent − γ (II.9)

to the area per molecule a through a mathematical expression. The area per molecule can be expressed
equally well by means of the adsorption Γ, whereas this quantity defines the ratio of number of
molecules adsorbed to the available area via

Γ = 1
a = n · NA

A . (II.10)

Therein, n represents the number of moles, NA Avogadro’s number and A the surface area available
for the respective n surfactant molecules. In analogy to the ideal gas law, the SEOS for an ideal
surface film is given by [19]

πa = kBT (II.11)

with the Boltzmann constant kB and the temperature T . A connection between the adsorption Γ and
the concentration of the respective surfactant is achieved via an adsorption isotherm. A combination
of the Gibbs adsorption isotherm (GAI)

Γ = − 1
RT

d γ
d ln c (II.12)

with a SEOS allows for deriving a direct relation between the experimentally accessible surface pressure
π and the adsorption Γ via the integrated form of the GAI. Deviations from the ideal behavior of
the previously described non-interacting dimensionless adsorbed surfactant molecules are accounted
for by using an appropriate SEOS based on physical or empirical models. [20] The non-ideal course of
surface pressure π as a function of concentration is due to the finite volume of the molecules. Upon
close mutual approach this property causes increasing values of surface pressure π. Furthermore, the
interactions between the surfactants have to be taken into account. Depending on their nature, this
leads to elevated or decreased surface pressure π for repulsive and attractive forces in between the
molecules, respectively. The latter considerations are in analogy to the case of a three-dimensional
gas.

The adsorption isotherms proposed by Langmuir [21] and Frumkin [22] are typically used for the description
of adsorption at interfaces. Both models assume the build-up of a monomolecular adsorption layer
upon increasing surfactant concentration to a maximum surface coverage Γ∞. They differ, however,
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3. Ionic Surfactants at Interfaces

in the actual mathematical expression representing the asymptotic approach of fractional surface
coverage x given as

x = Γ
Γ∞ . (II.13)

From a mathematical point of view, the Langmuir adsorption isotherm is to be considered a special
case of the Frumkin isotherm

x = c
c + aF expKF·x (II.14)

with the parameters aF and KF. This leads to the associated SEOS

π = −Γ∞RT
[
ln(1− x)− KF

2 · x2
]

(II.15)

and simplifies to the corresponding Langmuir expression for KF = 0. Beyond these classical approaches,
also so called reorientation and interfacial aggregation models have been used for quantitative
description of experimental surface tension data. [23] Also the adsorption processes occurring in mixed
surfactant protein layers can be described systematically. [24]

3 Ionic Surfactants at Interfaces

The interaction of ionic species with charged interfaces has been subject to several modeling approaches.
Descriptions of the „double layer“ have been put forward among others by Helmholtz, Gouy and
Chapman, Stern and Grahame. A more recent concept to model the distribution of charged species
in the electric double layer (EDL) of an interface was introduced by Warszyński and coworkers. [25]

A schematic representation of the conceptual ion distribution assumed in this theory is given in
Figure II.2.

Surfactant molecules adsorb at the interface with their headgroups in the Stern layer. But in the
model presented in the following, also the counterions can adsorb specifically in the Stern layer at the
Helmholtz plane. The Stern layer is considered a two-dimensional electrolyte which does not meet the
condition of electroneutrality. The following relations constitute a set of equations, which has to be
solved numerically in order to determine the adsorptions of both surfactant and counterions. The
total charge in the Stern layer σ is given by the sum of charges of the adsorbed ions via

σ = zSFΓS + zCFΓC, (II.16)

whereas F denotes Faraday’s constant and zi and Γi represent the charge and surface concentration
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Figure II.2: Model of surfactant and counterion adsorption at the air-water interface according to
Warszyński. [25]
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3. Ionic Surfactants at Interfaces

of either the surfactant (i = S) or the counterion (i = C), respectively. The diffuse layer potential at
the boundary between the Stern layer and the diffuse part Ψd of the EDL can be determined via

Ψd = 2kBT
e sinh−1

( σe
2ε0εrkBTκ

)
(II.17)

taking into account the Boltzmann constant kB, temperature T , elementary charge of the electron e,
vacuum dielectric permittivity ε0, relative permittivity of the solution εr and Debye-Hückel (DH)
reciprocal length κ. The Stern layer potential ΨS can be calculated from the potential at the boundary
Ψd assuming a linear drop with the distance δs according to

ΨS = Ψd + σδs
ε0εS (II.18)

taking into account a dielectric constant in the Stern layer εS. The adsorption isotherms can be
derived from the equilibrium of electrochemical potentials for the bulk phase and the Stern layer and
by application of the Flory-Huggins statistics for the concentrated two-dimensional electrolyte. For
convenience, the adsorption of surfactant and counterions is expressed in terms of relative surface
coverages

θi = Γi
Γi∞ , (II.19)

where Γi∞ denotes the limiting surfactant concentration of the respective species. The adsorption of
surfactant and counterions is related to the potentials and concentrations via equations

a−
αS

exp
(eΨS
kBT

)
(1− θS − θC) = θS exp (−2HSθS) exp

( ΦS
kBT

)
and (II.20)

a+
αS

exp
(
−eΨS
kBT

)
(1− θS − θC) = θC exp

( ΦC
kBT

)
. (II.21)

Within this system of equations, some additional parameters and variables are taken into account: the
respective charge dependent activity of counterions and surfactant ions a±, the „surface activity“ of the
surfactant αS, an interaction parameter HS quantifying the latter attraction and correction factors ΦC
and ΦS. The two parameters ΦC and ΦS serve to correct the activity for the lateral interactions
between the ions of the two-dimensional electrolyte in the Stern layer. An approximation to the ionic
activity coefficient γS± for the quasi-two-dimensional electrolyte analogous to the DH-formulation
valid for the bulk is given by

ln γS± = ΦC
kBT = ΦS

kBT u − e2
8πε0εSkBT

κs
1 + κSaS

(II.22)
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with the two-dimensional equivalent of the DH screening length

κS = e2 (ΓS + ΓC)
ε0εSkBT . (II.23)

The numerical solution of the latter set of equations using an iterative Newton-Rapshon scheme
allows obtaining the adsorption of surfactant and counterions corresponding to a given set of fitting
parameters. [25,26] The surface tension corresponding to the surface coverages is accessible from
integration of the Gibbs adsorption equation

d γ = −RT (ΓS d lnaS + ΓC d lnaC) . (II.24)

4 Lamella and Foam Stability

Foams can be considered as dispersions of gas in a liquid or solid. They are characterized by
thermodynamic instability due to their large surface area. Exclusively kinetic stabilization can lead
to the formation of so called instable or metastable foams. [27,28] Throughout this thesis, only liquid
foams will be studied. They are formed by externally induced mechanical perturbation of the disperse
phase in presence of surface active components. Subsequent to its formation, a transition of the
initially formed wet kugelschaum to the so called polyederschaum foam type is typically observed.
This evolution is often referred to as de-watering process and schematically represented in Figure II.3.

Kugelschaum Polyederschaum

Time
Drainage

Figure II.3: Schematic representation of kugelschaum and polyederschaum phases of liquid foam.
The transition is referred to as de-watering process and promoted by the destabilizing
mechanisms of liquid drainage, coalescence and Ostwald-ripening. The polyederschaum
cells are stabilized by Plateau-borders.

The eventual rupture of foam lamellae and three-dimensional foams, which can be thought of as a
complex structure of lamellar building blocks, is to be interpreted as an interplay between forces and
effects causing stabilization and destabilization of the lamellae. In the following, some of the most
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relevant contributions will be explained.

The effect of gravity causes the bulk liquid to drain from the kugelschaum phase leading to the
formation of polyhedral cells delimited by rather plain foam lamellae with adsorbed surface active
material at their interfaces. [29] Within this phase, the lamellae are connected via so called Plateau-
borders honoring the experimental work of Joseph Plateau on foam patterns. [30] The latter refer to
the contact line of three - more or less - plain lamellae at an angle of 120° as schematically shown in
Figure II.4.

Plateau-border Conjunction of Plateau-bordersFront view

Tetrahedral
conjunction

pPB

plam

Flow

120°

pPB < plam

Figure II.4: Schematic representation of a Plateau-border formed by three adjoining lamellae at an
angle of 120° and the conjunction of four of them at the tetrahedral angle of 109.47°.

Due to the curvature in close proximity to the Plateau-borders, the pressure pPB inside is reduced
with respect to the pressure in the flatter regions of the lamellae plam by the action of the Laplace-law
describing an inverse relation between the pressure p and the radius of curvature r. [31] This gradient
between the lamellae and its Plateau-borders leads to a flow of liquid from the lamella towards
the Plateau-border resulting in a thinning until a critical thickness is reached. In literature, this
effect has also been referred to as capillary suction. [32,33] Once this critical thickness is reached,
the lamellae are susceptible to rupture by mechanical disturbances or fluctuations. An additional
reason for foam destabilization based on the action of the Laplace pressure is well-known in colloidal
chemistry: Ostwald-ripening. The initially randomly formed kugelschaum gas compartments feature
different internal pressures according to size, shape and curvature. To relieve the pressure gradients
between them, a disproportionation process described by expansion of lower pressure large cells at the
expense of high pressure small cells takes place. This ultimately leads to the formation of low pressure
gradient polyhedral foams according to the laws of Plateau, where eventually Plateau-borders meet in
tetrahedral arrangements as indicated in Figure II.4. [34]

Despite the mentioned effects promoting the decay of foams, there is also a considerable number
of processes favoring their existence. One of the most obvious and frequently used approaches is
based on increasing the solutions’ bulk viscosity thereby reducing drainage. [35] Whereas this concept
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aims to hinder the transition from kugelschaum to polyederschaum, there are as well mechanisms
stabilizing the then prevalent lamellae. The disjoining pressure πd is an experimentally readily available
parameter and describes the interaction between the surfactant layers adsorbed at both sides of a
lamella. [36–42] It constitutes from electric, steric and van der Waals forces. Stable foams are observed
for a compensation of disjoining pressure πd and capillary pressure. [34] Another beneficial effect for
maintaining a foam lamella subject to deformations is the Gibbs-Marangoni mechanism. It describes
a „self-healing effect“ due to an emerging gradient in surface tension caused by its extension as
illustrated in Figure II.5.

Initial state Perturbed state

Perturbation

„Self-healing“

γ γ

Flow

Figure II.5: Scheme of the Gibbs-Marangoni mechanism. A local lamella deformation causes a surface
tension gradient. The tendency to relieve this non-equilibrium state by induction of a
surfactant flow dragging along water molecules generates the „self-healing“ effect.

A local increase in surface area is associated with a decrease in surfactant concentration corresponding
to a higher value of surface tension compared to the unperturbed parts of the lamella. To counteract
this non-equilibrium state, a flow of surfactant molecules opposite to the deformation-induced surface
tension gradient emerges. As water is dragged along with the flowing surface active compound, this
process acts to restore the original state of the lamella. [43–46] These processes described in terms of
a so called surface dilatational modulus E expressing the resilience against an induced deformation
serves to quantify the Gibbs-Marangoni effect. It represents the ability of a system to restore its
equilibrium surface tension γe upon deformation. However, it is to be noted that there is a certain
medium concentration range in which this effect is most pronounced. In case of too low surfactant
concentrations, the appearing surface tension gradient is too small to induce a flow. For too high
concentrations, the gradient is mainly eliminated by surfactant diffusion processes from the bulk
towards the interface without dragging along a sufficient number of water molecules to effectively
counteract the thinning process. Therefore, foam systems have been reported to show maximum
stability around the critical micellar concentration (cmc). A lamella can gain further stability, if its
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4. Lamella and Foam Stability

adsorption layers feature surface viscoelastic behavior, i.e., energy can be dissipated within the surface
layer by the action of additional energy-consuming processes.

The relation between foam stability and drainage rate within the constituting liquid is well estab-
lished. [47] However, several parameters intending to characterize foam stability judging from the
respective aqueous solutions’ interfacial properties have been proposed. In most of the cases they
are traced back to elasticity and reduction of surface tension. Moreover, experimental evidence for a
layering phenomenon manifested as film thickness transitions in solutions containing pure surfactants
was observed. [48]

In their 2014 paper, Zell et al. point out the shear inviscidity of pure surfactant solutions for both high-
and low-foaming solutions. According to their argumentation, pure shear rheological properties are of
minor relevance for foam stabilization. Furthermore they claim to have proven all shear rheological
measurements conducted up to this date as invalid and subject to errors on the order of factors from
1 · 103 to 1 · 104. [49] This exclusion of surface shear measurements is to be interpreted as a hint on
the importance of dilatational characteristics, especially for interfaces stabilized by small molecular
surfactants.

Stabilization in mixed surfactant-polymer layers is based on the two effects of retarding liquid drainage
in bulk and providing enhanced adsorption, which might also be irreversible in some cases. Reduction of
coalescence and increasing film strength go hand in hand. [47] Typically, the use of polymeric additives
causes elevated viscoelasticity and viscosity of the aqueous phase, which as a consequence leads to
slowed drainage accompanied by increased foam stability. [50] Synergistic adsorption effects in mixed
polymer-surfactant adsorption have been found to lead to packed layers. [51] In this type of systems,
viscosity at high shear rates (200 s−1) was found to be correlated to the rate of liquid drainage pointing
out the importance of rheological data over a possible broad frequency range to identify potential
mechanisms of stabilization. [47]

Another part of foam and emulsion stability research focuses on the use of particles as surface active
material. The finely disperse solids have proven to cause pronounced modification in food and
beverages as well as in combination with classical surfactants and other mixtures of interest in colloid
and interface science. [52–57]

The investigation of non-aqueous and smart foams has recently been developing to a „hot topic“. [58,59]

Next to the goal of tuning foam stability on demand by application of external stimuli such as light,
temperature, electric or magnetic fields targeting at certain molecular features, also „non-classical“
stabilization processes such as crystallization within the interface are exploited. Of course, some of
the new questions arising in this field cannot be addressed appropriately by the conventional methods
targeting aqueous foams formed due to the presence of amphiphiles.
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5 Debye-Hückel-Theory

The Debye-Hückel (DH)-theory provides a quantitative description of electrolyte solutions taking into
account the interplay of randomizing thermal motion and ordering electrical attraction. [60] In more
advanced models derived from DH as a starting point, also the dimension of ions and interaction
between ion and solvent are considered. Key idea of the concept is to establish a distribution function,
i.e., probability to find a particle in a position relative to another. In case of electrolyte solutions, the
distribution of ions is to be understood as a consequence of long range coulombic electrical forces and
thermal motion. This means, that in electrolyte solutions the ion distribution is not random even at
considerable distance, i.e., in the dilution regime.

A known ion distribution allows for calculation of the corresponding arising electrical potential. The
challenge of this approach is that the calculation of a distribution requires knowledge of the potential.
The first accepted theory has been put forward by Debye and Hückel [61] and further extended by
Bjerrum, [62] Onsager [63] and Falkenhagen. [64]

The DH-theory demands the calculation of a potential at a given point in the solution as a function
of concentration and charge of ions as well as solvent properties. Therefore, a combination of the
Poisson-equation, i.e., the most general form of Coulombs law of force between charged bodies from
electrostatics with a statistical mechanical distribution function according to Boltzmann is applied.
The Poisson-equation relates the charge density ρ to the potential Ψ via the Laplace operator ∇2
and the dielectric constant of the medium ε via

∇2Ψ = −4π
ε ρ. (II.25)

For convenience and due to the symmetry of the mathematical problem assuming spherical ions,
one particular ion is chosen as the origin of the coordinate system. It is to be noted, that the
Poisson-equation of electrostatics holds strictly only for a system of charges at rest. In order to apply
this theory for the case of charges in solution, it is assumed, that time-averaging due to thermal
motion makes it valid also for a real case. Electro-neutrality of the system specified as

s∑
i=1

nizi = 0 (II.26)

with algebraic valences zi (can take + and - values) and an average number of ions per unit volume ni
has to be met as a boundary condition. Assuming an ion j to be the center of the coordinate system,
any shell around this central charge carrier will have opposite charge to fulfill this constraint. The total
charge from the surface of the ion a to infinity is opposite to the charge of the central ion expressed by
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5. Debye-Hückel-Theory

∞̂

a
4πr2ρjd r = −zje (II.27)

to fulfill the requirement of electroneutrality. The assumption of DH-theory is to specify a Boltzmann-
ansatz for the ion distribution with energy given as the product of potential and charge. Therefore,
the local concentration n′i of ion type i is given by

n′i = ni exp
(
−zieΨj
kBT

)
, (II.28)

whereas the subscript j represents the orientation with respect to the (moving) coordinate system
centered at ion j . The remaining quantities denote the Boltzmann constant kB, elementary charge e
and temperature T . Accordingly, the charge density is obtained by summing up the latter local
concentrations multiplied with the respective charge. The Boltzmann-relation demands an exponential
relation between charge density ρ and the potential Ψj leading to an intrinsic problem: the principle of
linear superposition of fields does not hold due to the exponential relation. This means that doubling
of charge density does not lead to a double potential.

A remedy is to use a linearized version of the Boltzmann equation, which is valid at low potentials
compared to thermal energy, i.e., when the ions are able to move freely. In this linearized form, the
superposition principle with a proportionality between charge density ρ and potential Ψj holds. But
even for very low electrolyte concentrations, strong deviations from ideal behavior due to noticeable
interaction between ions are possible. In the course of the linearization, the Boltzmann distribution is
replaced by

n′i = ni
(

1− zieΨj
kBT

)
. (II.29)

In comparison to other types of salt, univalent electrolytes are best described by these approximations,
as in this case the linear approximation appears to be a more realistic description of the ion distribution.
The expression for the charge density of the linearized Boltzmann is introduced into the Poisson-
equation. It is referred to as the Poisson-Boltzmann equation. In order to arrive at a simplified
form for solution of this differential equation, a new constant is defined. It is related to the inverse
Debye-length κ−1, has dimensions of a reciprocal length and is defined by compressing the coefficient
of the Poisson-Boltzmann equation according to

κ2 = 4πe2∑2i=1 niz2
iεkBT , (II.30)

whereas the so called ionic strength I for a binary electrolyte in units of mol · L−1 is given by
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I = 1
2c
(ν1z21 + ν2z22

)
(II.31)

with the number of ions emerging from dissociation of the electrolyte νi and charge of the respective
ion zi.
Abandoning the exponential form of the Boltzmann-equation in favor of the linearized relation in
the case of low potential, a linear second order differential equation with general solution can be
obtained. From the condition of electroneutrality and integration, an expression for the time averaged
DH-potential imposed by a selected j-ion at a point at distance r from it in absence of external forces
is given by

Ψj = zje
ε

εκa
1 + κa

exp−κr
r . (II.32)

The closest possible approach of any other charge to the central ion is the distance a. This implicitly
demands the same size of all ions taken as spheres of diameter a. In order to arrive at a full description
of the forces operating in electrolyte solutions, long-range ionic forces and short-range interactions
between ions and solvent have to be considered. These opposing effects are of comparable magnitude
in typical electrolyte solutions, but characterized by different scaling as a function of concentration.
Whereas the short-range forces are linear in c, the proportionality is less pronounced for the √c-
relationship of interionic interaction. For purely mathematical considerations, short-range interactions
can therefore be neglected with respect to the long-range forces due to their diverging scaling behavior
at high dilutions. There are different scaling laws for the potential imposed by the presence of an ion
in case of

• an individual ion
Ψ ∝ zje

εr (II.33)

• and an ion in electrolyte solution
Ψ ∝ zje exp−κr

εr . (II.34)

This means a slower decay of the potential in electrolyte solutions compared to an individual ion. Due
to the principle of linear superposition, the DH-potential can be rewritten as the sum of the potential
of a central ion and the potential caused by the presence of the surrounding ions. Subtracting the
potential of the isolated ion from the DH-potential of a central ion within an electrolyte gives

Ψ′
j = zje

εr
[ expκa
1 + κa exp−κr −1

]
only for r > a (II.35)

and represents the potential due to the remaining charges. At the surface of the central ion, i.e.,
r = a the potential assumes the value
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6. Adsorption at Interfaces

Ψ′
j = −zjeε

κ
1 + κa = −zjeε

1
a+ 1

κ
(II.36)

This expression describes the effect of the surrounding electrolyte on the potential of the central ion
caused by the resulting field. The structure of this relation matches the previously shown potential
of an individual ion. Therefore, the central ion contained in a cloud of surrounding counterions is
described by the same potential as if all of the surrounding ions were distributed over a spherical
surface at a distance of

a+ κ−1. (II.37)

The net charge on this hypothetic surface is equal and opposite to the charge of the central ion and
the quantity κ−1 is the Debye length measured from the surface of the ion.

A DH activity coefficient is used in order to describe the change in interaction strength between
ions surrounded by counterion shells as discussed previously. The rationally obtainable expression
is typically modified by a linear empirical summand in order to achieve better agreement between
experimentally accessible values of mean rational activity coefficients f± and the theoretical expression

ln f± = −A|z1z2|
√I

1 + Ba√I + bI. (II.38)

Therein, the constants A and B serve to introduce the influence of solvent type and temperature. The
values of a (ion size parameter, values of around 4Å are typically used) and b are obtained as fitting
parameters to suit experimental results. From the evaluation of activity coefficients for NaCl at 25 ◦C,
sound agreement between theory and experiment was found for a = 4Å and b = 0.055mol · L−1 for
concentrations up to 2mol · L−1

It is to be noted, however, that changes in the value of a depend on the fitted concentration range
and are not necessarily to be interpreted as real changes of ion size. For reasons of plausibility, values
of a can be checked based on an estimate gained from the sum of crystallographic radii or radii of
ionic hydration. Access to activity coefficients is granted by measuring transport numbers.

6 Adsorption at Interfaces

The analysis of equilibrium surface tension γe is essential for the characterization of interfaces, both
the gas-liquid interface and the liquid-liquid interface. In the following, ring tensiometry and pendant
drop/bubble tensiometry will be presented. Also, some general principles related to the measurement
of surface dilatational properties are highlighted.
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6.1 Ring Tensiometry

The de Noüy ring method is a classical method for determining the equilibrium surface tension γe. [65]
During the experimental procedure, a ring consisting of a platinum-iridium alloy is immersed into a
container holding the sample to be studied and the force upon retraction is measured. The maximum
force Fmax is related to the contact angle θ of 0°. Given a circumference U, the static equilibrium
surface tension γe of the solution is given by the relation

γe = Fmax
U · cosθ . (II.39)

On a molecular level, surface tension is a measure for the net force pulling interfacial molecules from
the surface towards the bulk. In terms of a thermodynamic formalism, it describes the change in Gibbs
energy G upon changing the surface area A as

γe =
(∂G
∂A
)
T ,p,n

(II.40)

at constant temperature T , pressure p and composition of the system as represented by the number
of moles n. In order to arrive at a minimum of the Gibbs energy G, the system seeks to decrease its
overall surface area A. This leaves the interpretation of surface tension as a quantity proportional to the
urge of the system to reduce its surface area. A schematic representation of the measuring procedure
and the characteristic force curve measured upon retraction of the probe is given in Figure II.6.

6.2 Pendant Drop Tensiometry

Pendant drop tensiometry has matured to an established technique for measuring surface tension
at both gas-liquid and liquid-liquid interfaces exploiting the shape of a drop in order to obtain a
corresponding surface tension value. The principle of image analysis is shown in Figure II.7. A
schematic representation of the experimental setup is given in Figure II.8. The personal computer
(PC)-controlled setup consists of a light emitting diode (LED) light source, a capillary connected to a
motorized pump and a charge-coupled device (CCD)-camera.

Devices working on the axis symmetric drop shape analysis (ADSA)-principle used for pendant drop
tensiometry allow accessing several interfacial properties such as equilibrium and dynamic surface
tension and the elasticity parameters of the respective adsorbed layers. In all of these cases, the
key principle for determining an instantaneous surface tension value is the interplay between the
counteracting effects of surface tension and gravity. The shape of the droplet is described by the
Gauss-Laplace equation. It serves to establish a connection between the curvature of a liquid meniscus
and surface tension γ via
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6. Adsorption at Interfaces

a) b)

F
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Figure II.6: Scheme of ring tensiometry. a) A ring is immersed into the aqueous sample solution and
the force upon retraction is measured by means of a high precision balance. b) Schematic
force distance curve upon retraction. The maximum force corresponds to the surface
tension of the solution. Increasing the distance any further will cause a rupture of the
lamella.

γ
( 1
R1

+ 1
R2

)
= ∆P0 + ∆ρgz. (II.41)

Therein, R1 and R2 denote the main radii of curvature, ∆P0 the pressure difference in a reference
plane, ∆ρ the density difference between the two studied media, g the gravitational acceleration and z
the vertical height of the drop measured from the reference plane. The CCD-camera captures images
of the droplet, from which, after an appropriate contour-tracing and fitting of the Gauss-Laplace
equation, a surface tension value is obtained. For this purpose, the radii of curvature as indicated in
Figure II.7 are used.

Depending on the type of interface to be studied and the density of the adjoining bulk media, variable
measuring geometries are applied in different types of ADSA-experiments: sessile drop, emerging
bubble and buoyant bubble. [66] Furthermore, most available devices additionally allow for measurements
of contact angles.

Next to determining equilibrium surface tension γe, it is possible to access surface rheological properties
of the respective adsorption layers by periodic perturbation of the surface area via action of the syringe
pump as indicated in Figure II.8. It is to be noted, that the accessible frequency range of perturbation
with this setup is limited to a maximum frequency of about 1Hz for the typically studied droplets
of bubbles formed at capillaries with diameter ranging from 2 to 4mm. Furthermore, the type of
deformation induced in the course of the experiment typically is not purely of dilatational nature and
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R1

R2

Figure II.7: Schematic representation of the parameters used in pendant drop tensiometry to obtain
the surface tension value corresponding to the shape of the droplet. The axis symmetric
shape of the drop identified by contour tracing is mathematically defined by the radii of
curvature R1 and R2. It results from a competition between the forces of curvature and
gravity. The dotted line serves to visualize the circle corresponding to R1.

LED
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Pump Supply
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Figure II.8: Scheme of pendant drop tensiometry operating on the ADSA-principle. A mm-sized
drop hanging from a capillary is formed automatically by a PC-controlled syringe pump.
Images captured of the LED-illuminated droplet are fed to the on-line image processing
of the control program.
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6. Adsorption at Interfaces

comprises additional contributions of shear. However, the influence of shear on the overall response
to an induced strain is generally negligible. [49] Determination of the relevant parameters and the
information to be obtained from them will be discussed in subsection 9.1, where the custom-built
oscillating bubble device for measurements of surface dilatational rheology is described in more detail.

6.3 Measuring Dynamic Interfacial Properties

Dynamic interfacial properties such as dynamic surface tension can be assessed by a multitude of tools
over wide ranges of timescales. Relying on a combination of data collected from different techniques,
typically the range of characteristic deformation frequencies from 1 · 10−2 to 1 · 106 Hz can be covered
as schematically shown in Figure II.9. An extensive review on available techniques was given by Noskov
in 2010. [67] Some of the most relevant methods will be shortly outlined in the following.

As described in more detail in section 8, capillary wave techniques infer the dilatational viscoelasticity
from applying a dispersion equation to the profile of surface waves. [68] Takajo et al. used this approach
to study the formation of aggregates in binary mixtures of short chain phosphatidylcholine-based
lipids. [69] A major drawback of capillary wave techniques is their strong dependence on the chosen
model. Furthermore, they are complicated to operate and the measurement procedure is relatively
time-consuming.

10−2 10−1 100 101 102 103 104 105 106

Frequency / Hz

Oscillating drop / barrier / ring, transient relaxation

Longitudinal capillary waves

Oscillating bubble

Transverse capillary waves

Quasi-elastic light scattering

Figure II.9: Frequency ranges of techniques used to assess dynamic interfacial properties. Established
oscillating bubble techniques allow for measurements up to the range of tens of Hz. The
presented device has the potential to extend the upper accessible frequency range to
about 1000Hz as indicated by the red bar. Measurable frequency ranges are completed
to the lower side by longitudinal capillary wave, oscillating drop, barrier and ring methods.
Transverse capillary wave and quasi-elastic light scattering techniques grant access to
these properties at higher frequencies. The figure has been adapted from a review by
Noskov from 2010. [67]
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A class of instruments closely related to the oscillating bubble device are based on the drop volume
technique and are also commercially available. The volume of a drop attached to the tip of a capillary
is increased by pumping further solution into it. Depending on the experimental geometry, the droplet
detaches from the tip of a capillary once the restoring force of surface minimization is compensated
by buoyancy or gravity in case of analyzing oil in water or water in oil emulsions respectively. [70–73]

Measuring the volumes required for detachment as a function of flow rate delivers information on
the prevailing adsorption kinetics. Relying on this principle, knowledge on the surface tension at
the moment of detachment, i.e., surface tension as a function of surface age can be attained. An
alternative realization of this working principle is given by the stalagmometer arrangement. Therein,
the number of droplets into which a given total volume disintegrates is captured. [74]

In a recent contribution by Javadi et al., capillary pressure experiments at the water-hexane liquid-liquid
interface considering diffusion and mass exchange between the two phases were carried out. An overall
mass transfer coefficient accounting for both diffusive and convective effects was defined. [75]

Oscillating bubbles have been used among others to study biomedical interfaces [76–81] and surfactant
dynamics [82–90] mainly at aqueous liquid-vapor interfaces. An extended discussion of other methods
was given by Johnson et al. in 1996. [91] The Franses group referred to the oscillating bubble device
as pulsating bubble surfactometer. [80–82] They focused on a theoretical analysis of the parameters
governing dynamic surface tension. Bulk shear viscosity, gas flow, inertia and convection were
considered to be decisive. Furthermore, coupled non-linear flow fields created by the motion of the
bubble interface and surfactant mass transfer were modeled.

Also Kotula et al. used a device for accessing purely dilatational properties of air-water interfaces
pinned to the tip of a µm-sized capillary introduced previously by Alvarez and coworkers. [92,93] Their
presented solvent exchange procedure allows adjusting the concentration of the surface active model
substances. The obtained surface pressure results were found to agree with experiments from the
compression isotherms from a macroscopic Langmuir trough. However, this device is also limited to a
frequency range from 0.1 to 1Hz.

Raudino et al. made use of an oscillating bubble as a model for a fluctuating cell. In their setup,
oscillations were induced by applying a periodic electric field acting on the effective net charge at
the air-water interface. [94,95]. The induced surface motions were monitored via an interferometric
setup. Due to the finiteness of the bubble surface, only a discrete spectrum of stationary modes
could be excited. Typically the bubble is excited at its lowest resonance frequency, which appears in
the range from 100 to 200Hz depending on the system. This application of induced perturbations
in a resonance-like manner limited this approach to a rather narrow region around the resonance
phenomenon.

A device based on the principle of an oscillating droplet in confined geometry at the tip of a capillary
was used by Zou and coworkers. The main focus of recent contributions of this group was on the
study of lung surfactants and the influence of contaminants, e.g., nano-particles, on the dilatational
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7. Optical Characterization of Aqueous Interfaces

properties of their adsorption layers. [96–98] Some aspects of their analysis are based on plots of
change of surface tension ∆γ against the relative change of surface area ∆A/A upon applying periodic
expansion-compression cycles to the volume of the bubble. This is not possible in the presented
version of the oscillating bubble technique in the range of elevated frequencies due to limitations in the
imaging components such as lacking contrast in case of short illumination times. These shortcomings
can potentially be overcome using a high-speed camera.

The elasticity properties for frequencies up to around 0.5Hz can be determined via commercially
available ADSA tensiometers (see subsection 6.2). Karakashev et al. correlated the modulus at a
fixed frequency of 0.1Hz as a function of concentration of nonionic surfactant tetraethylene glycol
octyl ether with foam stability. [99]

7 Optical Characterization of Aqueous Interfaces

Vibrational spectroscopic techniques allow accessing detailed molecular characteristics of interfacial
films such as chain conformation, hydrogen bonding or the extent of ionic interactions. [100] In the
following, the most relevant aspects of sum frequency generation vibrational spectroscopy (SFGVS)
(shortly also referred to as sum frequency generation (SFG)-spectroscopy) and infrared reflection
absorption spectroscopy (IRRAS) will be introduced.

7.1 Sum Frequency Generation Spectroscopy

SFG-spectroscopy (more precisely SFGVS) is a non-linear optical technique to study interfaces. Its most
prominent characteristic is surface specificity down to sub-monolayer surface coverages. [101,102] The
overall result of an SFG-experiment can be understood as a vibrational spectrum recorded specifically
from the interfacial region.

Figure II.10 shows a scheme of the non-linear processes involved and the experimental setup. Two
Laser beams, i.e., a visible (Vis) and an infra-red (IR)-beam tunable in frequency are brought to
overlap both spatial and temporally on the sample. Due to the high intensities of the incident beams,
a signal is generated at the sum frequency

ωSFG = ωVIS + ωIR (II.42)

according to the principles of non-linear optics. After separating the signal from the reflected incident
beams by means of mirrors, it is directed into a monochromator and a photo multiplier tube (PMT).
In an energy diagram, the generation of light pulses at the sum frequency is interpreted as a vibronic
excitation by the IR-beam followed by an up-conversion initiated by the Vis-beam. This process is
described in terms of a coherent anti-Stokes Raman transition.
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To ensure sufficiently high intensities to cause non-linear effects, either ps or fs-pulsed lasers are used
as sources for the IR- and Vis-beams.

The surface specificity of SFG-spectroscopy is due to the fact that non-linear optical processes are
forbidden within the electric dipole approximation in both molecular arrangements possessing inversion
symmetry and isotropic ensembles. Therefore, the bulk phases adjacent to the interfacial region
are „silent“ in this technique. Only ordered molecular structures arranged in non-centrosymmetric
environments lead to the emergence of a SFG-signal. All types of accessible interfaces are intrinsically
non-centrosymmetric making this type of spectroscopy a highly valuable tool for the analysis of surfaces
and interfaces.

Incident light represented by the electric fields ~Ei of IR and Vis-light induces a second order polariza-
tion ~P (2) within the sample. The second-order nonlinear susceptibility χ (2) is to be understood as a
proportionality constant between these quantities and defined via

~P (2) = ε0χ (2) ~EIR ~EV IS (II.43)

with the absolute electrical permittivity of vacuum ε0. It is formally represented by a third-rank tensor
χ (2)
ijk acting as a material constant and serves to characterize the sample. Information on the properties

of the specimen can be interpreted in terms of determining tensor elements of the second-order
nonlinear susceptibility χ (2). Making use of experiments with polarized incident and emitted beams
some of them can be accessed. This knowledge can be used to infer the orientation of SFG-active
molecular fragments. From their orientation, information on the overall arrangement of interfacial
species can be obtained.

In conventional SFG-experiments, only the intensity of the signal can be measured. It is proportional
to the absolute square of the second-order nonlinear susceptibility χ (2). In recent years, techniques
have been developed to experimentally determine both the real and imaginary part of the tensor
elements by means of interference experiments with a known reference material. [103–106]

But also the mere measured signal-intensity allows obtaining additional information from SFG-
spectroscopy in terms of both surfactant adsorption and orientation of the alkyl chains within the
adsorbed amphiphile. Here, an adapted version of the procedure outlined by Shahir et al. will be
discussed. [5] The SFG-intensity is known to be proportional to the intensities of the incident Vis and
IR-beams IVIS and IIR, respectively. Furthermore, the squared sum of the resonant and non-resonant
second order effective susceptibilities χ (2)

eff,NR and χ (2)
eff,R serve as proportionality constants. This leads

to the overall expression

ISFG ∝
∣∣∣χ (2)

eff,NR + χ (2)
eff,R
∣∣∣2 IIR · IVIS. (II.44)

Therein, the resonant second order susceptibility χ (2)
eff,R is given by the sum of all SFG-active resonant
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Figure II.10: Scheme of SFG-Spectroscopy. a) Energy diagram of the SFG-process. b) Probing
scheme for ps-SFG including a representation of the involved beams.

vibrational modes q of the molecules probed within the SFG-accessible interfacial region. These modes
can be represented by Lorentz-oscillators characterized by an amplitude Aq, a resonant frequency ωq
and a damping coefficient Γq as

χ (2)
eff,R =∑

q
Aq

ωIR − ωq + iΓq , (II.45)

whereas i represents the imaginary unit defined as i2 = −1. In their work, Shahir et al. chose to fit their
experimentally acquired spectra under ssp-polarization and ppp-polarization using Equations II.44 and
II.45 to obtain „quantitative“ information. It is, however, a difficult task to retrieve valid data from
this kind of Lorentzian peak fitting due to experimental error and the influence of the non-resonant
background. Instead of performing the tedious fitting procedure and calculating the Fresnel-coefficients
in order to obtain values of the effective second order resonant susceptibilities χ (2)

eff,R for the studied
solutions, a simplified and therefore only semi-quantitative approach based on the following assumptions
as approximations was used.

• The Fresnel-coefficients for the studied solutions at the given experimental conditions (influenced
by temperature and angles of incidence in the SFG-setup) are constant. All aqueous solutions
under investigation were far below critical micellar concentration (cmc).

• As the Fresnel-coefficient for ssp-polarization is increased in comparison to studies using
ppp-polarization, only the experiments using the more sensitive polarization combination are
performed. [5]

A quantity proportional to χ (2)
eff,R can be extracted from Equation II.44 by rearrangement as
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χ̃ (2)
eff,R ∝

√
ISFG

IVIS · IIR . (II.46)

The value of χ̃ (2)
eff,R is calculated for each frequency in an experimentally measured SFG-spectrum. In

order to arrive at a comparison of the studied solutions, they are normalized with respect to a reference
solution by

R =
(χ̃ (2)

eff,R
)

sample(χ̃ (2)
eff,R
)

reference
. (II.47)

Similarly to the acquired SFG-spectra, also the derived values of χ̃ (2)
eff,R feature a rather strong scatter

due to fluctuations in laser intensity and noise of the amplifiers moving from one probed frequency
to another. Instead of rectifying this issue by obtaining a smooth curve from the experimental
SFG-spectra by Lorentzian fitting, an integration over the frequency range of interest with respect
to χ̃ (2)

eff,R is conducted. This procedure is favored since conventional fitting itself is prone to intrinsic
errors and often leads to unphysical values of the parameters, if a good fit is intended.

7.2 Infrared Reflection Absorption Spectroscopy

IRRAS is to be understood as another powerful variant of IR-spectroscopy based on the detection
of vibrations upon the excitation of dipoles. [100] In combination with appropriate theoretical models,
molecular information in terms of tilt angles can be obtained similar to the results of SFGVS with the
benefit of lower experimental complexity. Besides the experimentally rather challenging polarization
modulation IRRAS introduced by Blaudez et al., [107] the more straightforward sample shuttle approach
is mostly used. [108] A schematic view of the experimental setup is given in Figure II.11.

A spectrometer and a corresponding MCT-detector are at the heart of the IRRAS-setup. In the course
of the experiment, the IR-beam passes an IR-filter and several mirrors. A polarizer positioned right
behind the first mirror ensures a defined state of either s-polarized or p-polarized light impinging at
the interface of a sample provided in a Langmuir trough. It is to be noted that the point of incidence
is at the focal length of the adjoining mirrors. The angle of incidence of the IR-beam is another
adjustable parameter in the setup. In order to overcome the major issue of interference from water
vapor in proximity to the focal point, a shuttling of the tandem trough is applied. Due to a connection
between the individual troughs with movable barriers, the same water level and vapor atmosphere
immediately above the interface is ensured. Another small barrier between the troughs avoids mixing
of the surfactant-laden interface with the pure reference solvent. A personal computer (PC)-controlled
table is used to alternately move either the reference or sampling trough in the beam-line.

The quantity of interest from this kind of experiments is the so-called reflectance-absorbance (RA). It
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Spectrometer

Point of incidence

◎◎

MCT

IR-filter
Polarizer

Shuttling table

Figure II.11: Schematic view of an IRRAS-setup. The IR-beam is directed from the spectrometer to
the mercury cadmium telluride (MCT)-detector via filter, polarizer, several mirrors and
the sample. A shuttling table allows measuring the reflectivity from the interfaces of
the inter-connected sampling and reference troughs in an alternate fashion.

serves to relate the reflectivity of the film-covered interface R to the reflectivity collected from the
pure solvent phase R0 (typically water for most of the conducted studies) via

RA = − log10
R
R0
. (II.48)

For convenience, most of the IRRAS-results are reported in mRA („milli-RA“). This definition implies
that a negative RA is associated with a higher reflectivity of the surfactant-laden film in comparison to
the pure solvent. Consequently, the presence of an adsorption layer will manifest in several „dips“ in
the IRRAS-data within the spectral region corresponding to the vibrational excitation of interfacially
adsorbed species, e.g., the alkyl-stretching region. Vice versa, positive values of the RA are indicative
for a lower concentration of the respective interfacial species causing the IR-response in the layer
compared to the reference.

8 Optomechanical Characterization of Aqueous Interfaces

Excitation and observation of electrocapillary waves (ECWs) is a technique to characterize rheological
properties of adsorption layers in a frequency range comparable to that of the oscillating bubble device
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(see subsection 9.1), i.e., roughly from 10 to 1000Hz. [69] Owing to this method, surface rheology
has grown to an established probe of interfacial dynamics. [68] A schematic view of the setup used for
studying ECWs is shown in Figure II.12.

Langmuir trough

Excitation

Laser

PSD
MirrorsMirrored prism

Wilhelmy-plate

Sine generator

Lock-in amplifier PC
Interface

Position scan

Figure II.12: Schematic experimental setup used for the excitation and observation of ECWs. The
sample is contained within a Langmuir-trough equipped with a Wilhelmy-plate for
simultaneous measurement of the equilibrium surface tension γe. Periodic excitation
of the air-water interface is achieved via a razor blade connected to an amplified sine
voltage generator. Spatial profiles of the surface waves are monitored and analyzed by
an analysis unit comprising a laser, a movable mirrored prism, a PSD and a Lock-in
amplifier. The experiment is PC-controlled via an appropriate interface.

The basic principle for the generation of surfaces waves in the utilized ECW device dates back to the
work of A. H. Pfund, who proposed a simple device to generate and visualize ripples at liquid surfaces
to show analogies to optical waves for lecture-room demonstrations in 1911. [109] The current from a
transformer operating at 2000V and a frequency of 60Hz passed through a helium vacuum tube and
a wire just touching the surface of the liquid. Another wire closing the connection to the transformer
penetrated deeply into the liquid.

Ripples are produced at the point, where the wire is about to touch the liquid surface. It is to be
noted, that each pulsation of the applied current leads to the formation of a wave spreading rapidly to
the edge of the container. As a consequence, the surface appears to be undisturbed under continuous
illumination. Due to the illumination generated synchronously with the rate of ripple production by the
helium vacuum tube, the arising waves appear as standing and are therefore observable. A processed
version of the published photograph of the apparently standing wave generated from a round point
source is shown in Figure II.13.
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Figure II.13: Surface ripples generated by application of a periodic voltage to a point source observed
relying on intermittent illumination synchronous to the wave generation. The photograph
has been adapted from the original publication of Pfund. [109]

It is to be noted, that the surface waves generated by this method are not standing waves; using the
appropriate observation conditions however, they can be made to appear as standing waves, which
also is the principle of detection for the spatial profile of capillary waves in the ECW device used.

The mechanical properties of the adsorbed film are accessible by studying the propagation properties of
ECWs at the respective interfaces. Dilatational viscosity is directly influenced by molecular interactions
in the surface layer as well as molecular relaxation processes such as surface-bulk exchange and
reorientation. The complex quantity describing the response of an adsorption layer subject to a
deformation is referred to as dilatational viscoelasticity ε∗. In the scope of this technique, it is
determined from applying the dispersion equation of surface waves generated by the ECW method
and given as

ε∗ = ε + iωκ (II.49)

with dilatational elasticity ε, dilatational viscosity κ and the angular frequency ω.
For exciting the ECWs, an alternating current electric field at a frequency ω0 is applied between an
electrode just above the solution and a needle in contact with the aqueous solution (not shown in
Figure II.12 for clarity of the scheme). This leads to the generation of an ECW with frequency

ω != 2ω0 (II.50)

due to the difference in dielectric constants between the delimiting water and air bulk phases. A laser
beam reflected from the liquid surface is monitored as a function of the distance from the excitation
electrode via a PSD. The obtained spatial profiles of the ECW can be expressed formally as an
exponentially decaying sine wave with a maximum amplitude A, a wavelength λ, a spatial damping
coefficient α and a phase angle φ (see Equation III.4).
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Next to the dependence of the latter parameters on the nature of the interfacial layer, they are also
dependent on the frequency of the applied electric field. The relation between the ECW-frequency ω
and excitation frequency ω0 is due to the observation that the dielectric ponderomotive deformation uz
is proportional to the square of the applied field E . The oscillation is induced due to a difference of
the dielectric constants between both sides of the interface and can be described by

uz ∝ E2(ω0) ∝ (cosω0)2 ∝ cos 2ω0 ∝ cosω. (II.51)

From a comparison of the arguments in the cosine-terms in the latter relation, it is obvious that the
excited ECW has a frequency twice as high as the applied field according to Equation II.50. The
relation between the cosines of different frequencies is based on the trigonometric identity

cos2 x = 0.5 + 0.5 cos(2x). (II.52)

Once the characteristic parameters of the excited ECW are known, the complex surface dilatational
modulus is evaluated by solution of the dispersion equation of the excited ECW. For a quantitative
evaluation, the following quantities have to be known under the experimental conditions of interest:
density of water ρ, viscosity of water η, complex wave vector

q = 2π
λ − iα (II.53)

and the reciprocal penetration depth of the surface velocity field µ, which is related to other system
parameters by

µ2 = k2 + iωρη . (II.54)

The quantity i in the latter equations represents the imaginary unit with i2 = −1. In the theoretical
treatment of surface waves it is to be noted that liquid interfaces are continuously perturbed by
random thermal fluctuations considered as dynamic roughness. [110] As the surface deformation caused
by thermal excitation is not efficient to produce scattering of light at low values of the wave vector q
(q < 100 cm−1, λ > 1 mm), an external excitation of larger amplitude has to be applied in order
to arrive at reasonably large displacements for measurements at low wave vectors q. Typically,
the magnitude of these deformations is on the order of 1 µm. Due to its non-invasive nature, the
ECW-method is highly appreciated. In the limiting case, the fluid interface is treated as a viscoelastic
continuum medium with a characteristic experimental wavelength

λ = 2π
q , (II.55)
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which is large compared to the molecular dimensions. The hydrodynamic motion within a film can be
decomposed into several contributions: Capillary waves (= out of plane deformation), longitudinal
waves (= in plane deformation) and further decoupled modes such as splay or bending.

The out of plane capillary mode produces strong fluctuations in the dielectric constant at the surface and
is therefore responsible for the light scattered by the surface of a liquid. It can be interpreted as a shear
mode determined by the counteracting forces of gravity and surface tension. The longitudinal mode is
further decomposable into a compression and a shear motion quantified by the two corresponding
elastic moduli. Dissipative effects within the film are not assumed. The Navier-Stokes-equation at the
air-water interface takes into account a coupling between dilatational and capillary motions, which is
at the heart of applicability of ECW for the study of dilatational characteristics. Due to this coupling,
dilatational properties can be inferred using capillary wave devices.

As the common concept of rheological experiments, the appearance of a stress in response to an applied
strain is measured. [68] The proportionality constant is a material function bearing information on both
dilatational and shear components, whereas in fluid systems the shear component is negligible. [49]

In surface wave experiments, the propagation of small-amplitude surface waves excited by thermal
agitation or an external drive (electrical or mechanical) are studied. The intrinsic drawback of this
class of methods is the requirement of a mathematical model and the indirect determination of the
response functions. Surface hydrodynamics is required to obtain the viscoelastic parameters from
the dispersion curve of the surface modes. Displacement of the fluid interface can be conceived as a
surface motion driven by an external force and can be restored through the viscoelastic response of
the adjacent phases and the interface.

In case of random motion, the interfacial shape can be built up as a Fourier-series of independent
waves propagating in the xy-surface plane. Also slight penetration into the bulk phase is possible.
The equilibrium position of the interface is chosen to be at z = 0. A wave is characterized by its
complex wave vector q. The relation between the wave vector q and the frequency ω is referred to
as dispersion relation. There are also a forces counteracting the appearance of surface ripples. Any
curvature of the interface causes a surface tension-governed Laplace stress which tends to restore the
planar equilibrium shape of the interface. Therefore, surface tension γ is the main restoring force for
surface transverse motions. The same holds for the effect of gravity favoring plain interfaces.

The longitudinal restoring force fx is proportional to the dilatational modulus ε̃ through

fx = ε̃(ω)∂2ux
∂x2 , (II.56)

where ux is the displacement of the surface along the x-direction within the surface plain. Accounting
for the boundary conditions in the description of surface motion, a solution of the hydrodynamic
equations for oscillatory motion leads to the dispersion equation. The transversal (= perpendicular)
and longitudinal (= parallel) deformations are governed by different effects. Whereas the transversal
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component depends only on surface tension, the main influencing factor for the longitudinal part
is related to the dilatational modulus. The extent of coupling between transversal and longitudinal
displacement is determined by the type of interfaces in the considered system and assumes a maximum
at the air-water interface due to the so called kinematic asymmetry of these bulk phases.

In case of viscoelastic films at the air-liquid interface, the dispersion relations of transversal T (γ) and
longitudinal L(ε) deformation are given by

L(ε̃;q,ω) = ε̃(ω)q2 + iωη(q+m) and (II.57)

T (γ;q,ω) = γq2 + iωη(q+m)− ω2ρ/q, (II.58)

respectively. Due to this coupling between transversal and longitudinal modes at the free surface of a
liquid, dilatational parameters are accessible from the analysis of the propagation characteristics of
capillary waves probed by transverse wave devices. For the limiting case of bare interfaces characterized
by ε = κ = 0, well-known solutions can be obtained: Kelvin’s law for the frequency of the capillary
waves and Stoke’s law for damping due to viscous friction.

9 Mechanical Characterization of Aqueous Interfaces

Next to the characterization of aqueous interfaces relying on non-invasive perturbation, there are
several methods at hand, where a mechanical deformation is introduced via direct contact of the
sample and the measurement device. The following section briefly describes the principles of the
custom-built oscillating bubble device and further equipment used for the determination of foam
column and lamella stabilities.

9.1 Oscillating Bubble

Devices operating on the principle of the oscillating bubble technique can be used to measure surface
dilatational properties of aqueous surfactant, protein or polymer solutions and their mixtures. [111]

Thereby, the bulk volume phase is considered to be an incompressible three-dimensional fluid. Its
influence and all hydrodynamic contributions are eliminated by means of calibration measurements.
The surface is assumed to be a two-dimensional compressible phase of finite extension and variable
composition. [112] The flowing properties of adsorption layers present at these interfaces are assumed to
be decisive for the stability of emulsions and foams. [41,113–115] Dilatational properties can be subdivided
into the effects of dilatational elasticity and dilatational viscosity. In conjunction with knowledge
on the typically negligible surface shear properties and transport effects, i.e., adsorption kinetics
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at the liquid-vapor interface and the liquid-liquid interface, compressible adsorption layers can be
characterized extensively. It is to be noted that for radially oscillating hemispherical bubbles an almost
purely dilatational deformation is carried out and other types of deformation are vastly absent. [116]

A schematic view of the setup used for the periodic perturbation of a hemispherical air bubble and the
observation of its response behavior is given in Figure II.14.

Chamber

Pump

Temperature control unit

x
I

Rotary stage

Ser. Nr.

PC

Sample supply

Figure II.14: Scheme of the oscillating bubble device. The bubble is formed inside the stainless steel
chamber at the tip of a glass capillary by concerted action of a syringe pump and a
rotary stage. A PC controls the experiment and processes the collected data. The
temperature is regulated by a custom-built control unit based on Peltier-elements.

The theoretical treatment of this experiment is based on the description of oscillatory flow of viscoelastic
fluids in circular tubes such as the used capillaries. The measured pressure difference across the
crossed bubble interface is associated with changes in radius r and surface tension γ. Measurements
are carried out as a function of applied perturbation frequency ω. The amplitude of the oscillation
is considered as a parameter, which can be varied in series experiments. Definition of the surface
dilatational modulus E as the ratio between a change in surface pressure ∆π and the relative change
in surface area ∆A/A ≈ ∆ lnA serves to relate the experimentally accessible properties via [117]
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E = −A∆π
∆A with π = γ0 − γ (II.59)

= ∆γ
∆ lnA. (II.60)

It is a measure for the system response to exerted harmonic perturbations. Typically, periodic
disturbances in the linear regime, i.e., relative changes of surface area below 10%, are applied. The
surface dilatational modulus E is a complex quantity. This property of the modulus is apparent from
its equivalent definition as

E = E0 expiφ, (II.61)

whereas it is described in terms of an amplitude E0 and a phase angle φ between surface area
perturbation and resulting pressure response. From an analysis of the frequency dependent surface
dilatational modulus E , information on elastic, viscous and transport properties can be obtained.

Relative surface area perturbations ∆A/A induced at a defined amplitude and frequency will cause
changes in adsorption layer density, which will in turn lead to harmonic changes of pressure p across
the interface. Oscillations around a hemispherical reference state of the bubble are found to be ideal
for the assessment of changes in surface tension ∆γ due to the maximum pressure occurring at this
geometry. So called maximum bubble pressure methods [118,119] are based on this observation. The
resulting pressure is affected by both a change in radius ∆r and a change in surface tension ∆γ of the
bubble. Dilatational properties are affected only by changes in surface tension and lead to pressure
signals proportional to ∆γ, given that oscillations are carried out close to the half-sphere geometry of
the bubble. This is obvious from the relation describing the change in pressure across the interface
according to [111]

∆p = 2∆γ
RK

(II.62)

for oscillations around the hemispherical reference state with radius r0, the pressure difference ∆p can
be related to the capillary radius RK.

At higher frequencies, effects of inertia have to be taken into account. [120,121] Their influence is
referred to as the reason for the limitation of oscillation bubble devices to a relatively low frequency
range, especially for the case of studies at liquid-liquid interfaces. [122–126] In order to determine surface
dilatational and transport properties, the macroscopically observable dynamic surface tension has
to be considered. It is closely related to the adsorbed amount of surfactant and the respective
adsorption kinetics. Surface tension is interpreted as a function of the surface excess concentration Γi
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of component i. In a formal way, the change in surface tension as a function of surface concentration
is given by

∆γ = ∆γ(Γi) =∑
i
∂γ
∂Γi∆Γi =∑

i
∂γ
∂Γi

(∆Ni
A + Γi∆AA

)
, (II.63)

whereas Ni represents the number of molecules of the i-th component. The corresponding change
in number of molecules present at the surface is given by Fick’s first law acting both as a boundary
condition and definition of the flux j(t), which is given as

j(t) = D · ∂ci∂r = 1
A
dNi
d t = 1

A
dΓi(t)A(t)

d t . (II.64)

At spherical surfaces, the flux has only a radial component r, as surface tension is laterally homogeneous
within the surface. Solving the diffusion equation

∂ci
∂t = D∂2ci

∂x2 (II.65)

yields an expression for the time and space dependent concentration ci(x, t) of component i. A relation
between the change in surface tension ∆γ and relative change of surface area ∆A/A is given by the
Lucassen-van den Tempel (LvdT)-model according to [86]

∆γ = ε0 1 + ξ + iξ
1 + 2ξ + 2ξ2

∣∣∣∣∆AA
∣∣∣∣ expiωt , (II.66)

whereas ω and t denote perturbation frequency and time respectively. The parameters ε0 and ξ will
be addressed in the following. The LvdT-relation serves as a model to describe the surface dilatational
modulus E at lower frequencies and surfactant concentrations. In this model, an instantaneous
equilibrium between surfactant monolayer and a subsurface layer is assumed. The value of dynamic
surface γ tension is taken to be exclusively dependent on the current surface concentration Γ. The
magnitude of the complex surface dilatational modulus E is given by

|E| = ε0√1 + 2ξ + 2ξ2 with ε0 = − ∂γ
∂ ln Γ = −Γ∂γ∂Γ , (II.67)

whereas ε0 denotes the Gibbs-elasticity and ξ represents an isotherm parameter. The Gibbs-elasticity
ε0 is defined via fitting parameters obtained from the equilibrium surface tension isotherm of the
respective surfactant. This implies that equilibrium parameters have to be known in order to determine
dynamic properties of an adsorption layer. The molecular exchange parameter ξ is associated to
isotherm parameters via the derivative of the subsurface concentration cs with respect to the surface
concentration d cs/dΓ, applied frequency of perturbation ω and the diffusion coefficient D by
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ξ =
√ D

2ω
d cs
dΓ . (II.68)

The differential in this relation is defined by an appropriate adsorption isotherm and a surface equation
of state (SEOS), i.e., a relation between surface tension γ and surface concentration Γ. The value
of the surface dilatational modulus E as obtained from fitting model adsorption isotherms to the
corresponding experimentally measured values tend to differ at high frequencies. [127]

The isotherm parameter ξ is inversely proportional to the square root of the applied perturbation
frequency and proportional to the exchange of surfactant. This is represented by the square root of
the diffusion coefficient D. Furthermore, ξ is related to the change in surfactant concentration inside
the subsurface with surface concentration. Both of the latter parameters depend on derivatives and
model constants obtained from fitting an adsorption isotherm. In general, higher derivatives are more
susceptible to errors than the actual fit function. [112]

Assuming that the dynamic surface tension is dependent not only on the surface concentration of
surfactants, but also an additional arbitrarily defined variable M, the change in surface tension can be
written formally as

∆γ = ∂γ
∂Γ∆Γ + ∂γ

∂M∆M. (II.69)

Therein, the partial derivatives represent material constants and the associated ∆-terms are referred
to as working coordinates of the respective variable. In analogy to the definition of viscous effects, an
intrinsic surface dilatational viscosity κ is defined to be the partial derivative associated to the variable
of relative temporal change (denoted by a dot) of surface area, i.e., the rate of change of relative
surface area. Taking into account the dependence of surface tension on both the surface concentration
Γ and relative temporal change of surface area, the change of surface tension can be expressed as

∆γ
(

Γ, ∆ȦA
)

= ∂γ
∂Γ
(∆N

A + Γ∆A
A
)

+ ∂γ
∂∆Ȧ
A

∆Ȧ
A with κ = ∂γ

∂∆Ȧ
A

(II.70)

= ∂γ
∂Γ
(∆N

A + Γ∆A
A
)

+ κ∆Ȧ
A . (II.71)

Using the latter equation instead of Equation II.63, the change in surface tension and surface area are
related by

∆γ =
(
ε0 1 + ξ + iξ

1 + 2ξ + 2ξ2 + iωκ
) ∣∣∣∣∆AA

∣∣∣∣ expiωt . (II.72)
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Therein, also the contribution of an intrinsic surface dilatational viscosity κ in surface dilatational
processes is accounted for. It leads to very pronounced effects in case of polymer solutions. Fruhner et
al. used a sample of clean water without the presence of an adsorption layer as a reference system. [111]

The complex frequency dependent surface dilatational modulus

E(ω, c) = ε0√1 + 2ξ + 2ξ2 ·
(

1 + ξ + i
(
ξ + ωκ

ε0 (1 + 2ξ + 2ξ2)
))

(II.73)

could be obtained from measured pressure amplitude, relative change of surface area and phase shift
between the latter quantities. For κ = 0, the expression simplifies to the classical Lucassen-van
den Tempel elasticity modulus E(ω, c). [128,129] It serves as a theoretical model in case of diffusion
controlled exchange between bulk and subsurface layer. The term of diffusion control refers to the fact
that diffusion is the slowest and therefore rate determining step in the overall process of adsorption.
Kinetically occurring processes are in equilibrium with respect to diffusional transport of surfactants
towards the surface. This corresponds to an instantaneous establishment of equilibrium between
subsurface layer and surfactant monolayer.

The influence of diffusional exchange is determined by the adsorption isotherm via its influence on
the isotherm parameter ξ. This is the only occasion, in which the adsorption isotherm appears in
the formalism. For small values of this parameter, the effect of diffusion can be neglected and the
effective elasticity asymptotically approaches towards the Gibbs-elasticity ε0. This so called insoluble
surfactant behavior is apparent for ordinary small molecular surfactants at high frequencies. The
higher the surface activity of the respective surfactant, the lower is the frequency at which insoluble
characteristics can be observed. For frequencies approaching zero, the elasticity is controlled purely by
diffusion. Upon increasing the isotherm parameter ξ, the effective elasticity deviates stronger from the
value of Gibbs-elasticity ε0. This is accounted for in a more extended version of the theory presented
by Wantke, where also an intrinsic surface dilatational viscosity κ has been incorporated as given in
Equation II.73. [130]

9.2 Analysis of Foam Column Stability

Foaming is known to depend on many parameters and therefore challenges associated with foam
property characterization (such as foaming stability vs. foaming ability, i.e., foamability) are faced.
To allow for a standardized comparison of foam characteristics, several methods have been proposed.
An established method for the estimation of foamability is the Ross-Miles test, where a surfactant
solution falls onto the same mixture from a defined height. [131,132] As a result of the turbulence in this
mixing process, a foam is formed and its height in the cylindrical column is measured as a function of
time. Several devices utilize this working principle in air bubbling [133] or foam column stability [134]

devices. A foam column is generated by passing a gas through a porous frit at the bottom of a
cylindrical foam column. Typically, the height of the foam column and the drained liquid volume is
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monitored during the course of foam decay. These kinds of devices have been used in the study of
both classical surfactant and protein solutions. Lunkenheimer et al. introduced several characteristic
parameters derived from the temporal dependence of foam height such as the R5-value [135] specifying
the relative foam height remaining five minutes after foam generation has ceased or the times of
deviation and transition from simultaneously measuring foam and drained liquid volume. [136] A further
frequently studied property of single foam lamellae is the disjoining pressure upon thinning. [37,137]

In practice, there are several difficulties associated with the nonuniform decay of the foam column,
thinning behavior of the foams and reduced reproducibility of the experiments. One attempt to tackle
this issue is the use of enhanced image processing routines allowing for an analysis of foam texture,
pore size and pore size distribution from additional evaluation of drainage rates. [134]

A schematic view of a foam column stability device is given in Figure II.15

Frit

Aqueous solution

Foam

Column

Pump

LED-array Detector-array

Figure II.15: Scheme of a foam column stability analyzer. The sample solution is placed in a glass
column having a porous frit at its bottom. A foam column is formed by passing a defined
volume of ambient air at a specified flow rate through the sample from below. The
height of the foam column and remaining sample liquid are determined from opposing
LED- and detector-arrays.

9.3 Analysis of Foam Lamella Stability

Another approach for the quantitative estimation of foam stability is to reduce the complexity of
studied foam columns (see subsection 9.2) to a single foam lamella formed in a rectangular frame.
The information gained on foamability from this experiment is limited to whether or not a lamella is
formed. Data on stability is obtained from measuring the time until rupture of this foam lamella by
visual observation. This simplistic device has been used in a number of studies on cationic, anionic
and non-ionic model surfactants for correlating a parameter of foam stability to surface rheological
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or other characteristics. [120,138–140] For this purpose, an improved and fully automated version of the
latter method along with a statistical analysis of the experiments has been set up.

An individual foam lamella is formed at a glass frame attached to the bottom of a sample cell by its
rotation around 90° according to the sketch in Figure II.16. The presence of the lamella is detected
by a non-zero intensity of visible light reflected from the surface of the lamella as detected by a
photo-diode. Control of the overall experiment is system-internally enabled by an universal serial bus
(USB)-device. An overview of the overall experimental setup is given in Figure II.17.

a) Reference position

Flask

Frame

b) Sampling positon

Lamella

Figure II.16: Glass frame mounted in a rotatable flask for the determination of foam lamella stability
in its a) reference position and b) sampling position.

Rotary stageLaser

Photodiode

Sampling cell

Controller

Figure II.17: Scheme of the experimental setup comprising the rotatable sample cell, lasing and
detection unit, a PC for operating the rotary stage, and a monitor for on line visualization
of the sampled lifetimes.

Foam lamella lifetimes are obtained from the difference of two timers started upon reaching the
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reference position. The first timer captures the dead time td between lamella formation and reaching
the sampling position. The second timer t ′ is stopped as soon as the intensity detected by the
photo-diode is below a threshold indicating the rupture event. The dead time corrected lifetimes
t = t ′ − td are used for further evaluation. This procedure is repeated for a specified number of cycles.

Typically, lifetime measurements of several tens to hundreds individual lamellae are carried out and
the raw data show a broad scatter. [2] Therefore, they are re-plotted in terms of lifetime probability pi
within a time ti. It is defined as

pi = 1− Ni(t ≤ ti)
Ntot

, (II.74)

whereas Ntot represents the total number of studied lamellae and Ni is the number of individual
lamellae having a lifetime below a chosen time ti. A related measure is the probability of rupture,
which is given by the fractional term in the latter expression. The lifetime probabilities according to
this relation can be calculated for each time up to the maximum individual lifetime in the repeated
experiments.

The single foam lamella device is to be understood as an alternative or complementary method for
characterization of foam stability parameters based on a statistical approach. However, the absolute
values of lamella lifetimes should not be over-interpreted and are rather to be considered as an
apparatus function. [141] Comparison of the relative values of foam column and lamella stability have
been found to show good agreement.

10 Bulk Characterization of Samples

The aqueous solutions studied within this thesis have also been subject to several experiments targeting
at their bulk properties. Next to quantitative studies of dielectric characteristics using dielectric
relaxation spectroscopy (DRS), density, viscosity and electrical conductivity, the aggregation and
interaction behavior was evaluated based on isothermal titration calorimetry (ITC) and dynamic light
scattering (DLS).

10.1 Dielectric Relaxation Spectroscopy

DRS serves as a highly valuable tool for the analysis of dynamics of both homogeneous and multi-
component liquid systems. [142] Its key feature is the high sensitivity with respect to changes within the
cooperative dynamics of hydrogen bonding networks, which is hardly accessible with other methods.

Electromagnetic phenomena can in principle be calculated relying on the Maxwell-equations relating
the magnetic flux density ~B and the dielectric displacement ~D. In order to simplify, only homogeneous,
non-dispersive, isotropic materials at low fields in the linear regime are considered and a set of
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conservation equations given by

~D = εε0 ~E, (II.75)
~j = κ ~E and (II.76)
~B = µµ0 ~H (II.77)

is introduced. Therein, ~D and ~H fields are related to ~E and ~B by time- and field-strength-independent
scalars, i.e., they are to be considered as material constants. The remaining parameters denote the
relative electrical permittivity ε, relative magnetic permeability µ, absolute magnetic permeability of
free space µ0 and absolute electrical permittivity of vacuum ε0. These constitutive equations are valid
only for the special case of time-independent field response. In case of an electric field ~E oscillating
with an amplitude ~E0 and an angular frequency ω, the electric field ~E is described by

~E = ~E0 cos(ωt). (II.78)

In DRS, frequencies ranging from the MHz to the GHz-regime are typically applied in order to
investigate dynamics in condensed systems. Upon increasing the experimental frequency, a significant
phase delay between the electric field ~E and the dielectric displacement ~D characterized by means of
a loss angle δ becomes apparent. The amplitude of the corresponding dielectric displacement ~D is
given by

~D(t) = ~D0 cos(ωt − δ(ω)). (II.79)

Making use of the addition theorems, this phase-shifted response can be rewritten as

~D(t) = ~D0 cos(δ) cos(ωt) + ~D0 sin(δ) sin(ωt), (II.80)

whereas the loss angle δ has to be specified by the frequency dependent loss angle δ(ω), to be more
precise. From this equation, the storage and loss modulus are defined as the in and out of phase
components of the relation specified in Equation II.75 via

~D0 cos(δ(ω)) = ε′(ω)ε0 ~E0 (II.81)
~D0 sin(δ(ω)) = ε′′(ω)ε0 ~E0. (II.82)

This allows expressing the dielectric displacement ~D given in Equation II.80 as
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~D(t) = ε′(ω)ε0 ~E0 cos(ωt) + ε′′(ω)ε0 ~E0 sin(ωt). (II.83)

The phase shift can be expressed in terms of the tangent of the completely out of phase loss modulus
and the completely in phase storage modulus as

tan(δ(ω)) = ε′′(ω)
ε′(ω) . (II.84)

Accordingly, the relation between the electric field ~E and dielectric displacement ~D can be expressed
as a real and an imaginary part rather than by a phase shift and amplitude. The complex permittivity
ε̂(ω) is given by

ε̂(ω) = ε′(ω) + iε′′(ω), (II.85)

whereas the real part describes the dispersive in phase part of the electric displacement field and the
imaginary part represents the dissipative out of phase contribution. For a simplified mathematical
treatment, complex field vectors describing electric field ~E and dielectric displacement ~D are introduced
by

~̂E(t) = ~E0 expiωt and (II.86)
~̂D(t) = ~D0 expi(ωt−δ) . (II.87)

(II.88)

These definitions allow describing the constitutive equations also for the non-static case if the
corresponding complex quantities are used. They are able to describe the frequency-dependent linear
dielectric response of dissipative systems by

~̂D(t) = ε̂(ω)ε0 ~̂E(t), (II.89)

~̂j(t) = κ̂(ω) ~̂E(t) and (II.90)
~̂B(t) = µ̂(ω)µ0 ~̂H(t) (II.91)

with definition of complex conductivity κ̂(ω) and complex relative magnetic permeability µ̂(ω). Making
use of the latter expressions, the Maxwell-equations can be rewritten to arrive at the reduced form of
the wave equation of the magnetic field

page 45



10. Bulk Characterization of Samples

∆ ~H0 + k̂2 ~H0 = 0 (II.92)

with the propagation constant being given as

k̂2 = k20
(
ν̂(ω)ε̂(ω) + ν̂(ω)κ̂(ω)

iωε0
)
. (II.93)

The propagation constant of a wave in vacuum is defined as

k0 = ω√ε0ν0 = 2π
λ0

with c0 = 1√ε0ν0
. (II.94)

In case of a source-free medium, division by the electric field vector ~E leads to the reduced wave
equation

∆~E0 + k̂2 ~E0 = 0. (II.95)

Even further simplification is achieved for non-magnetizable substances characterized by ν̂ = 1, which
leads to

k̂2 = k20
(
ε̂(ω) + κ̂(ω)

iωε0
)

= k20 η̂(ω) (II.96)

with definition of the generalized complex permittivity η̂(ω)= η′ − iη′′. It is to be noted, that the
individual parts contain mixed contributions from the complex permittivity ε̂(ω) and the complex
conductivity κ̂(ω)

η′(ω) = ε′(ω)− κ ′′(ω)
ωε0 and η′′(ω) = ε′′(ω) + κ ′(ω)

ωε0 . (II.97)

This implies, that in principle dielectric and conductivity properties of a system cannot be measured
separately or independently of one another. Usually, the dispersion, i.e., the frequency-dependence
of the complex conductivity κ̂(ω) can be neglected. [143] This holds true especially for low electrolyte
concentrations, which leads to the fairly reasonable assumptions of neglecting the imaginary part of
the complex conductivity κ̂(ω), i.e.,

κ ′(ω) = κ and κ ′′(ω) = 0. (II.98)

Finally, the complex permittivity ε̂(ω) is calculated from the measured generalized complex permittivity
η̂(ω) and the measurable conductivity by
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ε′(ω) = η′(ω) and ε′′(ω) = η′′(ω)− κ
ωε0 . (II.99)

The dielectric displacement ~D can be split into two contributions according to

~̂D = ε̂ε0 ~̂E (II.100)

= ε0 ~̂E + ~̂P with ~̂P = (ε̂ − 1)ε0 ~̂E (II.101)

by introducing the polarization ~̂P according to the latter equation. It serves to describe the effect of
an electric field ~E on a medium. The macroscopic definition of the polarization ~̂P can be rewritten in
terms of microscopic quantities as the sum of the orientational and induced polarizations ~̂Pµ and ~̂Pα ,
respectively [144]

~̂P = ~̂Pµ + ~̂Pα . (II.102)

Whereas the orientational polarization describes the reorientation of molecular dipoles with a dipole
moment ~µk and number density ρk when an external field is applied, the molecular polarization arises
due to a polarizability caused by an inner field leading to the formation of induced dipole moments.
The characteristic timescale of the processes covers the ns to ps-range corresponding to microwave
frequencies. Based on these matching timescales of perturbation and relaxation processes, the key
concept of DRS is the measurement of the frequency dependent complex permittivity ε̂(ω) to get
insight in liquid dynamics. It is to be noted that the value of ~̂Pα bears information on intra-molecular
dynamics of the system and is not observable in the microwave range. These contributions can be
separated by the introduction of an infinite frequency permittivity ε∞.
Various equations have been put forward to describe relaxation phenomena. The practical procedure
for the description of spectra in terms of a sum of several relaxation modes is described in more detail
in subsection 11.2. The background for modeling of relaxation in the Debye-formalism is based on
the simple idea that the decrease of dielectric polarization in the absence of an outer electric field is
proportional to the polarization itself, i.e., a first order law is assumed [145]

∂
∂t ~Pµ(t) = −1

τ ~Pµ(t). (II.103)

Introducing the relaxation time τ as a constant, the differential equation is solved by

~Pµ(t) = ~Pµ(0) exp
(−t
τ
)

. (II.104)
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Making use of the concept of step and pulse response functions, finally the Debye-equation can be
written as a complex permittivity ε̂(ω) with

ε̂(ω) = ε∞ + ε − ε∞
1 + iωτ . (II.105)

Depending on the actual shape of a relaxation mode in a spectrum, the latter expression is modified by
additional peak shape parameters α and β to achieve a higher quality in the description of experimental
spectra. The most general description is given by the expression

ε̂(ω) = ε∞ + ε − ε∞
(1 + (iωτ)1−α )β , (II.106)

which simplifies to the previously described Debye-equation for α = 0 and β = 1. For α ∈ [0, 1] and
β = 1 the relaxation is referred to as Cole-Cole relaxation. It describes a flatter dispersion curve
and broadened absorption. Peaks of the Cole-Davidson-type are characterized by asymmetric time
relaxation distribution with α = 0 and β ∈ [0..1]. Both asymmetric dispersion and absorption curves
are obtained from the most general Havriliak-Negami-type peaks, where both peak-shape parameters
are allowed to vary from 0 to 1.

A relation between the amplitude of a relaxation peak and its concentration is established by the
Cavell-equation. [146] The dispersion amplitude Sj = εj −εj+1 of a relaxation process j can be obtained
from the concentration cj of the species, its effective dipole moment µeff,j and polarizability αj by

2ε + 1
ε · (εj − ε∞,j ) = NAcj

kBTε0 ·
µeff,j

(1− fjαj )2 , (II.107)

whereas fj represents the so called reaction field factor accounting for the shape and size of cavity in
the dielectric medium due to the presence of a dipolar species. The further quantities in the latter
equation represent the Boltzmann constant kB, Avogadro constant NA, temperature T and static
permittivity ε with

ε = ε∞ +∑
j
Sj . (II.108)

10.2 Isothermal Titration Calorimetry

A quantitative study of molecular interactions in the bulk phases of aqueous solutions at defined
temperature can be achieved by measuring recalescences upon the occurrence of binding processes.
Whereas the more abundantly used differential scanning calorimetry relies on measuring the temperature
difference between two cells when applying a defined temperature sweep, the related ITC technique
operates isothermally.
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The benefits of ITC are highly appreciated in biochemistry and biology. In these disciplines, it is used
to access thermodynamic parameters of binding processes such as stoichiometry, binding constant,
entropy and enthalpy in a label-free approach, i.e., without the use of marker substances having
potential influence on the interaction process to be studied. ITC provides valuable contributions for
clarifying reaction mechanisms. [147]

Assuming a reversible binding process between a molecule at concentration [M ] and a ligand at
concentration [L] at a 1:1 stoichiometry leading to formation of an associate at concentration [ML],
the equilibrium association and dissociation constants Ka and Kd are defined as [148]

Ka = [ML]
[M ] · [L] = 1

Kd
. (II.109)

The latter constants are related to the Gibbs binding energy ∆G by

∆G = −RT lnKa = RT lnKd (II.110)

with the usual meaning of R and T .
Figure II.18 shows a schematic of the experimental ITC setup. Within an adiabatic jacket, the
microcalorimeter comprises two cells, whereas one acts as a reference cell and the other one holds
the sample with one of the interaction partners of the process to be studied. The other is provided
via an automated syringe. During the measurement process, aliquots are injected into the sample
cell. A precise feedback control system ensures equal temperature of the cells by compensating for
temperature differences that occur due to binding processes in the sample cell associated with a heat
of reaction which is dependent on the interaction strength.

In order to get quantitative information from injecting aliquots, a rescaling of the experimental raw
data has to be carried out. Therefore, the heat of reaction upon the respective aliquot addition is
obtained from integrating the corresponding heat-flow peak and plotting against the molar ratio of
the reactants. The resulting isotherm grants access to the thermodynamic parameters of interest.
Information on heat of reaction, stoichiometry and entropy of the process are accessible by means of
ITC.

10.3 Density

The density ρ of aqueous solutions can be inferred from the shift in resonant behavior of a container
filled with the respective solution. In practice, the period of vibration τ of an U-shaped borosilicate
glass tube filled with the sample is measured, whereas ρ and τ are related by
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Figure II.18: Scheme of the microcalorimeter used for ITC. a) The setup comprises a reference cell
and a sample cell enclosed within an adiabatic jacket. The heat of reaction released
upon injecting aliquots of a reactant is compensated by a precise feedback control
systems to maintain the preset temperature. b) Characteristic course of instantaneous
heat flow (IHF) to maintain the preset temperature.

ρ = A ·
( τ
τ0

)2
· (f1 − B) · f2. (II.111)

The parameters A and B denote calibration constants and τ0 represents the period of a reference
oscillator. Correction for effects of non-linearity, viscosity and temperature is accounted for by f1
and f2.

10.4 Dynamic Light Scattering

DLS is an optical method based on the gradient in refractive indices between a solvent and the solute
dissolved within. It relies on the evaluation of the fluctuation in time dependent scattered light as a
consequence of aggregate motion. A strict mathematical treatment allows for extraction of size and
shape information from DLS-experiments. [149,150]

A monochromatic coherent light source of wavelength λ serves to illuminate an optically transparent
solution contained in a sampling vial. The scattered light intensity is measured at a scattering angle θ.
From the wave vectors of the incident light ~ki and scattered light ~ks, the scattering vector ~q is defined
as the vector conveying the wave vector of the incident light ~ki to the wave vector of scattered light ~ks.
In mathematical terms, this reads

~q = ~ks − ~ki. (II.112)
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A graphical representation of this definition and the relation of the scattering vector ~q to the scattering
angle θ is given in Figure II.19.

~ki

~q~ks

θ

Figure II.19: Relation between scattering vector ~q and the scattering angle θ in DLS-experiments.

Brownian motion of aggregates due to thermal agitation causes the overall detected scattered light
intensity to fluctuate as a consequence of constructive and destructive interference phenomena from
light that is scattered by individual particles. A digital auto-correlator is at the heart of any DLS-
equipment and compares the similarity of a scattered light intensity to the intensity detected a defined
time interval τ later. This procedure is carried out for a multitude of varying time intervals n · τ with
n ∈ N and allows for the extraction of the correlation function G1(τ) at a defined scattering vector ~q
from the time dependent intensity I(t) as

G1(τ) = 〈I(t) · I(t + τ)〉 (II.113)

It is to be noted, that no quantitative evaluation of DLS-data is shown in the presented work. Therefore,
the corresponding theory allowing for an extraction of aggregate sizes from the auto-correlation function
is omitted.

10.5 Viscosity

Rolling ball viscometers are typical devices for the determination of viscosities. In this type of
experiments, the rolling time t for a steel ball to fall down a specified distance within a tilted capillary
of uniform diameter is measured.

With known calibration constant K , density of the steel ball ρball and density of the sample ρ, the
viscosity η of the sample solution is obtained via

η = K · (ρball − ρ) · t. (II.114)

The calibration constant K of the device retrieved from measuring the falling time for a sample of
known viscosity.
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10.6 Electrical Conductivity

The measurement of electrical conductivities is based on the principle of a Wheatstone bridge. In
this electrical circuit, an unknown resistance is measured by balancing the two legs of a bridge circuit.
The corresponding conductivity is given by the inverse resistance. The circuit diagram is given in
Figure II.20

+

–
VWS

R3R1

RxR2

Figure II.20: Circuit diagram of the Wheatstone bridge.

Whereas the precisely known resistances R1 and R3 are fixed, R2 is additionally adjustable. If the
measured voltage VWS equals zero, for the ratios between the resistances, the ratio

R2
R1

= Rx
R3

(II.115)

holds. Rearranging the latter equation then yields the unknown resistance Rx. [151]

11 Data Processing

The relevant data processing schemes for raw data obtained from oscillating bubble and dielectric
relaxation spectroscopy (DRS)-experiments will be briefly introduced in the following.

11.1 Oscillating Bubble

Extended Lucassen-van den Tempel (LvdT)-Model

A formal description of the experimental data obtained from oscillating bubble experiments to yield
quantitative surface dilatational properties can be achieved by an extended LvdT model. As compared
to the original theory, the expression accounts for an additional intrinsic surface dilatational viscosity κ.
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Within the original LvdT-model, relaxation processes at the interface are assumed to be of pure
diffusional origin and the modulus is given by [152]

|E| = εm√1 + 2ξ + 2ξ2 , (II.116)

whereas the diffusional parameter ξ is related to the surfactant’s diffusion coefficient D, applied
perturbation frequency f and concentration dependent adsorption Γ(c) by

ξ =
√D

2f
(
d c
dΓ
)

=
√ fdiff

2f . (II.117)

Therein, fdiff denotes a characteristic diffusion frequency and εm the high frequency limiting elasticity.
The additional intrinsic surface dilatational viscosity κ transforming the classical LvdT-model to its
corresponding extended version is achieved by adding a the intrinsic surface dilatational viscosity κ via
a complex-valued constant to the modulus leading to the frequency dependent expression

E(f ) = εm 1 + ξ + iξ
1 + 2ξ + 2ξ2 + i · κ · 2πf, (II.118)

which is used to fit the experimentally obtained data with the high frequency limiting elasticity εm,
characteristic diffusion frequency fdiff and intrinsic surface dilatational viscosity κ as fitting parameters.
Least-squares minimizers provided by Matlab [153] and Python [154] were applied to get hold of the best
model constants.

The classical LvdT-parameters high frequency limiting elasticity εm and characteristic diffusion fre-
quency fdiff describe the maximum resistance against increasing the interfacial area and the inverse of
a characteristic time describing the diffusional relaxation processes at the interface. It is conceivable,
that the characteristic diffusion frequency fdiff of a system has to be related to the externally induced
perturbation frequency in order to relate diffusional processes to the timescale of the experiment.
Frequently, experimental observations of increasing magnitude of the classical LvdT elasticity modulus
E(f , c) at elevated perturbation frequencies cannot be described in terms of the classical modulus but
rather only taking into account the frequency-proportional summand leading to Equation II.118. Due
to its proportionality to the rate of perturbation, i.e., the perturbation frequency f it is interpreted as
a viscosity and serves to capture dissipative processes occurring within the interfacial region.

Two Process Model

Consideration of a broader frequency range by combination of oscillating pendant drop and oscillating
bubble surface rheological data can provide a deeper understanding of the prevailing mechanical
properties and kinetic processes of adsorbed layers. Ravera et al. suggested a model accounting for
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both surfactant relaxation due to diffusion and additional processes internal to the adsorption layers
such as reorientation, aggregation, phase transitions and interfacial chemical reactions. [155]

Within this model, a relaxation process at a certain frequency manifests as a maximum in the
imaginary and an inflection point in the real part of the frequency dependent surface dilatational
property curve. [156] This principle – as similarly known from spectroscopic techniques – is generally
valid, as it is a consequence of relaxation phenomena assumed to obey linear kinetics. In particular, the
case of an adsorption layer characterized by changing average molecular area is considered here. [157]

Taking into account the required boundary conditions and rearranging eventually leads to the expression

E(f ) = ε0Γ(1− iλ) + ε0ΩG1iλ1−G2 + ξ − iξ
1−G2

− (1 + ξ − iξ)
(II.119)

for the surface dilatational modulus E of adsorbed layers with changing molecular area.

In Equation II.119, ξ follows the definition of Equation II.117, G1, G2, ε0Γ and ε0Ω depend on the
thermodynamic properties of the system and the reference state. Just as in the previous paragraph,
the diffusion based LvdT-model fails to predict the increasing surface dilatational modulus E at
elevated frequencies. Therefore, Equation II.119 was complemented by the intrinsic surface dilatational
viscosity κ to yield

E(f ) = ε0Γ(1− iλ) + ε0ΩG1iλ1−G2 + ξ − iξ
1−G2

− (1 + ξ − iξ)
+ i · κ · 2πf (II.120)

taking into account a frequency-proportional summand. The corresponding multi-parameter non-linear
least-squares minimization has been implemented into a Matlab-script and applied to combined surface
rheological data obtained from oscillating pendant drop and oscillating bubble experiments. [153]

11.2 Dielectric Relaxation Spectroscopy

The importance of a valid and robust fitting procedure of DRS-data is crucial for the extraction of
meaningful parameters and thus an appropriate interpretation of the extractable physical information.
As the dielectric response of solutions – other than pure compounds – typically comprises two or more
overlapping relaxation processes over a frequency range covering several orders of magnitude and the
measurement of dielectric properties is subject to technological limitations, a decomposition into the
individual constituting processes remains challenging. [158]

Methods granting access to these relaxation contributions are based on non-linear fitting algorithms.
In order to apply these in a reasonable manner, good practice guidelines for selecting sound fitting
models have been discussed by Stoppa and coworkers. [159] Rational criteria for a formal description
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in terms of number and types of relaxation modes present in the dielectric relaxation spectra have
been suggested. As a „golden rule of fitting“ in experimental DRS-spectra described with empirical
relaxation models, the number of parameters should be as low as possible. Furthermore, the overall
relaxation model of a spectrum, i.e., number and types of peaks should not vary as a function of
concentration except for good physical reasons such as, e.g., phase transitions or association processes.

In the previously described fitting procedures, [160–163] the experimentally accessible total loss η′′ (ν)
was corrected for the conductivity contribution to yield the dielectric loss ε ′′ (ν). It is to be noted that
the latter quantity is related to the total loss η′′ (ν) via the vacuum permittivity ε0, frequency ν and
electrical conductivity κel by

η′′ (ν) = ε ′′ (ν) + κel
2πνε0 . (II.121)

As „one“ overall experimental DRS-spectrum in practice contains information from three independent
experiments, this preprocessing step needs to be carried out for each of the individual data sets.
The corresponding values of the electrical conductivity κel can be obtained as fitting parameters and
are generally found to deviate slightly from independent experimental measurements of electrical
conductivity κ(exp)

el . Deviations between the latter values can be rationalized. [164] This preprocessing
correction step, yields complex permittivity spectra described by

ε̂(ν) = ε ′ (ν)− iε ′′ (ν). (II.122)

They comprise only the relative permittivity ε ′ (ν) and the dielectric loss ε ′′ (ν) and will then summarize
selectively the contributions depending explicitly on frequency, whereas the latter reflect the cooperative
dynamics within the bulk phase of the respective sample. The complex permittivity ε̂(ν) according to
Equation II.122 is then fitted to relaxation models of the type

ε̂(ν) = ε∞ +
n∑
j=1

Sj[1 + (i2πντj )1−αj ]βj (II.123)

with n independent modes of relaxation j characterized by specific amplitudes Sj , relaxation times τj
and peak shape parameters αj and βj . In this model, ε∞ defines the high-frequency limit of the relative
permittivity ε ′ (ν). The so called static relative permittivity ε is given by the sum of the high frequency
limiting permittivity ε∞ and the amplitude of all emerging relaxation modes ε = ε∞ +∑nj=1 Sj .
As this procedure requires knowledge of the peak characteristics in order to determine an appropriate
fitting value of the electrical conductivity κel, an iterative procedure might be suitable. Shortcomings
of the approach described to this point are documented especially for the empirical description of
small-amplitude modes peaking at the edges of the covered frequency range, as they tend to be
over-estimated in terms of their amplitudes. [165]
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To overcome this drawback, an alternative procedure allowing for simultaneous direct fitting of the
experimental data obtained from the three probes, i.e., three independent experiments without the
need for any further preprocessing and fitting steps is suggested. Therefore, only a slight modification
in the previously used model function (Equation II.123) is required. The experimentally accessible
values of frequency dependent relative permittivity ε ′ (ν) and total loss η′′ (ν) are fitted to

ε ′ (ν)− iη′′ (ν) = ε∞ +
n∑
j=1

Sj[1 + (i2πντj )1−αj ]βj + i κ̇el
2πνε0 , (II.124)

whereas the parameters in Equation II.124 are identical to the ones used in Equation II.123 with
exception of κ̇el. This value is allowed to vary for data points determined via the two vector network
analyzer (VNA) probes and fixed to zero for the interferometrically gathered points. As schematically
shown in Figure II.21, this means that each of the three experimental spectra „has a common
knowledge“ on the relaxation processes covering the overall frequency range by referring to the same
set of peak parameters, but uses „its own“ fitting parameter for the electrical conductivity κ iel.

10−1 101 102
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Common parameters Individual parameters

S1, τ1, S2, τ2, ε∞ κ20 GHzel κ50 GHzel κ89 GHzel

f / Hz

ε ′ , η′′ / a.u.
20 GHz
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50 GHz
coaxial probe

Waveguide
interferometry

Figure II.21: Scheme of the procedure and parameters used in the proposed simultaneous direct
fitting approach for DRS-spectra obtained from three independent experiments. The
dielectric responses of sampled relative permittivities (solid) and total losses (dotted)
are characterized by the common relaxation parameters of the peaks S1, τ1, S2, τ2 and
an individual conductivity value κ iel for each of the data sets is represented by different
colors. The real and imaginary parts are fitted simultaneously.
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The non-linear optimization is carried out relying on a custom-built program implemented in Python
based on the lmfit-package. [154] Furthermore, no restriction of any of the model constants is required to
reach stable solutions of the minimization problem. Just as in the previously applied fitting procedure,
the square root of the diagonal elements of the covariance matrix is used as a measure of uncertainty
of the resulting parameters. [166]

By virtue of this strategy, the overall number of effective parameters used in the course of the overall
fitting procedure could be reduced dramatically. In a – so far only very limited number of experimental
data sets – the amplitudes of weakly pronounced edge modes of the covered frequency range tend
to be lower as compared to the previously used procedure relying on the preprocessing conductivity
correction. This encouraging result will have to be validated by further experiments and compared
to the results of the conventional routine. As another preliminary result based on a rather small set
of data, the results of the routines were found to converge within experimental and fitting error if
the modes are roughly on the same order of magnitude and the respective dielectric loss ε ′′ (ν) peaks
farther from the spectral edges. The DRS-spectra in the present work are analyzed based on the
simultaneous direct fitting approach.
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III Experimental

1 Materials

1.1 Surface Effects in the Escape Mechanism of the Stenus Beetle

The spreading alkaloids stenusine and norstenusine were synthesized in a two-step procedure starting
from the pyridine derivative 3-picoline according to a synthetic route published by Gedig et al. in
2007. [167] After alkylation with 2-bromobutane and 2-bromopropane, respectively, the intermediate
products were N-ethylated and hydrogenated simultaneously with acetaldehyde under acidic conditions
and 20 bar of hydrogen pressure. Distillation yielded stenusine and norstenusine, as verified by means
of 1H- and 13C-NMR-spectroscopy. The corresponding molecular structures of both compounds are
shown in Figure III.1.

N

a)

N

b)

Figure III.1: Molecular structures of the spreading alkaloids a) stenusine and b) norstenusine in their
neutral forms.

Both oily compounds were diluted with Millipore water (resistivity above 18MW · cm at 25 ◦C) to
stock solutions having concentrations of 20.6mmol · L−1, which is marginally lower than the visually
observable solubility limit. An aqueous phosphate buffer containing KH2PO4 (26mmol · L−1) and
Na2HPO4 (41mmol · L−1) was used to constantly maintain the pH at 7. Since alkali phosphates act
as bulk electrolytes, no noteworthy difference in the equilibrium surface tension of the buffer solutions
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compared to pure Millipore water was observed.

Residual trace impurities originating from the synthesis were removed from the stock solutions using a
protocol and an apparatus developed by Lunkenheimer et al. to achieve the state of surface chemical
purity (300 cycles, adsorption time of 600 s). [168] The underlying operating principle of the purification
device is given in more detail in Subsection 1.6.

Solutions of lower alkaloid concentrations were produced by successive dilution of the purified stock
solutions with untreated buffer solution by a dilution factor of 2. All of the glassware used in the
course of the experiments was cleaned by soaking in KOH and subsequently HCl for at least 24 h
followed by exhaustive rinsing with Millipore water. Prior to the oscillating bubble experiments, the
aqueous solutions were degassed by sonication with ultrasound for 10min.

1.2 Mixed Surfactant-Electrolyte System

The mixed surfactant-electrolyte solutions studied in the course of this project consisted of the anionic
model surfactant sodium dodecyl sulfate (SDS) and the electrolyte NaCl.

A stock solution of SDS (≥ 99.0%, Merck) at a concentration of 6mmol · L−1 was prepared using
Millipore water with a resistivity above 18MW · cm at 25 ◦C. The solution was brought to the state
of surface chemical purity using the apparatus introduced by Lunkenheimer et al. as described in
subsection 1.6 (here: 300 cycles with an adsorption time of 1000 s respectively). [169] Thereby, the
dominating contaminant n-dodecanol, which has shown to have a more than 350-fold higher surface
activity compared to SDS could be removed successfully. [170]

The mixed solutions of purified SDS and sodium chloride (99.999%, Sigma-Aldrich) were prepared
to have an equal mean ionic activity Imean of 1mmol · L−1. Therefore, the required amounts of the
SDS stock solution and solid NaCl were placed in a flask and filled to the calibration mark with
Millipore water. In terms of the Debye-Hückel (DH)-theory (more details in section 5) the mean ionic
activity Imean is related to the concentrations of the salt and the ionic surfactant via the mean activity
coefficient f± by

Imean = f±√cSDS+NaCl · cSDS, (III.1)

whereas the activity coefficient can be calculated by the DH-equation using the numerical parameters
adequate for a temperature of 25 ◦C according to [60]

log f± = − 0.5115 · √I
1 + 1.316 · √I + 0.055 · I. (III.2)

It is to be noted, that the values of ionic strength I in the latter equation have to be provided in units
of mol · L−1. The concentrations of SDS, cSDS, sodium chloride, cNaCl, ionic strength I and mean
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ionic activity Imean required for the preparation of the studied solutions are summarized Table III.1.

Table III.1: Specifications of the Studied Mixtures of SDS and NaCl.

No. Name cSDS cNaCl I Imean[
mmol · L−1 ] [

mmol · L−1 ] [
mmol · L−1 ] [

mmol · L−1 ]

1 SDS-NaCl-1 1.00 0.00 1.00 1.00
2 SDS-NaCl-2 0.66 1.00 1.66 1.00
3 SDS-NaCl-3 0.45 2.00 2.45 1.00
4 SDS-NaCl-4 0.22 5.00 5.22 1.00
5 SDS-NaCl-5 0.12 10.00 10.12 1.00
6 SDS-NaCl-6 0.07 20.00 20.07 1.00

The errors in mean ionic activity Imean were estimated to be below 0.01mmol · L−1 for the investigated
solutions. All the used glassware was soaked in nitric acid (35%) for at least 48 h and thoroughly
rinsed with deionized water before use.

1.3 Ion Specific Effects in Alkali Decyl Sulfates

Several alkali decyl sulfates (XDeSs) were available in laboratories of the Institute of Physical and
Theoretical Chemistry II of the University of Regensburg from previous work. They have been
synthesized by Dr. Haage from the Max Planck Institute of Colloids and Interfaces. Stock solutions
of lithium decyl sulfate (LiDeS), sodium decyl sulfate (NaDeS), potassium decyl sulfate (KDeS) and
cesium decyl sulfate (CsDeS) at concentrations of 35, 30, 27 and 20mmol · L−1, i.e., below their
respective critical micellar concentration (cmc)-values were prepared by dissolving the white solids in
Millipore water characterized by a resistivity above 18MW · cm at 25 ◦C. The surfactants, differing
only in their counterion as shown in Figure III.2 were subject to a purification procedure as described
in subsection 1.6 with more than 300 compression-expansion cycles and an adsorption time of 300 s.

S O−

O

O
X+OCH3

with X = Li, Na, K, Cs.

Figure III.2: Molecular structure of XDeSs with counterions Li, Na, K and Cs.

The absence of any major decomposition products due to prolonged storage time has been checked by
means of 1H-NMR-spectroscopy via comparison with recently acquired NaDeS.
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1. Materials

1.4 Ion Specificity in Adsorption Layers of n-Dodecylphosphinecholine

The surfactant n-dodecylphosphinecholine (DPC) was obtained from Avanti Polar Lipids and used as
received. The molecular structure of the zwitter-ionic compound is shown in Figure III.3. Hydrates of
the lanthanide nitrates were purchased as the respective hydrates (Yb(NO3)3, 99.9% and Ce(NO3)3,
REacton, 99.99%) from Alfa Aesar and used without further processing.

H23C11 O P 	O
O

O ⊕N

Figure III.3: Molecular structure of DPC.

Stock solutions of DPC, Ce(NO3)3 and Yb(NO3)3 were prepared at concentrations of 10, 45 and
45mmol · L−1 using Millipore water, respectively. For the dielectric relaxation spectroscopy (DRS)-
study, aqueous salt solutions of Ce(NO3)3 and Yb(NO3)3 at concentrations of 10, 20, 30 and
40mmol · L−1 without DPC were obtained from the stock solutions by dilution with Millipore water.
These samples were referred to with the ending „-DRS“. In order to study the influence of lanthanide
nitrates on the surface rheological characteristics of DPC layers, 1mmol · L−1 solutions of the zwitter-
ionic compound with and without the presence of the corresponding salt solution were prepared as
described above. An overview of the sample composition is given in Table III.2.

Table III.2: Composition of the samples comprising DPC, Ce(NO3)3 and Yb(NO3)3 used for the
different sets of experiments.

Sample cCe(NO3)3 cYb(NO3)3 cDPC[
mmol · L−1 ] [

mmol · L−1 ] [
mmol · L−1 ]

DPC 0 0 1
Ce2-Bubble 30 0 1
Yb2-Bubble 0 30 1
Ce1-DRS 40 0 0
Ce2-DRS 30 0 0
Ce3-DRS 20 0 0
Ce4-DRS 10 0 0
Yb1-DRS 0 40 0
Yb2-DRS 0 30 0
Yb3-DRS 0 20 0
Yb4-DRS 0 10 0
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1.5 Photo-Responsive Azo-surfactant

A stock solution of the photo-responsive azo-surfactant T226 at a concentration of 1 g · L−1 was
prepared using Millipore water with a resistivity above 18MW · cm at 25 ◦C. The molecular structure
of the azo-surfactant in its cis- and trans-states is shown in Figure III.4. Dr. Prescher (IDM Teltow)
is gratefully acknowledged for the synthesis of this compound. The solubility in water is introduced
via the hydrophilic ethylene-oxide units.

a)

F3C

N N

O
N

H

O CH3

n

b)

F3C

N N

O
N

H

O CH3

n

with n = 46.

Figure III.4: Molecular structure of the photo-sensitive surfactant T226 in its a) trans- and b)
cis-state.

In order to induce the cis-trans geometrical isomerization, the container holding the sample to be
studied was irradiated with an ultraviolet (UV)-lamp (Konrad Benda, Type NU-4KL) at main intensity
wavelengths of 254 and 366 nm for 3 h before conducting the surface tension and rheology experiments
described in the following. The modifications of the respective devices required to study the solutions
with a prevailing geometrical isomer will be detailed on in the corresponding result sections.
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1.6 Sample Purification

A purification of surfactant solutions to reach the state of surface chemical purity was achieved by
an apparatus developed and commercialized by Lunkenheimer and coworkers. [169] The apparatus is
based on the principle of competitive adsorption of surfactant and surface active impurities towards
an interface. A specially designed glass container as schematically shown in Figure III.5 is allowed
to equilibrate for a defined time. In a next step, the reservoir is tilted, which leads to a compression
of the surface area. Subsequently, a defined volume of the solution is removed from the compressed
surface region enriched with active trace impurities by means of a capillary. An appropriate positioning
of the suction capillary is achieved by an adequate filling volume and adjusting the tilting angle.

The applied purification scheme ensures a complete removal of any surface active impurities of high
surface activity by repeated cycles of a) compression of the surface layer, b) its removal with the aid of
a capillary and c) dilation to an increased surface area. These cycles are repeated until the equilibrium
surface tension between subsequent cycles remains constant.

a) b) Capillary

Expansion

Compression

Figure III.5: Scheme of the Lunkenheimer apparatus for purification of surfaces. Both surfactant
molecules (green head group) and surface active impurities (red head group) adsorb
at the interface. Long times of expanded surfaces as shown in a) are followed by a
compression of surface area as in b) by tilting the glass container. In this state, a
capillary is approached to the surface to suck a small volume from the surface. [168]

For an efficient purification, the solutions have to meet certain prerequisites. The contaminants have
to feature much lower concentration but at the same time a considerably higher surface affinity as
compared to the main compound. Furthermore, the surfactant concentration of the solution to be
„cleaned“ is limited to the sub-cmc-range as surface active impurities tend to be solubilized within the
hydrophobic core of surfactant micelles. [171]

Criteria to check the success of a performed purification process have been proposed. [172,173] As a first
estimation of purity, the equilibrium surface tension γe should not change upon performing further
cycles. Additionally, the equilibrium surface tension of pure solutions is reached faster as if it was the
case in the presence of impurities, i.e., the temporal dependence of surface tension of pure solutions is
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remarkably lower. Surface chemically pure surfactant solutions exhibit kinetics accelerated by a factor
in the range of two orders of magnitude, as there is no other surface active agent to compete against.
Also the higher equilibrium surface tension γe of purified solutions is to be considered an indicator of
purity.

An alternative procedure to remove n-dodecanol from SDS relies on repeated crystallization of the
surfactant from ethanol. [174]

2 Optical Methods

2.1 Sum Frequency Generation Spectroscopy

The experimental setup to carry out sum frequency generation (SFG)-measurements operates in the
co-propagating geometry. [175] The spectrometer (EKSPLA PL 2143A/SS and PG 401/DFG2-10P)
produces 27 ps pulses at a repetition rate of 10Hz. The 532 nm visible (Vis) and tunable infra-red
(IR) pulses at angles of incidence of 59° and 54°, respectively, were made to overlap both spatially
and temporally at the sample. The energy of the Vis pulses was about 300 µJ and roughly 200 µJ for
the IR pulses at 3000 cm−1.

Spectra were acquired in the range from 2800 to 3800 cm−1 at a mesh size of 2 cm−1 by tuning the
IR-beam to the respective target frequency. Each spectrum was normalized by the intensity of the
incident IR and Vis beams.

2.2 Infrared Reflection Absorption Spectroscopy

A spectrometer (Vertex 70 FT-IR spectrometer, Bruker) equipped with a liquid-nitrogen-cooled mercury
cadmium telluride (MCT)-detector attached to an external air/water reflection unit (XA-511, Bruker)
was used for acquisition of the infrared reflection absorption spectroscopy (IRRAS) data. An angle of
incidence of 40 ◦C was chosen for both s-polarized and p-polarized light obtained from a wire grid
polarizer (KRS-5). The trough-position was adjusted by a personal computer (PC)-controlled shuttle
system to consecutively focus the beam either on the sample or the reference part. A correction for
the water signal arising from the presence of vapor immediately above the interface is achieved by
calculation of the reflectance-absorbance (RA) according to Equation II.48. In order to maintain a
constant water vapor content, the whole system was placed into a hermetically sealed box. Sampling
was performed at a rate of 20 kHz at a grid of 4 cm−1 in the spectral range from 800 to 4000 cm−1.
Experiments were carried out at 25 ◦C in the thermostatically controlled tandem shuttle Langmuir
trough. Sample and reference were provided in glass dishes placed inside the individual troughs and
filled to the same level.
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3. Surface Tension Analysis

2.3 UV-Vis-Spectroscopy

Absorption spectra in the ultraviolet-visible (UV-Vis) range from 190 and 800 nm were obtained by a
spectrophotometer (CARY3E, varian) using a quartz cuvette. Between changing the samples, the
cuvette was rinsed multiple times with water, ethanol and acetone and subsequently dried in a stream
of N2.

3 Surface Tension Analysis

3.1 Ring Tensiometry

A ring tensiometer (KRÜSS K100) was used for measuring both equilibrium surface tension isotherms
relying on the automated dosing system and time dependent surface tension (at lower temporal
resolution as compared to the used pendant drop device).

Depending on the solution to be studied, either a ring or a plate was used as measuring object. To
ensure uncontaminated sampling, the respective object was heated in the flame of a Bunsen burner and
the glassware used in the course of the experiment was thoroughly rinsed with water and acetone (p.A.)
subsequent to longer storing periods in KOH and HCl solutions.

3.2 Pendant Drop Tensiometry

Time dependent values of surface tension were captured using a drop profile analysis tensiometer
(PAT1M, Sinterface). Due to its operating principle based on the evaluation of the Gauss-Laplace
equation, temporal resolution well below 1 s could be achieved.

In order to build up equilibrium surface tension isotherms from these individual time dependent surface
tension values at fixed surfactant concentration, an „equilibrium“ surface tension corresponding to the
respective solution had to be extracted from the data. Depending on the purity and concentration of
the solution, this could be achieved by pure averaging or an appropriate extrapolation. [176] The Ward-
Tordai model achieves a quantitative description of adsorption kinetics assuming a diffusion-controlled
adsorption model characterized by a fast transfer between subsurface and interface compared to a
slower process exchanging surfactant between bulk and subsurface. [177–179] It can therefore be applied
to the assumed surface model comprising a topmost surface layer and an adjacent transition layer
towards the bulk provided that the interface is initially devoid of surfactant. Typically, the asymptotic
long time solution of the Ward-Tordai-equation given by

γ(t) ∼= γeq + ntpyeRTΓ2
c

√ π
4Dt for t → ∞ (III.3)
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is used for the estimation of equilibrium surface tension γe from time dependent surface tension values
as obtained from the pendant drop device operating on the axis symmetric drop shape analysis (ADSA)
principle. In the latter equation, the parameter ntpye assumes a value of 1 for non-ionic surfactants
and ntpye = 2 holds for ionic surfactants. Next to the diffusion coefficient D, gas constant R ,
temperature T concentration c and surface coverage Γ are required. A value of equilibrium surface
tension γe is obtained as the intercept of linear fit of surface tension γ plotted against the inverse
square root of time, i.e., t−1/2.

The surface tension of water was measured over the time scale of the respective experiment and
checked for the absence of dynamics and agreement with the literature value to ensure purity of the
capillary, tubing and syringe of the device.

4 Foam Characterization

4.1 Foam Column Analysis

A dynamic foam analyzer (KRÜSS, DFA100) was used to characterize aqueous solutions with respect
to the foam columns formed by them. If not stated otherwise, an air flow at a rate of 0.3 L · min−1

was applied for 15 s via the bottom frit of the sample container holding 40ml to produce a foam
column.

The apparatus was ensured to be free of contaminants before analyzing the next sample by testing the
foaming properties of pure Millipore water subsequent to flushing the bottom frit and glass column
with acetone and water.

4.2 Single Lamella Analysis

The key idea for the instrumental design was inspired from previous work dealing with the analysis
of single foam lamella stability. [120,139,140] A custom made, wide necked flask (volume of approxi-
mately 120ml) containing a rectangular glass frame (2.5 x 1.5 cm) mounted at the bottom of the
flask served as the measurement cell. By means of appropriate positioning and the use of an adjusted
liquid volume, an individual foam lamella is generated by rotation around 90° to a vertical sampling
position. Also after its formation, the lamella is still in contact with its parent solution and the
humidity-saturated gas atmosphere.

A laser diode (1mW, 532 nm) is positioned to be incident on the lamella surface at an angle of 20 to
30° with respect to the surface normal. In case of presence of a lamella, the reflected light is collected
by a photo-diode (PIN-10D,OSI Optoelectronics). As soon as the lamella ruptures, the voltage trace of
the photo-diode drops from 5V to below 0.01V. The electrical signal of the photo-diode is amplified
and processed by an analogue to digital / digital to analogue-converter. The measurement cell is
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mounted onto a rotary stage (Physik Instrumente) equipped with an optical encoder (HEDS 5500, HP),
which is controlled by the universal serial bus (USB)-connected ADwin-card (ADwin-light-16, Jäger
Messtechnik GmbH). A MATLAB-programmed graphical user interface allows for setting experimental
parameters and on-line visualization of the collected data.

The original choice of components was essentially motivated by the availability in the laboratory. At a
later stage, the device has been rebuilt based on a microprocessor unit. An extension of the device to
simultaneously measure the thinning of foam lamellae by using a second laser operating at different
wavelength is intended. [29,36]

5 Dynamic Surface Tension Analysis

5.1 Oscillating Pendant Drop

In order to gather surface rheological data in a frequency range from the mHz to the Hz-regime, the
device described in subsection 3.2 was used in a different operation mode. Frequencies and amplitudes
of the induced surface area changes could be adjusted in a customized fashion via the supplied control
program. The cleaning and rinsing procedure was conducted as described previously.

5.2 Electro Capillary Waves

A schematic overview of the setup used for the excitation and observation of electrocapillary waves
(ECWs) is given in Figure II.12. The deformation is achieved by application of an amplified alternating
current-voltage (amplifier Model 601C amplifier, TREK) (100 to 500V) via a cutter-shaped electrode
positioned at a distance of approximately 1mm above the interface. As difference of the dielectric
constants of the phases forming the interface, leads to the formation of a surface wave oscillating at
twice the applied frequency.

The spatial profile of the wave is scanned by laser reflectometry, whereas the reflected beam oscillates
as the surface does. These oscillations are monitored using a position sensitive detector (PSD) placed
at a sufficiently large distance from the point of excitation (ca. 4m). [69] A Lock-In amplifier (Model
SR830 DSP Lock-In Amplifier, Stanford Research Systems) locked to the excitation signal allows
gaining both amplitude and phase information of the measured intensity signal with respect to the
frequency-doubled excitation voltage. The reflected signal is scanned as a function of distance from
the excitation point (= position of the electrode). The spatial profile of the capillary wave, also
referred to as transverse or perpendicular wave, can be parametrized by

uz(x) = A cos
(2π
λ x + φ

)
exp(−αx). (III.4)
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Therein, the wavelength λ and damping coefficient α can be obtained as fitting parameters from a
least squares fitting process. Information on the surface dilatational characteristics can be extracted
from the solution of the dispersion equation for given values of surface tension γ, wavelength λ and
damping coefficient α as described in section 8.

In order to allow for a sensitive detection of surface waves of wavelength λ, the diameter of the laser
beam has to be small compared to the object of observation, i.e., the wave. This is achieved by an
appropriate focusing lens. The principle of intermittent (or synchronous) detection described above
has been suggested by Sohl. [180] The spatial profile of the apparently standing waves, as if observed
at a fixed rate of synchronized illumination is obtained by measuring the deflection of a focused HeNe
laser beam (JDSU) reflected from the fluid surface acting as a rocking mirror. The shape of the wave
leads to a corresponding angular deflection of the reflected beam. The beam reflected at a certain
distance from the excitation spot carries information on the surface wave amplitude. Combining the
amplitude information from scanning the lateral position, the profile of the apparently standing wave
can be obtained in terms of the characteristic parameters amplitude at zero distance to the place of
excitation, wavelength and attenuation, whereas only the two latter parameters are of interest to the
evaluation of the complex surface dilatational modulus.

5.3 Oscillating Bubble

The presented oscillating bubble device was fully designed and constructed at the University of
Regensburg by a joint effort of with the machine and electronic shops of the faculty, to whom I
would like to express my gratitude for their persistent work. It is subject to ongoing adjustments and
modifications. The main task of this instrument development was to extend the frequency range
of surface dilatational data acquisition compared to commercially available equipment. Therefore,
a thorough reengineering of the apparatus’ previous evolution steps [181] in terms of both hardware
and software was required. Besides the redesign of the chamber allowing for a reduction of the
sample volume to roughly 4ml, a discrete Fourier transform analysis of the raw data was implemented.
Most recent technical advances are the use of a combined filling and tilting algorithm allowing for
a reproducible and facile preparation of a measurement. For this purpose, a personal computer
(PC)-controlled syringe Pump (Hamilton PSD6) has been introduced. This suppresses the formation
of disturbing air bubbles inside the sampling cell. Furthermore, a protocol allowing for sample exchange
without opening the assembled chamber has been put forward.

Formation of the bubble is achieved by concerted action of the pump and one of the piezo-controllers
(PI Ceramic). Sinusoidal perturbations of the bubble are applied via another piezo-element capable of
oscillating at higher frequencies. A highly sensitive pressure transducer (Kistler, Typ 7261) connected
to a customized voltage amplifier enabled detection of the periodic pressure signal across the curved
air-water interface.

A recently improved image processing scheme allowed determining the surface area of the bubble from
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the frames collected by a stroboscopically triggered universal serial bus (USB)-camera (UK1117, ehd
imaging). [182] Analysis of the pressure-signal with respect to the voltage signal applied to the piezo-
driver is ensured by real-time processing via an USB-card (ADwin-light-16, Jäger Messtechnik). [183] A
more detailed, yet not fully up-to date description of the apparatus is given elsewhere. [116]

Furthermore, a user-friendly graphical user interface has been implemented in close collaboration
with the Informatics department of the University of Regensburg. [182] The improvements in both the
instrumentation hardware and the control program enable a user to perform reliable measurements of
surface dilatational characteristics conveniently and within an acceptable time frame similar to other
standard devices.

6 Dielectric Relaxation Spectroscopy

6.1 Coaxial Probes

Vector network analyzers (VNAs) allow for measurement of dielectric properties of electrical networks.
The large benefits of this kind of devices lie in the possibility to simultaneously measure amplitude
and phase information of the generalized complex permittivity η̂(ω) over a broad frequency range
within a short time-frame. Coaxial lines serve as a valuable manner for the signal transmission of
electro-magnetic waves in the spectrum from MHz to GHz. The reflected and transmitted electrical
signals determine an electrical network. In two-port setups, the relation between incident waves âj
and reflected waves b̂j of port j, is described by the scattering matrix S via [184,185]

(b̂1
b̂2

)
=
(Ŝ11 Ŝ12
Ŝ21 Ŝ22

)(â1
â2

)
. (III.5)

For a simplified one-port setup, an electrical network is characterized by an impedance step from Ẑ1
to Ẑ2. The normalized aperture admittance Ŷ is related to the only remaining constant of the
scattering matrix S by

Ŝ11 = 1− Ŷ
1 + Ŷ with Ŷ = Ẑ2

Ẑ1
. (III.6)

It is to be noted, that these types of one-port reflection measurements require calibration. The
actual scattering coefficient is determined from three calibration standards, i.e., an open, short and
a load reference with air, purified mercury and the standard liquid, respectively. The latter should
be comparable to the samples to be studied with respect to the dielectric properties. Otherwise, a
complex Padé-approximation is to be applied to the raw data sets. [186]

Experimentally, a dielectric probe kit (Agilent 85070E) was used to assess the dielectric properties in
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the frequency range from 0.2 to 50GHz in conjunction with an electronic calibration module (Agilent
ECal N4693) to cope with conductive samples connected to a VNA (Agilent E8364B). Two different
probes (Agilent 85070E-020 for 0.2 to 20GHz and Agilent 85070E-050 for 1 to 50GHz) mounted
in a thermostatically controlled cell were used to cover the specified frequency ranges. [142] Precise
temperature control was achieved by a thermostat (Huber CC505) with a precision of ±0.02 ◦C
and continuously monitored with a platinum thermometer (PRT, Pt-100) via a data logger (Agilent
34970A). The implemented software calculates dielectric properties from the normalized aperture
admittance Ŷ via a numerical scheme.

6.2 Waveguide Probes

Waveguides are the appropriate tool for studies of wave propagation in the E-band range from 60 to
90GHz. The experimentally used transmission setup relies on measuring the absorption coefficient αa
as a function of the path length of the electromagnetic wave through the sample by means of a high
precision receiver (Mirco-Tel 1259). Information on the phase coefficient β of the beams obtained from
splitting the originally generated one into a reference and a sampling portion is obtained according
to the operation principle of a Mach-Zehnder interferometer. [187,188] Making use of the medium
wavelength λM from this experiment grants access to the complex wave propagation coefficient γ̂ in a
rectangular waveguide via

γ̂2 =
(
αa + i2πλM

)2
= k2c + k̂2. (III.7)

Therein, kc represents the cut-off wavenumber determined by the geometrical confinement of the
propagating wave. This is due to the profile of the rectangular waveguide characterized by its
edge lengths a and b with a > b. [189] For the TE10 mode, the cut-off wavelength equals πa−1.
Experimentally, the attenuation of the electromagnetic waves subsequent to coupling the reference and
sampling beams is measured as a function of path length through the sample. It is varied by personal
computer (PC)-controlled retraction of the waveguide from the sample cell. A thermostat (Lauda
RKS 20-D) served to define the temperature of the sampling cell at a accuracy of ±0.02 ◦C. Further
details on the experimental setup and the procedure of tuning the beams to destructive interference
allowing for an assessment of the medium wavelength λM are given elsewhere. [163]

Extraction of the absorption coefficient αa and medium wavelength λM from a four-parameter fit of the
experimentally determined path length dependent relative attenuation of the coupled electromagnetic
waves yields the real and imaginary parts of the generalized complex permittivity η̂(ω) as

page 71



7. Further Physical Characterization Methods

η′ = (c0
ν
)2
[( 1

λM

)2
− ( αa

2π
)2 +

( kc
2π
)2]

and (III.8)

η′′ =
( αa
πλM

)2
. (III.9)

In these expressions, c0 represent the speed of light in vacuum and ν the frequency of the propagating
electromagnetic wave. With the experimental setup available, interferometric measurements at 60, 66,
72 and 89GHz were carried out.

7 Further Physical Characterization Methods

7.1 Isothermal Titration Calorimetry

A partially automated micro-calorimeter (MicroCal PEAQ-ITC, Malvern) was used for isothermal
titration calorimetry (ITC) measurements. The experiments were carried out at a constant temperature
of 25 ◦C and conducted with degassed Millipore water contained within the reference cell. Sample
volumes of 3ml were prepared immediately before performing a sufficient number of repeats.

7.2 Dynamic Light Scattering

Dynamic light scattering (DLS)-data were acquired by means of a system (CGS-3, ALV) comprising
a digital correlator (LSE 5004, ALV) and a p-polarized 22mW laser (HeNe, JDSU) operating at
a wavelength of 632.8 nm as its main components. Precise temperature control to ensure 25 ◦C
constantly was achieved by a high precision thermostat (K6-cc-NR, Huber). Prior to sampling, the
solutions were filtered through polytetrafluoroethylene membrane filters (0.2 µm, Carl Roth) into dust-
free thoroughly acetone-rinsed cylindrical DLS-vials with an outer diameter of 10mm. Auto-correlation
functions were recorded exclusively at a scattering angle θ of 90° and for a duration of 300 s.

7.3 Density

A vibrating tube density meter (DMA 5000 M, Anton Paar, Graz, Austria) with an uncertainty of
±5 · 10−6 g · ml−1 was used for determining the densities ρ of aqueous solutions.

It is to be noted that the correction parameters f1 and f2 described in subsection 10.3 are relevant only
at elevated temperatures as the instrument is solely calibrated with water at 20 ◦C. A temperature
range from 0 to 90 ◦C is accessible with this device, whereas the sample temperature is measured and
controlled by a Pt-100 resistance thermometer and Peltier-elements, respectively.
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7.4 Viscosity

Dynamic viscosities η of aqueous solutions were determined using an automated rolling ball viscometer
(AMVn, Anton Paar, Graz, Austria). The experimental setup comprises a temperature controlled glass
capillary of uniform diameter attached to a rotary stage for setting a specified tilting angle.

Selecting a suitable combination of capillary and ball, viscosities in the range from 0.3 to 2500mPa · s
can be assessed. According to the manufacturer, repeatability and reproducibility are specified to be
below 0.1% and 0.5%, respectively. The full temperature range from 5 to 135 ◦C was not utilized in
the present work. In the following, viscosities will be given as averaged values of repeated runs at
inclination angles of 30° and 70°.

7.5 Electrical Conductivity

Electrical conductivities of the aqueous solutions were obtained using a personal computer (PC)-
controlled Wheatstone-bridge based setup. [190–193] Two-electrode capillary cells with cell constants C
in the range from 12 to 46 cm−1 were thermostatically set to a temperature of 25.0 ± 0.5 ◦C using a
custom-built precision thermostat. [194] The cell resistance in frequency range from 0.1 to 10 kHz was
measured by means of a high-precision LCR-bridge (HAMEG HM8118) with a relative uncertainty
below 0.0005. Aqueous solutions of KCl were used for calibration of the cells. [195] The experimental
resistances were extrapolated to a resistance at infinite frequency R∞ by

R (ν) = R∞ + a · νb (III.10)

with cell-specific fitting parameters a and b. This empirical equation served to eliminate effects of
electrode polarization. Parasitic impedances were accounted for by an open/short calibration of the
LCR-bridge and the PC-controlled switchboard addressing the individual sample cells before running
a measurement. Specific conductivities κ could be related to the extrapolated resistance at infinite
frequency R∞ via the respective cell constant by

κ = C
R∞ . (III.11)

The uncertainty was estimated to be below 0.5%.
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IV Results

In the following sections of the present chapter, the experimental results of several conducted projects
will be shown. The respective discussions will be given in chapter V.

The material presented in this chapter has been (partially) published or is currently under revision for
publication in peer reviewed journals. A list of respective publications is given in Appendix A.

1 Surface Effects in the Escape Mechanism of the Stenus
Beetle

Nature and wildlife are abundant in exceptional effects and phenomena. One of them can be observed
for some species of the rove beetles utilizing an unconventional manner of locomotion on water
surfaces, referred to as „skimming“. [196] Beetles of the genus stenus comma inhabit banks of ponds
and slow-flowing streams. During their hunt for springtails, they are prone to fall onto the water
surface. [197] Due to their limited ability to walk on water surfaces, these terrestrial bugs would usually
be doomed in such situations. They may drown or – reversely – themselves be an easy prey for
other predators such as water striders. [198] The latter feed to a large extent from non-aquatic insects
unintentionally trapped at the water surface. [199]

In order to escape from such situations, the stenus comma is pointing its pygidial glands located at
the tip of its abdomen towards the water surface and releases a multi component secretion propelling
the animal to the safety of the shore. [197] Relying on the Marangoni effect, the beetle can reach
maximum velocities of 0.4 to 0.75m · s−1 and distances up to 15m. [200,201] By excretion of surface
active substances, a gradient in surface tension along the contact line between the animal’s body
and the fluid is established. This provides a force pushing the beetle forward. The active ingredients
in the stenus comma secretion are two piperidine alkaloids. Schildknecht et al. found the principal
component to be N-ethyl-3-(2-methylbutyl)piperidine, also referred to as stenusine. [202] A structurally
similar molecule, norstenusine, was detected in the biological excretion later on in smaller relative
amounts. [203] Further constituents, such as 1,8-cineole, appear only in low quantities and are therefore
regarded to be of minor importance for the skimming activity. Nevertheless, they have been deemed
to serve other purposes. [197] Presumably, the secretion of locomotion-supporting substances was not
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1. Surface Effects in the Escape Mechanism of the Stenus Beetle

the main function of pygidial glands in the first place. Instead, they are assumed to have evolved for
protective reasons such as antimicrobial activity. [198]

Water walking arthropods usually exhibit a higher density than water but still they do not sink.
Therefore, buoyancy must be supplemented by additional contributions, namely curvature forces arising
from the displacement of a water volume by the formation of a meniscus at the contact area between
the liquid and the hydrophobic legs of the animals. [201] Baudoin developed a parameter to estimate
the physical boundaries for surface walking, referred to as Baudoin number Ba with

Ba = mg
γP . (IV.1)

It expresses the ratio between body weight mg and tensile force provided by the surface tension γ along
the contact perimeter P. [201,204] In order to approach their prey, water walking predators employ their
legs to strike the water surface analogous to the mode of operation of a paddle. Thereby, these beetles
experience a drag proportional to the exposed leg area, which enables a net propulsion. Accordingly,
surface locomotion requires deformation of the air-water interface.

In the aftermath of secretion by the stenus comma, a mono-molecular surfactant film is spread over
the surface, which does not only reduce the equilibrium surface tension γe, but may also affect the
properties of the air-water interface under dynamic conditions. [205] It is conceivable that the deposition
of such an adsorption layer may influence the dilatational characteristics of the interfacial region. A
viscoelastic behavior of the adsorbed layer would imply that for each propulsion stroke of a predator,
an additional amount of energy is required for surface area perturbation due to dissipative losses within
the adsorption layer. It would thus be tremendously more difficult for them to pursue the stenus
comma beetle upon skimming.

To clarify the existence of this effect, the surface dilatational properties of interfacial layers formed
from the spreading alkaloids stenusine and norstenusine were measured by means of joint oscillating
pendant drop and oscillating bubble experiments over a frequency range covering several orders of
magnitude. The described oscillating bubble setup operates in the frequency range from 2 to 500Hz.
This allows capturing the processes occurring on the biologically relevant time scale of rapid surface
deformation caused by predatory water striders in the course of approaching their prey, the stenus
comma.

1.1 Surface Tension

The equilibrium surface tension isotherms of stenusine and norstenusine presented in Figure IV.1 were
obtained by the previously described drop profile tensiometer in a temperature controlled room at
23 ± 1 ◦C. Therefore, drops of the indicated concentrations were formed at the tip of a steel capillary
with 3mm in diameter and an averaging of the individual surface tension values in the time range
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from 200 to 300 s after drop formation was carried out.
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Figure IV.1: Experimental equilibrium surface tension isotherms of stenusine, norstenusine and
the respective best fits (dotted lines) according to the Frumkin adsorption isotherm.
Published literature data extracted from dynamic surface tension measurements are
shown for comparison. [167]

Starting already from low alkaloid concentrations, a considerable reduction of the equilibrium surface
tension of water begins at the 1mmol · L−1 regime for stenusine and roughly at about the tenfold
molar concentration for norstenusine. Increasing the concentrations further induces a drop-off in
equilibrium surface tension γe to values of 58 or 64mN · m−1 for the respective 20.6mmol · L−1 stock
solutions. They were characterized further by surface dilatational rheology.

1.2 Oscillating Bubble and Pendant Drop Rheology

The frequency dependent values of the amplitude and phase shift of the surface dilatational modulus E
for aqueous solutions of stenusine and norstenusine at concentrations of 20.6mmol · L−1 in the
frequency range accessible by the oscillating bubble technique are shown in Figures IV.2 and IV.3,
respectively.

The amplitude of the surface dilatational modulus E featured a moderate increase for the studied
solutions of stenusine and norstenusine. Furthermore, a rising phase angle between the induced surface
area perturbation and the measured pressure response at frequencies exceeding 100Hz was observable.

The experimental data was fitted appropriately to the extended Lucassen-van den Tempel (LvdT)-
model by tuning the parameters to simultaneously match the amplitude and phase angle according
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1. Surface Effects in the Escape Mechanism of the Stenus Beetle
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Figure IV.2: Amplitude of the frequency dependent surface dilatational modulus E of stenusine,
norstenusine and the respective best fits (dotted lines).
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to the previously described procedure. The best values of the model parameters are summarized
in Table IV.1 and the corresponding theoretical curves of magnitude and phase angle are shown in
Figures IV.2 and IV.3, respectively.

Table IV.1: Best values of parameters for matching the model described in Equation II.118 to the
experimental data obtained from the oscillating bubble device.

Solution c εm fdiff κ[
mmol · L−1 ] [

mN · m−1 ] [
Hz
] [

N · s · m−1 ]

Stenusine 20.6 54.8 1.245 1.305 · 10−6

Norstenusine 20.6 53.0 1.051 1.919 · 10−6

A joint overview of surface dilatational characteristics in terms of amplitude and phase angle in the
accessible frequency range spanning around five orders of magnitude by combining data from oscillating
pendant drop (OPD) and oscillating bubble (OB) rheological measurements is given in Figures IV.4
and IV.5, respectively. The additional data from oscillating pendant drop experiments were found to
follow a rather monotonous trend for both the amplitude of the surface dilatational modulus E and the
phase angle φ. Whereas the amplitude of the pendant drop data increased with frequency, the phase
angle φ gradually approached lower values. Except for some outliers in the transition zone between
the two sets of experiments approximately from 0.7 to 5Hz, i.e., the limiting operating range of the
respective devices, a sound continuity was observable. This holds true especially for the amplitude of
the surface dilatational modulus E .
The dotted and dashed lines in Figures IV.4 and IV.5 correspond to the best fit curves according to
an extended version of the model suggested by Ravera et al. allowing for a formal description of the
rheological characteristics of adsorption layers over a broad frequency range. [156] Details on the data
processing are given in subsection 11.1.
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1. Surface Effects in the Escape Mechanism of the Stenus Beetle
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Figure IV.4: Frequency dependent surface dilatational modulus E of 20.6mmol · L−1 aqueous solu-
tions of stenusine and norstenusine as obtained from oscillating pendant drop experiments
and oscillating bubble experiments. The lines correspond to the best respective fits of
an extended model originally proposed by Ravera, Ferrari and Liggieri. [156]
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Figure IV.5: Frequency dependent phase angle φ of 20.6mmol · L−1 aqueous solutions of stenusine
and norstenusine as obtained from oscillating pendant drop experiments and oscillating
bubble experiments. The lines correspond to the best respective fits of an extended
model originally proposed by Ravera, Ferrari and Liggieri. [156]
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2 Mixed Surfactant-Electrolyte System

The anionic surfactant sodium dodecyl sulfate (SDS) is probably one of the most well-known substances
in colloid and interface science. A consultation of Web of Science® reveals that over 69 000 articles
have been published where SDS either plays a key role in applications or is used as a model system to
address fundamental questions. Besides its wide-spread applications in personal care and industrial
cleansing products, it is used as a standard reagent in SDS polyacrylamide gel electrophoresis (SDS-
PAGE) for separation purposes. [206,207] Furthermore, its action in boosting the antimicrobial activity
of levulinic acid on pathogens in biofilms is known. [208]

There is an interesting approach illustrating the versatility of this water soluble anionic amphiphile:
Combination of SDS with silica nanoparticles and the cationic surfactant cetyltrimethylammonium
bromide (CTAB) to leads to the formation of stimuli responsive foams. [209] Alternating addition of
equimolar quantities of CTAB and SDS was used to compensate the surface charge. Furthermore,
mixtures of the salts NaCl and KCl with solutions of SDS were found to produce ultra-stable thermo-
responsive foams. [210]

Only recently, a study on the influence of the electrolyte NaCl on the stability of foams generated
from SDS has been published by Wang and coworkers. [211] Next to measuring dynamic surface
tension and zeta-potential, the authors attempted to establish a correlation between decreasing foam
stability upon increasing salt concentration and the surface rheological characteristics. Therefore,
measurements using the oscillating pendant drop method at a fixed perturbation frequency of 0.05Hz
have been carried out. The influence of co-adsorption of the hydrolysis product corresponding to SDS,
n-dodecanol, into adsorption layers of SDS in an extended frequency range has been studied in detail
by Wantke et al. in 2003. [121]

In this section, similar issues have been taken up and studied in more detail. The dynamic properties of
mixed adsorption layers formed from SDS and NaCl subject to dilatational deformation were considered
in a wider frequency range from 5 to 400Hz using the oscillating bubble method. Validation of
these results was sought by both checking the connection to lower frequency oscillating pendant
drop data and opto-mechanical electrocapillary wave (ECW)-experiments operating at comparable
and higher perturbation rates as the oscillating bubble. This intends to further describe the system
proposed by Wang et al. and gain additional insight into the processes governing the stability of the
respective foams. A rheological characterization of the adsorption layers relying on only one relatively
low perturbation frequency seems insufficient. This calls for an in-depth consideration of the frequency
dependent surface dilatational modulus over a broad range probed independently by a spectrum of
methods.

Aqueous mixtures of SDS in a surface chemically purified state and high purity NaCl were studied
with respect to their equilibrium and dynamic surface tensions at a constant mean ionic activity Imean
of 1mmol · L−1. All studied solutions characterized by roughly the same equilibrium surface tension,
were analyzed with respect to their differences in foam column and foam lamella stability experiments.
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2. Mixed Surfactant-Electrolyte System

Investigations by means of the oscillating bubble technique were conducted to determine the frequency
dependence of the surface dilatational modulus E. The obtained results could be described by the
extended Lucassen-van den Tempel (LvdT)-model, which allows capturing dissipative processes within
the interfacial region via the intrinsic surface dilatational viscosity κ. A new dimensional parameter
derived from the fitting parameters of the LvdT-model correlates reasonably with direct measurements
of the solutions’ foam stability. Further corroboration for this observation was obtained from oscillating
pendant drop and ECW experiments complementing the frequency range accessible by the oscillating
bubble method towards lower and higher frequencies, respectively. The data suggest the important role
of surface dilatational rheology for the stability of foams. Spectroscopic investigations using infrared
reflection absorption spectroscopy (IRRAS) and sum frequency generation vibrational spectroscopy
(SFGVS) were used to shed further light on the interfacial arrangement on a molecular level.

2.1 Surface Tension

The equilibrium surface tension γe is plotted against the bulk concentration of SDS in Figure IV.6.
Each experimental surface tension value represents the average value of 10 measurements performed
within a time span on the order of three minutes by a ring tensiometer. Changes in surface tension
were below 0.1mN · m−1, i.e., an equilibration of SDS adsorption has been attained. For comparison,
published literature equilibrium surface tension isotherms of SDS obtained at different degrees of
surfactant purity are shown. [170,212]
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Figure IV.6: Equilibrium surface tension isotherms of SDS. Experimental results, comparison to
literature data (Vollhardt et al. [170] and Fainerman et al. [212]) and best fit of experimental
data according to the Frumkin isotherm.
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Whereas the values measured by Vollhardt et al. [170] for surface chemically purified SDS agree with
the experimental data from this study, a clear deviation with respect to the data shown by Fainerman
et al. is apparent. [212] The latter values had been obtained using the commercially available SDS
as received. Despite the similarity of measured surface tension at high concentrations, there were
considerable deviations between purified and non-purified solutions in the concentration range below
5mmol · L−1 with a maximum difference at intermediate concentrations around 1mmol · L−1.

To ensure similar equilibrium properties of the solutions (see Table III.1) studied also with other
experimental techniques, time dependent measurements of surface tension were carried out. The
findings are compared in Figure IV.7. For all studied solutions, surface tension remained constant within
0.2mN · m−1 during the experimental time scale. Despite the fact that different concentrations of
surfactant SDS were used, similar values around 65mN · m−1 were measured for solutions SDS-NaCl-1
to SDS-NaCl-5 (see Table III.1). Only solution SDS-NaCl-6 with the highest amount of NaCl and
lowest amount of surfactant exhibited a surface tension around 2mN · m−1 higher as compared to the
other solutions characterized by the same mean ionic activity Imean.
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Figure IV.7: Dynamic surface tension of the studied solutions as specified in Table III.1. Values of
water (solid blue line around 72mN · m−1) and 1mmol · L−1 SDS (solid red line around
65mN · m−1) for comparison. [169]

Additionally, the published equilibrium surface tension value of 1mmol · L−1 SDS is shown. It was
found to agree very well with the experimental values from this study (Solution SDS-NaCl-1). [169] To
check the purity of the used glassware, also the surface tension of water was measured and confirmed
to be close to its literature value.

page 83



2. Mixed Surfactant-Electrolyte System

2.2 Sum Frequency Generation Vibrational Spectroscopy

Sum frequency generation (SFG) vibrational spectra of the studied solutions in the spectral range
from 2800 to 3000 cm−1 are compared in Figure IV.8.
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Figure IV.8: SFG-spectra of the studied solutions as specified in Table III.1 measured under ssp-
polarization.

Despite the rather pronounced noise, they were found to agree especially below 2900 cm−1. At higher
wavenumbers, the differences between the samples become more distinct. However, they were found
to follow a non-monotonous course within the series of specimens considered upon approaching the
3000 cm−1 border. This unusual behavior also holds within the spectral region characteristic of the
interfacially confined water (spectral region from 3200 to 3700 cm−1, not shown in Figure IV.8).

2.3 Infrared Reflection Absorption Spectroscopy

In contrast to the previously shown data from SFG-experiments, the surface specific information
obtained from IRRAS under s-polarization shows a more pronounced trend across the series of samples
as depicted in Figure IV.9.

Upon increasing the relative amount of salt in the mixtures characterized by a constant equilibrium
surface tension γe around 65mN · m−1, a clear decrease in reflectance-absorbance (RA) around
3600 cm−1 was observable. As IRRAS is to be understood as another special type of infra-red (IR)-
spectroscopy, this domain is characteristic of the interactions between water molecules, i.e., the
hydrogen bonding network. Therefore, information on its disturbance in the presence of surface active
compounds can be inferred.
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Figure IV.9: IRRAS-spectra of the studied solutions as specified in Table III.1 measured with s-
polarization.

2.4 Foam Stability

The results on stability of foam columns and single foam lamellae are represented in Figure IV.10.
A general trend is clearly visible. Upon increasing the relative amount of salt with respect to the
surfactant, the stability of both foam columns and individual foam lamellae decreased. For foam
columns this is represented by reduced values of the half-life time t1/2, i.e., the time required for half
of the foam height to decay and the R5-value. This is the characteristic parameter representing the
relative remaining foam height five minutes after the foaming process has ceased. Single foam lamella
stabilities measured in repeated experiments confirm these findings. Exemplarily, the characteristic
time τLamella90 % is given. It represents the time required for 90% of the individual foam lamellae to
rupture. The asymmetry in the error bars arises due to the fact that this parameter is given with
an error of ±5%. A larger error bar towards longer times is the consequence of the elongated time
required for 95% than for 85% of the lamellae to collapse.

For solutions SDS-NaCl-1 to SDS-NaCl-4, a clear decrease in foam and lamella stability was observed,
which is visible from the course of the three studied parameters. Solutions SDS-NaCl-5 and SDS-
NaCl-6, however, do not lead to the formation of stable foams.

2.5 Oscillating Bubble

The surface dilatational characteristics of solutions SDS-NaCl-1 to SDS-NaCl-6 are given in Figure IV.11
for the amplitude and in Figure IV.12 for the phase angle φ, respectively. Whereas the magnitude

page 85



2. Mixed Surfactant-Electrolyte System

0

50

100
R5

Va
lu

e
/

[ %
]

0

200

400

600

t1 /2
Co

lum
n

/
[ s]

1 2 3 4 5 6
0

200

400

600

800

Number of solution /
[

a.u.
]

τ La
me

lla
90

%
/

[ s]

Figure IV.10: Characteristic parameters of foam column and single foam lamella stability of the
studied solutions as specified in Table III.1. Top: R5-value. Middle: Half-life time of a
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of the surface dilatational modulus E remained within a range between 40 and 60mN · m−1, larger
differences were observed for the phase angles of the studied solutions. Upon increasing the relative
salt content, they were found to pass through a maximum before approaching zero at frequencies
above 100Hz.

0 50 100 150 200 250 300 350 400

20

30

40

50

60

Frequency f /
[

Hz
]

M
od

ul
us

E/
[ m

N
·m

−
1

]

SDS-NaCl-1 Fit
SDS-NaCl-2 Fit
SDS-NaCl-3 Fit
SDS-NaCl-4 Fit
SDS-NaCl-5 Fit
SDS-NaCl-6 Fit

Figure IV.11: Magnitude of the surface dilatational modulus E of aqueous mixtures of SDS and
NaCl as specified in Table III.1 and the respective fits as dotted lines.

2.6 Electrocapillary Wave Experiments

The surface dilatational characteristics of the SDS-NaCl mixtures obtained from ECW-experiments are
compared in their representation as amplitude and phase angle in Figures IV.13 and IV.14, respectively.

The most apparent observation at a first glance is, that this set of data is subject to larger scatter
as compared to the oscillating bubble results gathered in a comparable frequency range. Due to the
wider accessible spectrum of this method, a logarithmic scaling of the frequency axis was chosen for
the ECW-data. Nevertheless, a trend within the series was observable. Upon increasing the relative
amount of salt contained in the respective solution, both the amplitude and the phase angle of the
surface dilatational modulus E were found to decrease over the vast majority of sampled frequencies.
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Figure IV.12: Phase angle of the surface dilatational modulus E of aqueous mixtures of SDS and
NaCl as specified in Table III.1 and the respective fits as dotted lines.
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Figure IV.13: Magnitude of the surface dilatational modulus E of aqueous mixtures of SDS and
NaCl as specified in Table III.1 obtained from ECW.

page 88



101 102 103

0

20

40

60

80

100
cNaCl ↑

Frequency f /
[

Hz
]

Ph
as

e
an

gl
e
φ/

[ °]
SDS-NaCl-1
SDS-NaCl-2
SDS-NaCl-3
SDS-NaCl-4
SDS-NaCl-5
SDS-NaCl-6

Figure IV.14: Phase angle of the surface dilatational modulus E of aqueous mixtures of SDS and
NaCl as specified in Table III.1 obtained from ECW.

3 Ion Specific Effects in Alkali Decyl Sulfates

Physico-chemical properties of solvents, solutes, dispersed and biological systems are known to be
influenced in a specific manner by the mere presence of electrolytes. [174] This includes influences on the
„inner friction“, i.e., viscosity, [213] vapor pressure of water, [214] freezing point depression, [215] molecular
diffusion against water, [216] osmotic coefficients, [217] and surface tension. [218] The most prominent
effects of ion specificity, however, have been observed in systems containing more components than just
water and the electrolyte. Following up contemporary research, Hofmeister et al. demonstrated the
ability of salts to precipitate proteins from blood serum and egg white in a systematic study. Depending
on the nature of the electrolyte, the precipitation was found to occur at a specific concentration. [219,220]

The strength of these effects depends both on the anion and the cation used in the course of the
experiment, but the influence of the anion generally is assumed to be stronger. For simple, monovalent
cations, which will be used in the following, this Hofmeister series of cation influence is given by

Li+ < Na+ < K+ < Rb+ < Cs+ < NH +4 < NMe +4 .

Next to the ion specific effects of electrolyte on biological systems, the same consequences for the
stability of aqueous suspensions of isinglass, colloidal ferric oxide and sodium oleate could be confirmed.
In more recent contributions, Hofmeister effects on coalescence of surfactant free bubbles have been
studied. [221,222]
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Generally, stabilization of foam lamellae and bubbles is more effective with amphiphilic molecules
present at the interface. Counterion effects on the thermodynamics of the micellation behavior in
studies of purified surfactant solutions have been evidenced. Ropers et al. described ion specificity
in temperature dependent determination of critical micellar concentration (cmc) and the associated
enthalpy by means of isothermal titration calorimetry (ITC) for both decyl sulfate (DeS) and dodecyl
sulfate (DS) with counterions Li, Na, K and Cs. [223] At elevated concentrations high above the cmc,
solutions of potassium alkyl sulfates are not entirely soluble. Consequently, the solutions contain
hydrated crystals dispersed in a micellar phase. The phenomenon of a solubility gap for potassium alkyl
sulfates has been reported [224–226] and might be associated to the higher foam stability of this kind of
solutions studied in the following. Analytical chemistry sets the stage for applications of ion specific
effects in separation processes. The efficiency and resolution in micellar electrokinetic chromatography
could be tuned successfully by replacing the sodium counterion of the typically used pseudostationary
phase sodium dodecyl sulfate (SDS) by other monovalent ions. Also on this occasion, potassium
DS stood out due to its high Krafft temperature. [227] Furthermore, the addition of baryte solution
caused an ion specific flocculation behavior dependent on the temperature. Maximum flocculation
with formation of larger aggregates was observed in case of lower solubility of the used surfactant,
i.e., especially below its Krafft point. [228] This characteristic is equally reported to depend on the
counterion in more complex mixtures containing a certain amount of foam booster. [229] The Krafft
temperature describes the temperature above which micelle formation is possible.

In the context of foam and lamella stability, the type of counterion was shown to significantly influence
the disjoining pressure in foam lamellae. [230] Furthermore, pronounced anion specific effects on the
equilibrium adsorption properties of cationic surfactants were reported and ascribed to deviating excess
polarizabilities of the respective ions. [231,232] This is in agreement with the recently emerging picture
of the air-water interface characterized by specific affinity for „soft“ ions and non-monotonous ion
concentration profiles perpendicular to the interface. [233,234]

In the following, ion specific effects in pure surfactant solutions of alkali decyl sulfates (XDeSs) with
counterions Li, Na, K and Cs will be studied both under equilibrium and dynamic conditions using the
oscillating bubble method. A possible rationale for the experimentally acquired foam stabilities taking
into account the unified information on the adsorption layer characteristics will be given.

3.1 Equilibrium Surface Tension Isotherms

All of the studied surfactant solutions were characterized by decreasing surface tension upon increasing
bulk concentration. As evident from Figure IV.15, the surface tension increased from cesium decyl
sulfate (CsDeS) over sodium decyl sulfate (NaDeS) and potassium decyl sulfate (KDeS) to lithium
decyl sulfate (LiDeS) comparing identical amphiphile concentrations. An ordering in the sense of an
ion specific series was obeyed.

An alternative representation of the surface tension data obtained for the studied XDeSs applying
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Figure IV.15: Equilibrium surface tension isotherms of aqueous solutions of XDeS measured at room
temperature.

another scaling of the concentration axis is given in Figure IV.16. Therein, the distinction between
the studied solutions in terms of surface specificity introduced by the presence of different counterions
appears in a more pronounced manner. The trend of decreasing equilibrium surface tension γe observed
upon going from lithium to cesium as the monovalent alkali counterion for DeS necessarily remains
unchanged.

3.2 Time Dependent Surface Tension

The pendant drop tensiometer described previously was used to collect values of time dependent
surface tension for durations up to 300 s after the formation of a droplet. As shown in Figure IV.17,
the solutions were characterized by a rather low decrease within the experimental time frame. The
respective concentrations of the studied XDeSs were chosen according to the experimental equilibrium
surface tension isotherms (see Figure IV.15) in order to arrive at equilibrium surface tension γe values
of approximately 45, 55 and 65mN · m−1.

Despite the slight decrease, the respective target value of equilibrium surface tension γe could be
achieved within the accuracy required for the further characterization of the solutions by means of
surface dilatational rheology and measurements of foam stability.
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Figure IV.16: Equilibrium surface tension isotherms of aqueous solutions of XDeSs measured at room
temperature in a representation leading to linearization of the acquired surface values
of equilibrium surface tension γe.
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Figure IV.17: Time dependent values of surface tension of the studied solutions of XDeSs with the
aim of reaching value of equilibrium surface tension γe around 45, 55 and 65mN · m−1

measured at room temperature. The shaded areas indicate the surface tension range
of ±1mN · m−1 around the target value.
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3.3 Foam Stability

The decay of foam column height with time for the studied solutions of XDeSs is compared in
Figure IV.18. For the experiments conducted with these short alkyl chain surfactants, slightly different
parameters compared to the previously described protocol were applied during the foaming phase. The
solution volume was reduced to 30ml at a simultaneous increase of the gas flow rate to 0.5 L · min−1.
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Figure IV.18: a) Time dependence of foam column heights of aqueous solutions of the studied
XDeSs for solutions of constant equilibrium surface tension γe of 55mN · m−1. Dotted
lines represent the heights of individual runs. b) The characteristic half-life times of
the XDeSs are compared for solutions of 45mN · m−1 (dotted bars) and 55mN · m−1

(striped bars).

The conducted foam stability experiments equally allowed for a distinction between the individual
XDeSs for solutions studied at the same nominal equilibrium surface tension γe. However, a clear
trend of increasing or decreasing foam column stability along the range from lithium to cesium was
not evident.

3.4 Oscillating Bubble

The characteristic trends obtained from oscillating bubble experiments in this counterion- and con-
centration dependent study are summarized in Figures IV.19 to IV.22. To avoid an overcrowding of
the respective plots, Figures IV.19 and IV.20 show the amplitude and phase angles of the surface
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dilatational modulus E , respectively, as obtained for solutions with different counterion at a fixed value
of equilibrium surface tension γe. The influence of surfactant concentration for a given counterion
(here K) is shown in Figures IV.21 and IV.22. It is to be noted that the trends described in the
following equally hold for the other measured solutions with their respective variations in equilibrium
surface tension γe and type of counterion.
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Figure IV.19: Trends of the amplitude of the surface dilatational modulus E for the studied XDeSs.
At the same value of equilibrium surface tension (45mN · m−1), the amplitudes tend
to increase with size of the counterion in the order Li < (Na <) K < Cs over almost
the entire frequency range covered.

Considering the solutions of anionic DeS surfactant ions in the presence of different counterions at a
fixed value of equilibrium surface tension (here 45mN · m−1), a clear trend – except for NaDeS – is
evident from both amplitude and phase angle data. Over almost the entire frequency range covered
with the oscillating bubble device, a monotonous transition from lithium to cesium as observed for the
equilibrium surface tension data, was confirmed. Whereas the amplitude increases from counterions Li
via Na and K to Cs, this type of behavior is more or less recovered for the phase angle data. The
difference lies in the observation, that for the latter kind of data, the discrimination between Na, K
and Cs is less pronounced compared to the amplitude information and that the solution of NaDeS
disobeys its established ordering in the series. Especially concerning the amplitude, solutions of NaDeS
and KDeS behave similarly.

The concentration dependent, i.e., equilibrium surface tension dependent results for the three studied
samples of each XDeS are characterized by a similar and consistent progression. Exemplarily, the
results for amplitudes and phase angles of the surface dilatational modulus E collected for KDeS are
considered. Just as in the case of the remaining XDeS, increasing the surfactant concentration, i.e.,
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Figure IV.20: Trends in the phase angle of the surface dilatational modulus E for the studied XDeSs.
At the same value of equilibrium surface tension (45mN · m−1), the phase angles tend
to increase with size of the counterion in the order Li < (Na <) K < Cs over almost
the entire frequency range covered.
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Figure IV.21: Exemplary concentration dependence of the amplitude of the surface dilatational
modulus E for solutions of KDeS. An increase in surfactant bulk concentration tends
to lead to a reduction in the amplitude.
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Figure IV.22: Exemplary concentration dependence of the phase angle of the surface dilatational
modulus E for solutions of KDeS. An increase in surfactant bulk concentration tends
to lead to an elevated phase shift.

transition to lower values of equilibrium surface tension γe causes the amplitude to decrease and the
phase angle to increase over most of the frequency range covered.
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4 Ion Specificity in Adsorption Layers of
n-Dodecylphosphinecholine

The common denominator of modern and desirable technology is „going green“ due to the increasing
awareness of environmental threats in most parts of the developed western world. Windmill-powered
plants deliver sustainable energy devoid of primary greenhouse gas emissions during operation. The
implementation of this technology is far advanced and some countries such as Denmark aim to supply
a considerable amount of the required electricity demand from renewable sources with a large share of
wind power. [235]

Also, consciousness of the limited oil resources and the impact on climate caused by fossil fuel
combustion is rising. An alternative form of individual transport is offered by e-mobility moving away
from the traditional vehicle design powered by gasoline. One of its key elements is the need for strong
permanent magnets, comprising rare earth metals, which are characterized by a significantly stronger
magnetic field than other known materials. This superiority of rare earth metals is a consequence of
their electron configuration in the f-shell and the crystalline structure of the corresponding metals and
alloys that preferentially magnetizes along a specific crystal axis. [236]

Lanthanides also play an important role in the nuclear industry. They possess a high neutron absorption
cross section and are used in nuclear power plants, where they are implemented inside control rods for
the regulation of the neutron flux. Furthermore, they are utilized as shielding materials around reactors.
In short, lanthanides are a key ingredient to high-end state-of-the-art and trend-setting technologies.
Originally, lanthanides were referred to as „rare earth elements“. Chemists once thought that these
elements only occur in small amounts in the earth’s crust. This assumption turned out to be incorrect.
Rather than their sparsity, the main challenge with lanthanides for chemist is their similarity. Due to
their ionic radii differing by as little as 0.15Å from lanthanum to lutetium, they appear together in
numerous naturally available minerals for the reason of isomorphic permutability. [237] Therefore, they
are extremely difficult to separate from each other. The deeper reason is related to the electronic
structure introduced by the filling of inner 4f-electron shells with little impact on the resulting chemistry,
which is dominated by the valence electrons. The separation of lanthanides at industrial scale continues
to remain a significant technical challenge. Valuable ions should be recovered and recycled from waste.
In a typical separation process, the ions to be recovered are dissolved in a small quantity of water and
subsequently complexed into an organic phase by an oil-soluble ligand. Separation methods based on
this kind of selective binding-process rely on ion specific effects. Lanthanide cations bind strongly to
phospholipids, but less to sulfobetaines and weakly to malonamides, which are used for lanthanide
extraction in the nuclear industry. [238] Generally, ion specificity is a subject of great importance for the
separation of lanthanides.

Besides, effects of ion specificity in different fields ranging from biology to colloidal chemistry have been
of interest to several generations of researchers starting with the early experiments of Hofmeister. [219]

Fostered by advances in instrumentation and theory, a new picture of ion specificity deviating from
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previous concepts are emerging. [239–242] Especially the importance of dispersion forces was found to be
enlightening for several surface specific phenomena. [26,232,239,243–250] Methods and systems of various
degrees of complexity have been used to study Hofmeister-effects to this very day.

A rather simplistic determination of cloud points allowed proving a Hofmeister type series of molecular
cations in presence of sodium dodecyl sulfate (SDS) and sodium dodecylbenzenesulfonate. [251] The
same holds for a more complex systems comprising block copolymers, surfactants and salts studied
with tensiometric methods, conductivity and dynamic light scattering (DLS) with respect to its
critical aggregation concentration. [252] The binding strength between the metal ions provided by a
salt and the surfactant headgroup of a monomer or dimer have been studied in the gas phase via
mass spectroscopy. [253] Further and more intricate heterodyne sum frequency generation vibrational
spectroscopy (SFGVS) yielded insight into the deviating mechanisms governing the effects for cationic
and anionic salts. [254] Generally, cation specific effects tend to be less pronounced compared to their
anionic analogues. Another spectroscopic study by Guo et al. focusing on the OH-stretching mode of
water coordinated to Gd3+-ions led to another rationale for the emerging of Hofmeister-effects: the
disruption of hydrogen bonding within the hydration shells of the respective cation but not in the
bulk. [255] Moreover, phase transitions of lyotropic liquid crystalline mesophases formed by non-ionic
surfactants upon the addition of salt could be arranged in a systematical order. [256]

However, the theoretical description of ion partitioning at interfaces leading to specific effects remains
challenging. Langmuir monolayers, i.e., layers formed by insoluble surfactants have proven to be
valuable model systems to study ion specific effects at soft interfaces. [257–265] Leontidis et al. were
able to recover the established Hofmeister series of anions in compression isotherms of Langmuir
layers formed from the zwitter-ionic model lipid dipalmitoylphosphatidylcholine (DPPC) in presence
of various sodium salts. [244,266] A further study aiming to investigate the effect of (non-lanthanide)
trivalent counterions on the bulk and surface properties of an anionic surfactant has been carried out
by Xu et al. using neutron reflectivity (NR) and small angle X-ray scattering. From these experiments,
the type of counterion and its hydration were identified as the main influencing factors. [267]

Here, adsorption layers of the soluble analogue of the membrane-building phospholipid DPPC, the
zwitter-ionic surfactant n-dodecylphosphinecholine (DPC), are characterized with respect to their
equilibrium and dynamic surface properties. They are used as a probe to study the ion specific effects
caused by their interaction with electrolyte sub-phases containing the lanthanide salts Ce(NO3)3
and Yb(NO3)3. Next to their surface rheological properties subject to dilatational deformation using
the oscillating bubble technique, further experimental information on the bulk characteristics of the
aqueous solutions is obtained using isothermal titration calorimetry (ITC) and dielectric relaxation
spectroscopy (DRS). Additionally, densities, viscosities and electrical conductivities of the samples
studied by means of DRS experiments are determined. From the combined experimental findings, a
possible mechanism causing the deviating surface dilatational modulus E in terms of ion specificity is
suggested.
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4.1 Density, Viscosity and Electrical Conductivity

Measurements of density, viscosity and electrical conductivity of the pure electrolyte solutions without
DPC as specified in Table III.2 were performed as auxiliary characterization for the conducted DRS
experiments. The respective results are compared in Figures IV.23 to IV.25.
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Figure IV.23: Densities of the studied solutions of Ce(NO3)3 and Yb(NO3)3 as specified in Table III.2
at 25 ◦C. The published value of pure water is shown for comparison. [268,269]

Upon increasing salt concentration, density, viscosity and electric conductivity were found to gradually
increase. This holds true for aqueous solutions of both Ce(NO3)3 and Yb(NO3)3.

Additionally, the best fitting values of the electrical conductivity for the respective solutions as obtained
from the procedure outlined in subsection 11.2 of chapter II are shown in Figure IV.25. Therein, the
experimentally gained results and the fitting parameters for the two probes, i.e., κ20 GHzel and κ50 GHzel
are compared. The respective values showed the same trend along the studied concentration series.
However, for one and the same solution, the electrical conductivities were found to decrease from the
experimental value over best fitting value of the 20GHz probe to the result obtained from the 50GHz
probe.
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Figure IV.24: Viscosities of the studied solutions of Ce(NO3)3 and Yb(NO3)3 as specified in Table III.2
at 25 ◦C. The published value of pure water is shown for comparison. [269]
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Figure IV.25: Electric conductivities of the studied solutions of Ce(NO3)3 and Yb(NO3)3 as specified
in Table III.2 at 25 ◦C.
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4.2 Isothermal Titration Calorimetry

An estimation of the solvation energies upon dissolving the studied salts in water was obtained from
ITC-measurements. Therefore, a solution of the respective electrolyte was added to pure water in
aliquots. The differential power required to compensate the heat of reaction upon addition of the
respective volume of 10mmol · L−1 Ce(NO3)3 and Yb(NO3)3 are compared in Figure IV.26.
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Figure IV.26: Energy turnover upon dissolution of Ce(NO3)3 and Yb(NO3)3 in initially pure water
as a function of added volume. The solid lines correspond to an empiric polynomial fit.

For all the aliquots of electrolyte solution added to the initially pure water in the course of the
experiment, larger absolute amounts of heat were turned over for the solutions of Ce(NO3)3 as
compared to Yb(NO3)3. It is to be noted that the negative sign corresponds to an exothermic process,
i.e., the temperature in the sample cell is elevated with respect to the reference cell of the device.

4.3 Surface Tension

The equilibrium surface tension isotherm of DPC is given in Figure IV.27.

Decreasing values of equilibrium surface tension γe upon increasing surfactant bulk concentration were
observed until the cmc. It occurred in the range between 1 and 2mmol · L−1. Above, the equilibrium
surface tension γe remained at a relatively constant value.
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Figure IV.27: Equilibrium surface tension isotherm of DPC. Experimental data and best fit according
to the Langmuir adsorption isotherm taking into account only data points below the
cmc. It is assumed to occur in the range between 1 and 2mmol · L−1 as indicated by
the vertical line.

4.4 Foam Stability

The foam column stabilities of aqueous solutions containing 1mmol · L−1 DPC without salt and in
the presence of 30mmol · L−1 Ce(NO3)3 and Yb(NO3)3 are compared in Figure IV.27.

Whereas the height of the foam column remained more or less constant after an initially fast decrease
for the pure 1mmol · L−1 DPC surfactant solution, the decay was more uniform in the presence of the
studied salts. Furthermore, the disintegration started immediately after the foaming has ceased in this
case. Despite the electrolytes being used at the same concentration, a pronounced difference between
the solutions with added Ce(NO3)3 and Yb(NO3)3 was evident. Foams containing Yb(NO3)3 were
found to collapse remarkably slower.

4.5 Oscillating Bubble

In the course of oscillating bubble studies, DPC solutions containing Ce(NO3)3 and Yb(NO3)3 were
compared to the pure surfactant solution (for details see Table III.2). The amplitudes and phase angles
of the studied solutions are given in Figures IV.29 and IV.30, respectively. Therein, the averaged data
obtained from three independent measurements for each solution were found to differ strongly.

A clear distinction between all of the three studied solutions was observable in terms of the amplitudes.
In the presence of the studied electrolytes, the amplitudes were elevated with respect to adsorption
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Figure IV.28: Time dependence of foam column heights of 1mmol · L−1 DPC aqueous solutions
without salt and in the presence of 30mmol · L−1 Ce(NO3)3 and Yb(NO3)3.

layers of pure DPC. Moreover, the layers formed in the presence of Yb(NO3)3 were found to lead to
higher values of the amplitude of the modulus as compared to Ce(NO3)3.

Regarding the phase angle, the responses of the DPC-layers with both types of electrolyte present
in the sublayer could not be discerned. The values were found to vastly agree within experimental
error over the entire frequency range covered. They decreases monotonously at frequencies exceeding
10Hz. A generically similar behavior of the phase angle was observed for the pure DPC layers. In this
case the monotonous descent was found starting at frequencies higher than 20Hz. Furthermore, the
phase angle values of this solution were elevated by around 20° compared to the solutions containing
electrolyte.

It is to be noted that no description of the results in terms of the Lucassen-van den Tempel (LvdT)-
model was possible. An agreement could be achieved only for adsorption layers with Ce(NO3)3 and
Yb(NO3)3 in the subphase, if data below 10Hz were discarded. The experimental results for pure
DPC-layers are out of range for modeling with this theory.

4.6 Dielectric Relaxation Spectroscopy

The experimentally obtained spectra of the aqueous Ce(NO3)3 and Yb(NO3)3 solutions without the
presence of DPC are shown in Figures IV.31 and IV.32, respectively. In all of them, the relative
permittivity ε ′ (ν) remains more or less unaltered compared to the results for pure water at first sight.
For both types of electrolyte solutions, however, the directly accessible total loss η′′ (ν) was found to
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Figure IV.29: Amplitudes of the surface dilatational modulus E of adsorption layers formed by DPC
without salt and with the presence of Ce(NO3)3 and Yb(NO3)3.
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Figure IV.30: Phase angles of the surface dilatational modulus E of adsorption layers formed by DPC
without salt and with the presence of Ce(NO3)3 and Yb(NO3)3.
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clearly increase with salt concentrations (see Table III.2) especially at low frequencies. The same holds
for the dielectric loss ε ′′ (ν), which is obtained from the experimental data by virtue of correction for
the electrical conductivity κel.
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Figure IV.31: Experimentally obtained values of relative permittivity ε ′ (ν), total loss η′′ (ν) and
dielectric loss ε ′′ (ν) subject to conductivity correction for Ce(NO3)3. The extension
„-DRS“ given in Table III.2 is omitted for clarity of the legend.

The subtlety of these results points out the importance of using proper fitting tools in order to
obtain quantitative information from carefully conducted experiments. Exemplarily, this decomposition
into the contributions giving rise to the experimentally observed spectrum according to the fitting
procedure outlined in subsection 11.2 of chapter II is given in Figure IV.33 for sample „Ce1-DRS“. The
measurable quantities are recovered from adding the components arising from cooperative relaxation
processes, high frequency limiting permittivity ε∞ and the electrical conductivity κel. Fitting was
performed for all of the studied solutions in the same manner without limitations of the accessible
parameter range.

A total of seven adjustable model constants was used to adequately describe the experimentally
observed set of complex data within the applied model. This set of parameters comprises two relaxation
modes (characterized by an amplitude Sj and a relaxation time τj each), the high frequency limiting
permittivity ε∞ and the two values of the electrical conductivities κ20 GHzel and κ50 GHzel as perceived
by the two probes. The conductivity corresponding to the data obtained from the interferometric
frequency range is fixed to zero. Table IV.2 summarizes the best fit parameters obtained for the
studied solutions.

Within the concentration series of Ce(NO3)3 and Yb(NO3)3 similar trends could be observed. Upon
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Figure IV.32: Experimentally obtained values of relative permittivity ε ′ (ν), total loss η′′ (ν) and
dielectric loss ε ′′ (ν) subject to conductivity correction for Yb(NO3)3. The extension
„-DRS“ given in Table III.2 is omitted for clarity of the legend.
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Figure IV.33: Exemplary decomposition of DRS data for Sample Ce1. The spectrum is considered
the sum of contributions arising from collective relaxation, the high frequency limiting
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the utilized probes, i.e., κ20 GHzel and κ50 GHzel .
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Table IV.2: Parameters corresponding the respective best fit assuming a relaxation process with two
Debye-peaks obtained from least-squares fitting of the experimentally obtained spectra.

Sample S1 τ1 S2 τ2 ε∞ κ20 GHzel κ50 GHzel[
a.u.

] [
ps
] [

a.u.
] [

ps
] [

a.u.
] [

S · m−1 ] [
S · m−1 ]

Ce1 70.083 8.233 3.495 256.616 5.956 1.055 0.959
Ce2 70.602 8.256 2.920 293.533 5.887 0.817 0.750
Ce3 71.016 8.270 2.319 338.495 5.988 0.576 0.535
Ce4 71.685 8.290 1.350 407.767 5.874 0.312 0.293
Yb1 69.843 8.221 3.293 268.804 6.044 1.033 0.945
Yb2 70.379 8.267 2.978 310.870 6.071 0.797 0.725
Yb3 70.946 8.246 2.218 327.582 5.901 0.554 0.512
Yb4 71.532 8.279 1.203 408.689 5.885 0.295 0.285

increasing electrolyte concentration, the amplitude S1 associated with collective water dynamics
decreased slightly, whereas the corresponding relaxation time τ1 remained virtually constant. The
characteristics of the second relaxation process describing the behavior of the dipolar species introduced
by the presence of salt differ significantly. A more than 2.5-fold increase in its amplitude S2 and almost
a bisection in the relaxation time τ2 was observable over the studied concentration range. Increasing
electrical conductivity κel with salt concentration was confirmed for both Ce(NO3)3 and Yb(NO3)3 also
from the fitting results. It is to be noted that the electrical conductivity parameter κ50 GHzel corresponding
to the 50GHz coaxial probe is generally about 10% lower compared to the value of κ20 GHzel associated
with the 20GHz probe. In comparison to the experimental electrical conductivity κel collected from
measurements of impedance, the values of κ20 GHzel were found to be smaller by 3.324 ± 0.441% on
average.
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5 Photo-Responsive Azo-surfactant

In 2016, the work of Jean-Pierre Sauvage, Sir James Fraser Stoddart and Bernard L. Feringa
was awarded with the Nobel Prize in chemistry for the rational design and synthesis of molecular
machines. [270] Just as machines from the macroscopic world, also the molecular sized counterparts
envisioned by these pioneers are characterized by machine-like movements as the consequence of an
externally induced stimulus under the consumption of energy, which is typically provided via irradiation
with light. [271] The two main approaches for the construction of machines at molecular scale are based
on topological entanglements or isomerisable unsaturated bonds. Catenanes and rotaxanes operating
on the entanglement principle are readily available from template synthesis. [272] Access to externally
controlled translational motion, however, is provided only by introduction of asymmetric moieties
within the structure. [273,274] Equally, an asymmetry is at the heart of molecular structures providing
controlled unidirectional motion in overcrowded alkenes by application of irradiation with light and
thermal relaxation. This principle finally led to the well-known „nanocar“. [275]

But not only since then, switchable or responsive molecules have been of interest to the community. [276]

Next to photochromic compounds able to reversibly switch between open and closed forms (spiropy-
rans and diarylethene) or undergoing reversible dimerization (anthracene and coumarin derivatives),
molecular switches operating on a cis-trans-isomerization (azobenzene, stilbene and hemithioindigo)
are still widely used. [277] When covalently attached towards chromophores, they can act as molecular
photonic analogues of electronic transistors eventually enabling digital logic on a molecular level in the
wide range of data and signal processing. [278] Furthermore, azo-based fluorogenic probes are of high
relevance for biosensing and bioimaging as fluorescence can be tuned by the non-fluorescent relaxation
pathways provided by the azo-moiety. [279]

So called „smart foams“ are to be mentioned as another field, in which photo-responsive compounds play
a significant role. [280,281] Chevallier et al. demonstrated the destabilization of foam columns generated
from a cationic azo-surfactant upon irradiation with ultraviolet (UV)-light. [282] In a systematic study
considering a series of cationic azo-surfactants, Hayashita et al. were able to point out the influence of
molecular structure on basic characteristics such as critical micellar concentration (cmc) and electrical
conductivity of the respective cis- and trans-conformation-isomers. [283] Equally, the induced change
in polarity upon illumination was shown to be beneficial for light-controlled separation of a catalytic
polyoxometalate complex from the reaction medium. [284] Moreover, bulk rheological properties were
found to be determined and reversibly switchable for photoresponsive amphiphiles leading to so-called
photorheological fluids. [285] This is based on the concept of the isomers aggregating to distinct units
depending on the molecular shape. It is to be noted that both self-assembly and the change in behavior
to be expected upon illumination is highly sensitive towards the position of the azo-moiety within the
molecular structure. [286]

In this section, the equilibrium and dynamic surface properties of the photosensitive azo-surfactant
T226 subject to illumination with UV- and visible (Vis)-light inducing a transition between the
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geometric cis- and trans-isomeric form are studied. A characterization of the adsorption layers formed
from this soluble surfactant was carried out relying on axis symmetric drop shape analysis (ADSA)
using a pendant drop tensiometer and surface rheological experiments with the oscillating bubble to
cover the frequency range from 10 to 500Hz.

5.1 Ultraviolet-Visible-Spectroscopy

The ultraviolet-visible (UV-Vis)-spectra of the azo-surfactant T226 subject to UV and Vis-illumination
are given in Figure IV.34. Both geometric isomers of the surfactant are characterized by negligible
absorption at wavelengths above 550 nm and a maximum in absorption around 480 nm. The spectra
of the respective cis- and trans-geometric isomers differ most remarkably in the range from 320 to
380 nm
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Figure IV.34: Absorption spectra of the used azo-surfactant T226 subject to UV and Vis illumination
(Left hand scale for the absorption of the surfactant, right hand scale for the absorption
of the filter).

In this region, the Vis-illuminated solution features more pronounced absorption. In order to describe
the action of the spectral filter used for the modification of both the pendant drop and oscillating
bubble devices, its schematic absorption spectrum is shown for comparison on the right hand axis of
Figure IV.34. For wavelengths shorter than 600 nm the absorbance is very high, i.e., the corresponding
light is absorbed almost entirely. The consequence of the use of this filter is that no further light-
induced transition between the cis- and trans-isomers will take place, as „it is always dark for this
molecule“. In other words, no light overlapping with an absorption band of the studied azo-surfactant
will interact with the amphiphile. Accordingly, a relaxation can take place only via a thermally induced
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process.

Additionally, measurements of UV-Vis-absorption spectra of the UV-illuminated azo-surfactant T226
after defined temporal intervals with protection by the cut-off filter were carried out. The unaltered
state of the cis-state on the time-scale of the pendant drop and oscillating bubble experiments could
be ensured from this.

5.2 Surface Tension

Measurements of dynamic surface tension were carried out using a modified pendant drop tensiometer.
In order to allow for unaltered determination of the surface properties of the UV-illuminated form of
the surfactant, the apparatus was equipped with an additional optical cut-off filter characterized by an
absorbance above 3 for spectral wavelengths below 600 nm. This filter was placed before the sample
and served to protect the UV-illuminated azo-surfactant from relaxing back to its trans-conformation
due to a light-induced process. Additionally, the sample vials, syringes and tubing of the device were
covered in aluminum foil to further hinder this process.

A sub-cmc excerpt of the equilibrium surface tension isotherms of the respective geometric isomers
is shown in Figure IV.35. Therein, the assumed respective equilibrium surface tension γe is plotted
versus the azo-surfactant’s bulk concentration.
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Figure IV.35: Comparison of the equilibrium surface tension isotherm of T226 in the Vis and UV
illuminated limiting cases at T = 25 ◦C.

The values of equilibrium surface tension γe were obtained from extrapolating the dynamic surface
tension data collected for the respective sample solution by the pendant drop device against the
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inverse square root of the experimental time t. The value of interest was determined as the intercept
of a linear fit, when plotting the instantaneous surface tension γ against

√t−1 for surface tension
values obtained in the temporal range from 200 to 300 s subsequent to drop formation. This concept
was suggested by Joos is based on a limiting solution of the Ward-Tordai-equation as described in
subsection 3.2 of chapter II. [287,288]

At concentrations exceeding 0.5 g · L−1, the isotherms of the respective geometric isomers start to
differ significantly. The aqueous solutions of UV-illuminated samples gradually led to higher values of
equilibrium surface tension γe compared to the Vis-form upon increasing surfactant bulk concentration.
After illumination with Vis-light, a pronounced drop in equilibrium surface tension could be observed.
As mentioned previously, a steady state of the ratio between the cis- and trans-conformation was
ensured on the time scale of the conducted surface tension experiments.

5.3 Oscillating Bubble

Analogously to the modifications of the pendant drop device described in the previous subsection, also
the oscillating bubble setup was adjusted to meet the requirements of the experiment. Besides the
mentioned optical cut-off filter positioned between the illumination source and the sample chamber,
all sample containers, syringes and tubing of the device were covered in aluminum foil. Furthermore,
additional blackened lockable pipes were mounted to the measurement chamber to avoid exposure to
daylight within the entire course of the procedure.

The surface dilatational moduli of T226 for its both geometric isomers are given in Figures IV.36
and IV.37 in the representation as amplitude and phase, respectively.

Within experimental error, the adsorption layers of the UV- and Vis-illuminated forms could be
distinguished clearly. All over the entire frequency range covered by the oscillating bubble technique,
the interfacial region of the Vis-illuminated form was characterized by lower values of the amplitude
and elevated phase angles compared to the UV-illuminated sample.

5.4 Foam Stability

A first rough estimation of foam stability was obtained from shaking the UV- and Vis-illuminated
samples in glass vials. Furthermore, quantitative measurements in the foam column analyzer should
be possible as the within device, red light emitting diodes (LEDs) in conjunction with a sensitive
photo-detector array is used to measure the foam height. According to the UV-Vis-absorption spectrum,
illumination with light at wavelengths above roughly 550 nm is expected to leave the isomerization
state of azo-surfactant T226 unaltered. Therefore, the relevant parts of the apparatus were wrapped
into aluminum foil to avoid exposure of the sample to daylight in the course of the measurement. The
surfactant was filled into the darkened glass column subsequent to illumination. A total of ten foam
columns were generated from the only once illuminated samples in consecutive runs. The respective
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Figure IV.36: Amplitude of the surface dilatational modulus E as measured for the Vis- and UV-
isomers of azo-surfactant T226 by the oscillating bubble device. Dashed lines correspond
to best fits according to the extended LvdT-model.
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Figure IV.37: Phase angle of the surface dilatational modulus E as measured for the Vis- and
UV-isomers of azo-surfactant T226 by the oscillating bubble device. Dashed lines
correspond to best fits according to the extended LvdT-model.
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individual and averaged decay curves together with an image of the UV- and Vis-illuminated samples
are shown in Figure IV.38.
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Figure IV.38: Time dependence of foam columns heights of T226 subject to UV- and Vis-illumination.
The thin dotted lines correspond to the individual repeats of foam column decay.

The foam stabilities of the samples illuminated with the different types of light were found to differ
significantly. Whereas the solution irradiated with Vis-light was characterized by a rather reproducible
decay behavior and a prolonged stability, foams generated by agitating the UV-sample was less
stable. Furthermore, the scatter between the individual subsequent measurements without meanwhile
UV-irradiation is much more pronounced. The initially low foamability and fast decay gradually
transformed into characteristics of both increased foamability and stability with ongoing duration of
the experiment.
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V Discussion

In the following sections, the experimental results given in chapter IV will be discussed individually. At
the end of each respective part, a corresponding conclusion will be drawn.

The material presented in this chapter has been (partially) published or is currently under revision for
publication in peer reviewed journals. A list of respective publications is given in Appendix A.

1 Surface Effects in the Escape Mechanism of the Stenus
Beetle

1.1 Surface Tension

The deviating surface affinity of stenusine and norstenusine seems reasonable considering that norstenu-
sine bears one methylene group less. This results in a lower hydrophobicity of norstenusine in comparison
to stenusine. A Frumkin type adsorption isotherm was chosen in order to fit the experimentally obtained
set of concentration dependent values of equilibrium surface tension γe.

For compounds of the N-alkyl piperidine type, pKA-values values around 10 are reported. [289] Therefore,
quantitative protonation of the alkaloids in the present case of pH 7 can safely be assumed. Gedig et al.
performed similar experiments in buffer solutions of pH 6. [167] Since the difference in pH is rather small,
in particular considering the pKA, a comparison of the latter with the presented data (see Figure IV.1)
is justified due to a similar protonation state. However, some discrepancies were observable. The
isotherm extracted from data by Gedig et al. is characterized by significantly reduced values of surface
tension, especially for the alkaloid solutions at lower concentrations. These differences to the previous
work are ascribed to the presence of trace impurities originating from the synthesis. They come
more into effect at lower bulk concentrations due to higher surface activity of the contaminants. By
applying the outlined purification procedure, surface tension values are typically shifted upwards with
an increasing number of cycles until the state of surface chemical purity is accomplished. [290]
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1. Surface Effects in the Escape Mechanism of the Stenus Beetle

1.2 Oscillating Bubble and Pendant Drop Rheology

The values of the high frequency limiting elasticity εm as obtained from the fitting procedure to the
Lucassen-van den Tempel (LvdT)-model agree within experimental (see Table IV.1) error for the
studied solutions. Interestingly enough, the frequency dependent values of the amplitude are not
indicative for this behavior judging from the respective plots in Figure IV.2. However, the deviating best
fit parameters (see Equation II.118) for the characteristic diffusion frequency fdiff can be rationalized
in terms of the polarity of the alkaloids. A higher degree of hydrophobicity due to the additional
methylene group in stenusine as compared to norstenusine manifests as an increased characteristic
diffusion frequency fdiff . The widely differing values of intrinsic surface dilatational viscosity κ are hard
to be interpreted based on their molecular structures, as the increased energetic loss upon dilatational
deformation at higher frequencies is apparently not associated with the larger number of degrees of
conformational freedom in stenusine.

In order to assure the validity of the previously discussed oscillating bubble data, which have been
assessed on a standalone basis, its connection towards the surface dilatational results at slower
perturbation rates accessible via the oscillating pendant drop technique has been checked. Partially
neglecting the values gathered at the lower frequencies accessible by the oscillating bubble device, a
more or less smooth transition for both the amplitude and the phase angle of the studied solutions is
apparent from Figures IV.4 and IV.5, respectively. To strengthen this notion of a proper match between
the results obtained from the two instruments, the theoretical approach utilized by Ravera et al.
accounting for additional relaxation processes has been taken up. [156] Disregarding the evident outliers
in the connecting frequency region, the theory leads to a decent agreement with the experimentally
determined values of the complex surface dilatational modulus E over roughly five orders of magnitude.

1.3 Conclusion

For both natural spreading alkaloids, stenusine and norstenusine, the induced surface pressure is rather
low as compared to classical long-chain surfactants at comparable concentrations. This moderate
reduction of surface tension of pure water is sufficient, however, to induce a surface pressure driving
the beetle towards its preferred terrestrial habitat. At the same time it is sufficiently low to avoid a
drowning of the stenus comma beetle. The Baudoin number is especially important for skimming of
beetles, since a reduction of equilibrium surface tension γe below a critical value would cause the animal
to sink immediately. The spreading alkaloids modify the dynamics of the respective adsorption layers as
evidenced by the data from both the oscillating pendant drop and the oscillating bubble device. In both
cases, shifts towards surface viscoelastic behavior characterized by an increasing value of the amplitude
of the surface dilatational modulus E and a non-zero phase angle φ at perturbation frequencies above
100Hz were observed. The experimental values of amplitude and phase angle obtained from the
oscillating bubble device could be described successfully by the extended LvdT-model. Adsorption
layers of stenusine and norstenusine are characterized by a non-zero value of the intrinsic surface
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dilatational viscosity κ. This means that the expansion-compression deformation-type is associated
with a loss in energy, which makes it increasingly difficult for other water walking arthropods to follow
the stenus comma beetle. Furthermore, the validity of the latter findings has been corroborated by two
approaches. Firstly, a smooth transition between oscillating bubble and the complementary oscillating
pendant drop data was observable. Secondly, the combined results from both methods were found to
be in approximate agreement with a theoretical model allowing for a description of surface dilatational
characteristics of the studied system over a frequency range covering almost six orders of magnitude.

To conclude, the spreading alkaloids excreted by the stenus comma beetle in the course of escaping from
a water surface have a twofold purpose in terms of their physico-chemical properties at concentrations
close to the solubility limit at room temperature: inducing a surface pressure driving the beetle to
the water’s edge and rendering the adsorption layer surface viscoelastic, which additionally favors the
beetle’s escape. Semiaquatic bugs are supported by surface tension to keep them from drowning. The
locomotion of water walking arthropods leads to deformations of the water surface and the formation
of capillary waves. The decisive frequency range for the oscillating bubble studies is from 50 to 500Hz
as it matches the characteristic time of the surface deformations caused by the legs of predatory water
striders and spiders. [291]
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2 Mixed Surfactant-Electrolyte System

2.1 Surface Tension

Commercially available sodium dodecyl sulfate (SDS) is typically known to be contaminated by
n-dodecanol which possesses a higher surface activity than the main component. The applied surface
purification protocol successfully removed surface active trace impurities. Therefore, the experimentally
obtained surface tension isotherm and literature data for surface chemically purified SDS are in good
agreement, which is indicative for the absence of impurities to a large extent. Equally, this is manifested
in the negligible decrease in surface tension with time. Each point in the measured surface tension
isotherm (see Figure IV.6) represents the average value of repeated measurements by a ring tensiometer.
The change in surface tension over the time span of measurement was found to be below 0.1mN · m−1

and therefore assumed to be the respective equilibrium value. Additionally, the surface tension of
40mN · m−1 measured for the purified 6mmol · L−1 stock solution of SDS given by Lunkenheimer
et al. [169] could be confirmed in this study. The same holds for the value of 65mN · m−1 for a
1mmol · L−1 solution.

The absence of dynamics in surface tension equally holds for the studied mixtures of SDS and NaCl
shown in Figure IV.7. As discussed by Fainerman et al., [212] a reduced amount of an ionic surfactant
can be compensated by the addition of electrolyte, i.e., the surface tension of solutions from this class of
amphiphiles is mainly determined by the mean ionic strength rather than the surfactant concentration.
Here, the differences in foam stability are attributed to differences in surfactant dynamics. Therefore,
comparable values of equilibrium surface tension have to be assured for the studied solutions. For
solutions 1 to 5 as specified in Table III.1, the constancy of equilibrium surface tension for constant
mean ionic strength Imean is fulfilled. This allows for interpretation of foam and foam lamella stabilities
in terms of non-equilibrium properties obtained from surface rheological characterization.

2.2 Sum Frequency Generation Spectroscopy

An estimation of the combined information on orientation and surface propensity of SDS in the presence
of NaCl was achieved by the „leveling“ approach described in subsection 7.1 of chapter II. The ratios
of the effective second order resonant non-linear susceptibility χ̃ (2)

eff,R of the solutions containing salt to
salt-free reference solution are shown in Figure V.1.

These results indicate that the adsorbed amount of SDS contained in the interfacial layer remains
more or less constant within experimental error for the solutions containing salt. This is in agreement
with surface tension measurements assuming that a constant surface coverage leads to the same value
of equilibrium surface tension γe.

Besides the insensitivity of adsorption layers formed by a non-ionic bulky alcohol model substance
upon addition of salt up to 2mol · L−1, further confirmation has been provided for the hypothesis of
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Figure V.1: Ratios of χ (2)
eff,Salt/χ (2)

eff,NoSalt in the alkyl region for mixed solutions of SDS and NaCl.

a constant orientation of interfacially active soluble molecules. [6] Johnson et al. published a similar
outcome for the same SDS-NaCl system in an extensive sum frequency generation (SFG)-study. [292]

The change in molecular surface area was found to remain constant within 10% up to concentrations of
300mmol · L−1 and below 5% up to 30mmol · L−1 NaCl. As the influence of added salt is anticipated
to cause the most pronounced effects at high surface coverage, i.e., highest bulk concentration, it
is assumed, that the addition of salt will not lead to a pronounced difference in terms of interfacial
orientation of the adsorbed dodecyl sulfate (DS)-ions. Changes in effective resonant second order
susceptibility should therefore be ascribable to changes in the number density of adsorbed material.
As the relative intensities of the respective vibrational modes remain constant, an experimental
scatter-corrected ratio of χ̃ (2)

eff,R of sample to reference solutions should be obtainable from averaging
the ratio over the entire alkyl spectral region.

2.3 Infrared Reflection Absorption Spectroscopy

Similar to the surface specific infra-red (IR)-spectra obtained from sum frequency generation vibrational
spectroscopy (SFGVS), also infrared reflection absorption spectroscopy (IRRAS) serves to deliver
vibrational spectra originating from the interfacial region. Instead of having foundations in non-linear
optics, it is based on the intensity of light reflected from an interface and its comparison with the
signal detected from a reference system holding the pure solvent. Interpretation is conducted in terms
of the reflectance-absorbance (RA) specifying the differences between a sample and the reference
system.
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The observable decrease in RA in the region around 3600 cm−1 upon addition of salt as shown in
Figure IV.9 is indicative for an increasing amount of vibrational excitation of water in the samples.
As discussed in subsection 7.2, a positive value of RA is associated with an elevated amount of
vibrational oscillators in the reference trough of the setup as compared to the container of the sample.
Consequently, this suggests that the presence of the pure surfactant solution dramatically reduces the
experimentally „visible“ amount of surface water leading to the most prominent RA-peak. Increasing
the relative amount of electrolyte NaCl causes this peak to decrease in intensity and finally to cross
over to negative RA-values of water. This is to be interpreted as higher presence of interfacial water
molecules in solutions containing both SDS and a rather high amount of salt.

This finding or trend, however, could not be confirmed from the presented SFG-experiments, which
should in principle lead to the same conclusion. A possible reason for this might be the more intricate
experimental requirements for conducting this kind of (semi-) quantitative SFG-spectra as compared
to the IRRAS-method operating at high sampling frequencies and therefore allowing for faster data
acquisition.

2.4 Foam Stability

Upon increasing the relative salt content, the stability of foam columns and lamellae was found
to decrease. Foam lamella stability is frequently discussed in terms of both headgroup [293–295] and
hydrophobic interaction [295–298] between the surfactant chains. Further reasons associated with the
stability of films are the repulsion between the equally charged adsorption layers [36,299,300] and the
presence of an osmotic pressure due to counter-ion concentration. [301] For the studied solutions,
the decrease in surfactant and simultaneous increase in salt concentration lead to opposing effects.
A reduced surfactant concentration and therefore decreased chain interaction is compensated by
a reduction of headgroup repulsion due to the screening of electrostatic charges according to the
Debye-Hückel (DH)-theory. This so-called compression of the electric double layer leads to a thinning
of the foam films which ultimately causes them to rupture faster. For the studied solutions, the Debye
screening length κ−1D decreases from approximately 100 to 20Å upon increasing salt concentration.
Effects of ion specificity on solutions of SDS in terms of adding alkali chlorides have been found to
be highly dependent on the used concentrations. [302] Moreover, there have been interesting recent
developments in the theory of drainage processes in surfactant-electrolyte mixtures. [303]

2.5 Oscillating Bubble

The surface dilatational characteristics obtained from the oscillating bubble technique can be described
theoretically by the Lucassen-van den Tempel (LvdT)-model outlined in subsection 11.1 of chapter II.

Dissipative processes occurring within the surface region are parametrized by the value of the intrinsic
surface dilatational viscosity κ. Its best fit values were found to decrease from solution 1 to 6, whereas
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the high frequency limiting elasticity εm slightly increased and the characteristic diffusion frequency fdiff
remained constant within the studied series. The experimental surface dilatational data of SDS-NaCl-1
(pure, 1mmol · L−1) are not in full agreement with published literature data. [121] Even though a
viscoelastic character of this solution could be confirmed in the present study, the absolute values
differ considerably. This might be due to different states of surfactant purity (here: surface chemically
pure; Wantke et al.: used as received), although this possibility has been discussed and argued not to
be the case. [121] An influence of the hydrolysis product n-dodecanol on solutions of SDS has been
subject to various studies. [121,138,304] The observed deviations may be due to the differences in the used
experimental setup. A certain degree of uncertainty in the presented measurements of 1mmol · L−1

SDS is to be assumed based on the slight deviations to the best fit parameters in contributions from
Fruhner et al. [138] and Wantke and coworkers. [121] This points out the challenges in the use of the
oscillating bubble method.

2.6 Electrocapillary Wave Studies

Electrocapillary wave (ECW) studies served as the second class of experiments to determine surface
dilatational characteristics in an elevated frequency range comparable to the operating area of the
oscillating bubble.

The data were found to show a rather pronounced scatter and extraction of valid surface visco-elasticity
data was possible only at deformation frequencies exceeding around 20 to 25Hz. The exact value was
chosen depending on the respective sample in order to meet the criteria ensuring validity of results
obtained from ECW-experiments. [305] Despite the noise in the amplitude and phase angle data, a
similar, yet less pronounced trend as from the oscillating bubble experiments could be found. It does,
however, not hold exactly for each solution in the series according to the specifications in Table III.1.
Upon increasing the relative amount of salt, the amplitudes were found to decrease, whereas the phase
angles gradually were shifted to lower values over the entire accessible frequency range. This behavior
describes the transition of an initially visco-elastic adsorption layer to a more elastic state. Processes
associated with a dissipation of energy are less pronounced for the solutions characterized by a high
content of salt.

2.7 Correlation of Oscillating Bubble Results to Foam Stability Data

The mechanisms governing foam stability are very complex and several key parameters have been
claimed to be found. [136,306] Depending on the method of foam generation, even opposite behavior
concerning the amount of generated foam has been observed. [295] Here, a new parameter Λ showing a
good correlation to all of the studied foam and lamella stability parameters (R5, t1/2 and τLamella 90%,
see Figure IV.10) is introduced. It is derived from the parameters of the extended LvdT-model and
defined as
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Λ = κ · εm
fdiff

. (V.1)

This new parameter is a dimensional quantity given by the product of intrinsic surface dilatational
viscosity κ and high frequency limiting elasticity εm normalized to the characteristic diffusion fre-
quency fdiff . A rationale for this definition of the parameter is as follows: The elasticity modulus was
frequently claimed to be responsible for the stability of foams. [307] The same holds for the intrinsic
surface viscosity. [120] It is therefore a natural idea to mutually scale these quantities. The normalization
with respect to the diffusion frequency was chosen in order to eliminate this parameter, i.e., to compare
the mutually scaled modulus and viscosity as if the diffusion frequency was constant. Therefore, a
higher value of the parameter Λ is assumed to correlate with increased foam and lamella stability.
Exemplarily, the half-life time of foam columns of the mixtures containing SDS and NaCl were plotted
against the newly introduced parameter Λ in Figure V.2.
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Figure V.2: Half-life time of foam columns of the mixtures of SDS and NaCl as specified in Table III.1
plotted against the newly introduced parameter Λ. It is derived from the LvdT fitting
parameters of surface dilatational experiments (Symbols as in Figure IV.10).

The correlation of this parameter leads to an R2 > 0.8 with all of the studied foam column and foam
lamella stability parameters discussed previously.

2.8 Comparison of Bubble and ECW Data

Oscillating bubble experiments and ECW-studies allow accessing dilatational properties in roughly
the same frequency range. [67] Whereas the perturbations in oscillating bubble experiments are bound
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to take place due to mechanical interaction of the device with the volume phase of the sample, the
surface deformations introduced by the non-invasive ECW-technique are determined by the system
itself. Experiments conducted with the same solutions therefore – ideally – should yield the very same
results.

Plotting the experimental results of amplitude and phase angle of the surface dilatational modulus E
obtained from ECW and oscillating bubble experiments against one another clearly leads to a different
picture as shown in Figures V.3 and V.4, respectively.
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Figure V.3: Comparison of the absolute value of the surface dilatational modulus E obtained from
ECWs and the oscillating bubble. One point corresponds to an experiment conducted
at the same defined frequency with both the oscillating bubble and via ECWs. The
color-code corresponds to the previous graphs of this section.

Not only, that both amplitude and phase values distinctly differ in their absolute values obtained from
both methods, there is also no easy „offset“-behavior. Furthermore, the scatter is quite pronounced in
each of the dimensions of the representation. Judging from comparison with the ideally equal result
from both techniques as represented by the thicker red diagonal line, a very general and simplified
observation can be made. Amplitudes collected by the ECW-technique are too low and phase angles
are too high as compared to the oscillating bubble data. Not knowing which type of experiment
yields the more valid results, the previous claim could also be stated inversely: The amplitudes from
oscillating bubble experiments are too high and the phase angles it delivers are too low.

So far, there has been only scarce literature on the combination of these kinds of methods. Rather
other combinations of surface rheological devices are applied when targeting to cover a possible broad
frequency range. [308,309] As the notion of mutual validation of surface dilatational data from ECW
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Figure V.4: Comparison of the phase angles of the surface dilatational modulus E obtained from
ECWs and the oscillating bubble. One point corresponds to an experiment conducted
at the same defined frequency with both the oscillating bubble and via ECWs. The
color-code corresponds to the previous graphs of this section.

and oscillating bubble experiments in this specific frequency range did not lead to a fully satisfactory
outcome, additional experiments aiming to check connectivity to lower frequency data were carried
out. This will be discussed in the following.

2.9 Surface Dilatational Characteristics

Whereas both ECW and oscillating bubble setups serve to assess surface dilatational characteristics
at frequencies above 1 to 10Hz, oscillating pendant drop experiments target the adjoining lower
frequencies down to the mHz-regime.

Exemplarily, the combined surface dilatational characteristics obtained from the applied experimental
techniques (oscillating pendant drop, oscillating bubble and ECW) are compared for the limiting cases
of the SDS-NaCl series containing pure surfactant and the highest salt concentration in Figures V.5
and V.6, respectively.

Here, the representation of the surface dilatational modulus E in terms of its constituting real and
imaginary parts, rather than the previously used amplitude and phase picture was chosen. For the
considered solutions, both the real and imaginary part of the surface dilatational modulus E as
obtained from oscillating pendant drop experiments were found to increase upon elevated perturbation
frequencies. The solution containing salt (see Figure V.6), however, is characterized by a much less
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Figure V.5: Comparison of experimental surface rheological data obtained from oscillating pendant
drop, oscillating bubble and ECW for the salt-free solution SDS-NaCl-1. The data at
elevated perturbation rates from both high frequency methods are indicative for the
formation of a stable foam.
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2. Mixed Surfactant-Electrolyte System

pronounced frequency dependence in both its real and imaginary parts. Next to the rather low values
of the loss modulus, also the storage modulus increases only slightly starting from a rather elevated
amount upon rising frequencies.

The measurement of the surface dilatational modulus E requires several techniques to cover a
sufficiently broad frequency range. Unfortunately, there is still a gap, where all known techniques
are at their respective limits. Disregarding this transition zone, a more or less smooth connection
between oscillating pendent drop and the high frequency methods was observed regarding the loss
modulus for both solutions. Also the trend of increasing loss modulus for the salt free and the rather
constant values of the loss modulus for the solution containing salt could be confirmed in the high
frequency range. The situation turns out to be entirely different considering the real part of the surface
dilatational modulus E . Values gathered by ECW tend to be lower by a factor of 5 to 10 as compared
to the oscillating bubble results. A further difficulty hindering a full frequency range comparison is
due to the fact, that capillary waves could be excited only at frequencies exceeding roughly 20Hz.
This leaves open a rather broad frequency range, where both the respective techniques approach their
limits.

Nevertheless, it seems reasonable to assume that the connection of oscillating pendant drop and
oscillating bubble data is sound also for the real part of the surface dilatational modulus E , which is
not the case for the association of low frequency to ECW-data. Additionally, real and imaginary parts
could be – more or less successfully – fitted simultaneously to the model presented in subsection 11.1
of chapter II. This potentially provides further evidence for the validity of the shown oscillating bubble
data assuming that the model function was appropriate. Furthermore, this step-type behavior of surface
dilatational characteristics is in agreement with published results aiming to study surfactant-particle
interactions at liquid-liquid interfaces. [126]

2.10 Conclusion

A remarkably decreasing foam stability of aqueous solutions of SDS upon increasing the NaCl content
has been confirmed for both foam columns and single foam lamellae. It is to be concluded, that
both headgroup and hydrophobic chain interactions influence foam stability. Within the studied
series of mixtures, headgroup repulsion decreases upon increasing salt concentration due to the more
pronounced screening of the charged surfactant. This also allows for stronger inter-chain forces due to
closer approach. These counteracting effects lead to comparable equilibrium surface tension values
corresponding to similar values of adsorption, i.e., surface coverage. At the same time, it is to be noted
that the non-equilibrium properties of adsorption layers of these surfactant electrolyte mixtures differ
significantly. This is especially pronounced at higher frequencies. By combination of the most adequate
model constants of the surface dilatational data described in terms of the extended LvdT-model, a
new derived parameter Λ has been defined. For the studied solutions, a high correlation of Λ to
characteristic measures of foam column and lamella stability determined by different methods could
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be established.

Concerning the comparability of ECW and oscillating bubble results, it is to be noted that no full
agreement of the respective surface dilatational data could be confirmed. In this very case, the
differences in absolute values were too large to allow for a quantitative comparison. Nevertheless,
the general trend of a transition from surface viscoelastic to surface elastic adsorption layers upon
addition of salt was recovered from both data sets. Issues that need to be pointed out are the major
drawbacks of the methods. Whereas ECW-studies heavily depend on the underlying hydrodynamic
theory for the extraction of surface rheological parameters, oscillating bubble experiments are – in
the current version of the experimental setup – limited by the precision and validity of the applied
calibration substance and algorithm. Despite these not yet entirely clarified concerns, both methods
can serve as valuable tools for, e.g., relating foam stabilities to physico-chemical properties of adsorbed
interfacial layers. The appearance of a clearly non-zero value of the loss-modulus especially at elevated
frequencies was found to be the decisive factor determining foam stability in this admittedly simple
surfactant-electrolyte system. Interestingly enough, this feature could be confirmed by both of the
high frequency surface dilatational techniques applied.
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3 Ion Specific Effects in Alkali Decyl Sulfates

3.1 Surface Tension

The experimentally observed trend of decreasing surface tension upon increasing mass of the counterion
coincides reasonably with the earlier observations published by Warszyński et al. on this subject. [26]

Equally, this holds for the absolute values. The consistency of these results approves a proper state of
the studied alkali decyl sulfates (XDeSs).

A fit of the experimental data using the theoretical model accounting for both surfactant and counterion
adsorption (see Section 3 of chapter II) within the Stern-layer allows for a precise description of
the equilibrium surface tension results below the respective critical micellar concentrations (cmcs).
Furthermore, a decomposition of the overall adsorption into contributions arising from the decyl sulfate
(DeS) surfactant ion and the respective counterion could be achieved. The agreement of measured
equilibrium surface tension γe as a function of bulk surfactant concentration with the corresponding
theoretical curve as shown in Figure V.7 is remarkably increased compared to the conventional surface
equation of state (SEOS)-based Frumkin-fit in Figure IV.15.
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Figure V.7: Experimental surface tension isotherms of aqueous solutions of LiDeS, NaDeS, KDeS
and CsDeS with the respective best fits according to the theory outlined by Warszyński
and coworkers (solid lines of the respective color).

According to the individual surface concentrations, i.e., values of adsorption Γ of surfactant ion
and counterion as shown in Figure V.8, the specificity effect is recovered for both of the species.
The surface concentration of the counterion – model-intrinsically – remains below the value of the
surfactant ion. Nevertheless, this implies that an increased adsorption of a counterion is accompanied
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by a higher surface activity of the surfactant ion DeS. As the nature of DeS certainly does not differ
for the studied XDeSs, it is noteworthy to point out this tunability of DeS surface affinity via the
counterions’ tendency for adsorption.
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Figure V.8: Calculated adsorption of surfactant ions and the respective counter-ions for LiDeS,
NaDeS, KDeS and CsDeS. The counterion adsorption is lower than the corresponding
DeS adsorption for all the studied XDeSs. An increasing adsorption for both of the
comprising ionic species from LiDeS to CsDeS is evident.

The surface concentration of both the surfactant ion and counterion was confirmed to be higher for
smaller, weakly hydrated CsDeS. Lower values were observed for the strongly hydrated and therefore
in bulk solution larger LiDeS. [26] Interestingly enough, the series of increasing atomic radii from Li
to Cs is reversed for the monovalent hydrated cations. [310] Consequently, the values of adsorption
calculated from the experimentally determined equilibrium surface tension isotherms imply a closer
packing within the interfacial layer in the presence of smaller hydrated Cs-ions. Warszyński et al.
argued that according to the decomposed surface concentration for the considered types of ions, more
than 80% of the charge inside the Stern-layer is compensated. [26] Under the static conditions of the
conducted equilibrium surface tension experiments, counterions which are smaller in their hydrated
state will therefore lead to the formation of more compact adsorption layers.

As discussed and derived by Ivanov et al., concentration dependent equilibrium surface tension γe of
ionic surfactants can be described by a linearized dependence on a concentration-proportional quantity
(see Figure IV.16). [230,311] By means of this approach, surfactant solutions with and without added
electrolyte are treated equally. Next to „collapsing“ equilibrium surface tension isotherms of ionic
surfactants dissolved in electrolyte solutions of varying concentration, Ivanov’s version of the surface
tension isotherm is highly valuable for pointing out the effects of ion specificity in the latter class of
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amphiphiles. They showed the surface tension γe and surface concentration Γ to linearly depend on c2/3
for comparable surfactants at low coverage and suggested an extraction of a dimensionless adsorption
constant K from a linear fit of equilibrium surface tension γe against the rescaled concentration axis
in analogy to the Henry isotherm via

Γ = K · c2/3. (V.2)

The corresponding SEOS allows for an extraction of the adsorption constant K with an additional
parameter a1, which is close to the equilibrium surface tension of the pure solvent. It is given by

γe = a1 − 3kBT · K · c2/3. (V.3)

In order to relate the experimentally accessible adsorption constant K to properties on the molecular
scale, the calculation of the non-electrostatic adsorption energies of the counterions from the solution u0
is crucial. Theoretical considerations demand, that the logarithm of the adsorption constant K has to
be related to the negative of the adsorption energy u0 via a linear relationship with slope 1/2. In order
to obey this relation, critical parameters such as radii of hydrated ions have to be selected appropriately
from literature. The adsorption energy u0 can be obtained from a geometrical interaction model
taking into account the London expression for the intermolecular potential. [230] A comparison of the
experimentally gained slopes plotted against the calculated negative Boltzmann-scaled adsorption
energies of the respective counterions to literature data is given in Figure V.9. Next to the results
from the previously mentioned study by Warszyński et al. on XDeSs, also sodium dodecyl sulfate
(SDS) in presence of alkali chlorides MIX was shown to obey the relationship between adsorption
energy and adsorption constant K . The extracted values of K are summarized in Table V.1.

Table V.1: Dimensionless adsorption constant K as obtained from the linear fit of surface tension as
a function of the rescaled concentration γe(c2/3) according to Equation V.3. The values
obtained for the studied XDeSs as shown in Figure IV.16, solutions of XDeSs studied
by Warszyński et al. [26] and mixtures of 0.5mmol · L−1 SDS with alkali-chlorides MIX of
varying concentration studied by Ivanov et al. [230] are compared.

Counterion KXDeS KXDeS [26]† KSDS [230]‡
[
1
] [

1
] [

1
]

Li 33.43 36.29 105
Na 39.66 40.47 123
K 51.92 54.80 166
Cs 56.62 57.47 166

The increased adsorption constant K observed for longer chain dodecyl sulfate (DS) compared to DeS
†extracted from the provided experimental data according to the outlined procedure.
‡use of values tabulated in the respective publication.
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Figure V.9: Natural logarithm of the adsorption constant K plotted against the dimensionless
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3. Ion Specific Effects in Alkali Decyl Sulfates

is to be understood as a consequence of the higher solubility of DeS. [230] Good agreement between
the experimental results and the values derived from the data provided by Warszyński et al. for the
adsorption constant were found. [26]

3.2 Time Dependent Surface Tension

The absence of a temporal dependence in surface tension is considered one of the criteria to judge the
state of surface chemical purity in a surfactant solution. [169,172] As evident from Figure IV.17, there is
still a slight decrease in the experimental value, which is indicative for trace amounts of amphiphiles
competing for adsorption towards the surface. The fact that the equilibrium surface tension isotherms
published by Warszyński et al. could be recovered both in their trends and roughly in terms of absolute
values was assumed to be adequate for the main purpose of the study conducted here. [26] Additionally,
there was only a subtle change in surface tension over the studied time frame. Surface dilatational
rheology of aqueous solutions of XDeSs at specified values of equilibrium surface tension γe and its
relation to foam stability was the major aim of this investigation. The solutions eventually studied at
their respective concentrations did not differ by more than ±1mN · m−1 in surface tension, which was
expected to be sufficient for the purpose of the study.

3.3 Foam Stability

As pointed out previously, a smooth transition from low stability to high stability foams along the ion
specific series established from equilibrium surface tension measurements was not clearly evident in the
conducted foam stability experiments. For each of the studied solutions with non-negligible foaming
behavior (45 and 55mN · m−1) there is one counterion causing an outlier in the trend of foam column
decay (see Figure IV.18). This is additionally complicated by the fact, that the non-monotonous
course of foam stability parameters varies with equilibrium surface tension γe. Whereas for the
45mN · m−1 solutions, NaDeS was found to generate „too stable“ foams, the same holds true for
KDeS at 55mN · m−1. In this case, the typical ordering is hampered by a „too low“ stability of CsDeS
or „too high“ stability for the solution of KDeS. As in other experiments, NaDeS and KDeS were
found to behave similarly and NaDeS maintained its position in the series, the role of the outlier is
ascribed to KDeS for the 55mN · m−1 samples.

Due to repeated difficulty in collecting valuable assessments of stability from analysis of foam columns
possibly caused by non-uniform rupture or other artifacts, a more simplistic approach was chosen. A
rough approximate estimation of foam stability was obtained by manually shaking defined volumes
of aqueous solutions at constant equilibrium surface tension γe of 55mN · m−1 for a certain time.
The picture in Figure V.10 was taken a few seconds after the foam generation process. Interestingly
enough, a trend of increasing stability along the series from LiDeS over NaDeS and KDeS to CsDeS
could be confirmed from this – admittedly not highly scientific – method.
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Figure V.10: Photograph of manually foamed XDeSs columns from solutions with an equilibrium
surface tension γe of 55mN · m−1.

It is to be noted, however, that this observation was to be expected solely from the oscillating bubble
results gathered for the aqueous solutions of XDeSs making use of experience from previous projects.
The corresponding surface rheological data will be discussed in the following.

Even though literature on the effects on ion specificity is not abundant, there have been some
interesting findings. [174] Pandey et al. demonstrated increasing foam stability of the closely related
DS in the series of counterions from Li over Na and Cs to Mg at sub-cmc concentrations in a similar
experiment. [312] Besides these cation-related effects, also the ion specificity in foaming behavior
introduced by different anions has been subject to investigations. Whereas protein isolates from Lablab
purpureus were found to be stabilized by the presence of chaotropic, soft counterions, the opposite
holds true for whey protein isolate. [313,314]

3.4 Oscillating Bubble

A trend of ion specificity was equally observable under the dynamic conditions of the conducted
surface rheological measurements applying dilatational deformation by means of the oscillating bubble
technique. As previously discussed in subsection 3.1, the deviating behavior of the investigated DeS
surfactant ions accompanied by various alkali counterions may be accounted for by the different
hydrated sizes of the latter in solution. In a highly recognized contribution, Collins chose to classify
ions according to their ability for „structure-breaking“ and „structure-making“ in aqueous solutions,
whereas the interaction strength between two water molecules is considered the reference of this
ordering scheme. [315] Small, hardly polarizable ions are characterized by a stronger attraction to water
than other water molecules. They are referred to as cosmotropic, i.e., order-inducing. Larger and
therefore more polarizable ions having less affinity to water are called chaotropic. For alkali-metal ions
the dividing line between these two types of behavior is situated between K and Na. In principle, the
Collins-concept is to be understood as an evolution of the hard and soft acids and bases-approach
suggested by Pearson more than 40 years earlier. [316–318]

Going back to the relation between the size of the hydrated ion and the experimentally assessed
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surface dilatational rheological characteristics, it is to be noted that the presence of smaller hydrated
ions is associated with elevated values of the amplitude and the phase angle of the surface dilatational
modulus E . Exemplarily, the amplitude is higher by a factor of roughly two and also the phase angle
is significantly increased for the small hydrated Cs-ion in CsDeS as compared to the highly solvated
and therefore large Li-ions in LiDeS. These characteristics of CsDeS are associated with a larger force
counteracting an induced deformation of the surface area and simultaneously an increased viscous loss
in the course of this procedure. Adsorption layers of CsDeS were found to exhibit more pronounced
surface viscoelastic behavior with higher values of the amplitude of the surface dilatational modulus E
compared to LiDeS. The picture of a closer packing within the equilibrium adsorption layers in the
presence of smaller hydrated counterions therefore is in agreement with the findings under dynamic
conditions. A higher adsorption density of adsorbed surfactant requires more energy for perturbation
of the respective layer. This manifests in an elevated amplitude of the surface dilatational modulus E .
Furthermore, the combination of larger values of the amplitude of the complex modulus with elevated
phase angles suggests the formation of stable foams.

A possible reason for the deviation of NaDeS under dynamic conditions could be identified from
subsequently collected dynamic light scattering (DLS) data. In contrast to the correlograms obtained
from the other solutions, an onset of a bimodal distribution at the concentration of the used stock
solutions was observable. Complementary measurements above cmc of – not surface chemically
purified – samples confirmed the non-monomodal aggregation exclusively for solutions of NaDeS. The
deviations of NaDeS under dynamic conditions therefore suggest a not entirely successfully conducted
surface chemical purification procedure. Nevertheless, an effect of ion specificity on the dynamic
interfacial properties of aqueous solutions of alkali DeSs was demonstrated.

3.5 Conclusion

Despite the study of ion specific effects representing a field of active interest to colloid and interface
science, corresponding studies of foam stability have attracted little attention so far. Aqueous sub-cmc
solutions of XDeSs have been characterized with respect to their adsorption behavior at the air-water
interface and analyzed in terms of their deviating surface affinity by the theory of simultaneous
surfactant and counterion adsorption outlined by Warszyński.

Even though a clear Hofmeister series was not evident from measurements of foam column stability, a
rough estimate trend in agreement with published literature results for structurally related alkali-DS
could be obtained. Accordingly, foam stability should increase with the chaotropic nature of the
cationic counterion. This evolution is in agreement with surface dilatational properties assessed by
the oscillating bubble technique. Solutions of both elevated values of the amplitude of the surface
dilatational modulus E and phase angle φ were found to lead to the formation of more stable foams.
Additionally, these findings under non-equilibrium conditions could be related successfully to the
information obtained from conventional measurements of equilibrium surface tension γe. Higher
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adsorption of smaller hydrated ions equally favors a transfer of the oppositely charged DeSs. Due
to the smaller extension of the cation, the surfactant molecules can approach each other more
intimately. This results from the reduced steric repulsion introduced by the cation and stronger
dispersive interactions between the hydrophobic moieties of interfacial DeSs. The dilatational probing
of this „more dense“ DeS layer strengthened by the presence of small counterions manifests as an
increased amplitude of the surface dilatational modulus E with the consequence of more pronounced
foam stability on a macroscopic level.

In order to further quantify the validity of this concept, an extended version of this experiment using
surfactants of different chain lengths and counterions on the extreme ends of the Hofmeister series,
also taking into account differently charged ions, would be desirable. The resulting clarification of the
relative importance of electrostatic surfactant-counterion interactions, headgroup-headgroup-repulsion
and dispersive chain attraction is expected to contribute to the understanding of ion specificity in
foams.
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4 Ion Specificity in Adsorption Layers of
n-Dodecylphosphinecholine

4.1 Density, Viscosity and Electrical Conductivity

By virtue of their sufficiently high solubility dissolution of both Ce(NO3)3 and Yb(NO3)3 increases the
number of charge carriers within the solution. Besides elevated densities as compared to the „empty“
solvent, this comes along with increased values of electrical conductivity and viscosity. Whereas
the relation between the respective property and the concentration is roughly linear in the highly
dilute regime, more or less pronounced deviations from this behavior can be observed at higher
concentrations. [190]

The experimentally observed increasing viscosity upon rising salt concentration is in agreement with
previous, long-standing findings. For strong electrolytes at low concentrations, Jones and Dole
suggested a relation between viscosity η and solute concentration c given by [319,320]

ηnormalized = 1 + A√c + Bc. (V.4)

The parameters A and B extracted from a concentration dependent fit of the viscosities normalized
to the pure solvent viscosity, i.e., ηnormalized = η/ηsolvent can be traced back to interactions within
the solution. Whereas A takes into account the interaction between ions, the coefficient B serves to
describe interactions between solvent and solute. It has been used as one of the first measures of ion
specificity. [321–323]

4.2 Isothermal Titration Calorimetry

Hydration enthalpies of Ce(NO3)3 and Yb(NO3)3 were intended to be derived from isothermal titration
calorimetry (ITC) measurements via extrapolation to infinite dilution of the data shown in Figure IV.26.
It is to be noted that here only the heat coloring upon further dilution of an electrolyte solution was
measured. An extrapolation using an empirical expression yields a more negative value for Ce(NO3)3
as compared to Yb(NO3)3. This means, that the further dilution of 10mmol · L−1 Ce(NO3)3 with
pure water is more exothermic compared to the same process for Yb(NO3)3.

Keeping in mind, that the differences are bound to originate exclusively from the nature of the
cation, this finding is rather surprising judging from the hydration enthalpies and ionic radii tabulated
for the respective ions. [237,324,325] Even though the absolute values of the trivalent ionic radii differ
depending on the source, they are reported to decrease with increasing atom number due to the effect
of lanthanide contraction, i.e., Ce3+-ions are larger than Yb3+-ions. From an exclusively electrostatic
point of view, the closer approach between cation and coordinating species is expected to lead to a
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more exothermic binding under the assumption that the same number of water ligands can interact.
From the experimental ITC-data, however, a stronger binding, i.e., association of water was suggested
for the larger Ce(NO3)3. This finding could be rationalized by the presence of more rather than
stronger binding of water towards the larger Ce(NO3)3 as compared to smaller Yb(NO3)3. It is to be
noted that the terms „smaller“ and „larger“ used in this context refer to the crystallographic radii.

4.3 Surface Tension

The equilibrium surface tension isotherm of n-dodecylphosphinecholine (DPC) features the typical
behavior of an aggregating surfactant characterized by decreasing values up to the critical micellar
concentration (cmc), after which the value remained constant within experimental error. Even
though the hydrophobic part of the studied DPC does not differ from the anionic standard surfactant
sodium dodecyl sulfate (SDS), the cmc is greatly reduced from 8mmol · L−1 to the range from 1 to
2mmol · L−1. [326] This finding is indicative for a reduced solubility of the zwitter-ionic phosphocholine
headgroup compared to the negatively charged and therefore more hydrophilic alkyl sulfate in SDS.
Nevertheless, the sub-cmc part of the equilibrium surface tension isotherm can be described satisfactorily
relying on the Langmuir adsorption isotherm

γe = γ0 − RTΓ∞ · ln (1 + KLc) (V.5)

with the maximum surface coverage Γ∞ and the Langmuir adsorption constant KL as adjustable model
parameters. The equilibrium surface tension of the solvent is represented by γ0 and the constants R
and T have their usual meanings.

Furthermore, the absence of aggregates in 1mmol · L−1 DPC solutions in presence of 30mmol · L−1

Ce(NO3)3 and Yb(NO3)3, which have been studied in more detail in further surface rheological and
foam stability investigations, was confirmed by vanishing magnitudes of the autocorrelation function in
dynamic light scattering (DLS) measurements. The concept of inducing aggregation in ionic surfactant
solutions upon addition of salt, i.e., shifting the isotherm further towards lower concentrations is
reported. [327] The zwitter-ionic surfactant DPC appeared to be unsusceptible to this effect in case of
adding Ce(NO3)3 or Yb(NO3)3 at the specified concentrations.

4.4 Foam Stability

Mixtures containing the soluble surfactant DPC and two types of lanthanide electrolytes confirmed a
similar trend of foam stability as discussed in section 2 for the SDS-NaCl system. The addition of salt
was equally found to bring along a reduced foam stability of the respective aqueous solutions for the
zwitter-ionic amphiphile. As this charge distribution within the headgroup demands an electrostatic
interaction with both the cation and the anion of the respective added salt, the deviating foam
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stabilities have to be accounted for by the nature of the cation.

The most prominent feature of a spherical ion is its radius. Foams generated in presence of the larger
Ce-ions (r = 1.01Å) as compared to the smaller Yb-ions (r = 0.86Å) were characterized by a reduced
lifetime. [328] This implies, that larger charge carriers either have an intrinsic destabilizing mechanism
or that they counteract the usually operative stabilizing mechanisms more effectively than ions with
smaller radii. The latter effect might be the weakening of hydrophobic interactions between the alkyl
chains of the surfactant adsorbed towards the interface. A cation-intrinsic destabilization might be
due to the preferred interfacial adsorption of the „softer“ Ce-ions.

Interestingly enough, also the initial foam volumes generated under the same conditions almost
coincided for the respective surfactant solutions containing electrolyte. In both cases they were
remarkably higher than for the pure surfactant. A non-negligible deviation of initial foam volumes
between the studied samples could be identified, nevertheless. This observation is indicative for
foamability, i.e., the foam volume obtained under certain constraints being related to equilibrium
surface tension γe as well. A lower value will allow for the creation of larger surface areas upon the
same energy input. The equilibrium surface tension γe of salt-free 1mmol · L−1 DPC was found to
decrease from roughly 44mN · m−1 in presence of the studied lanthanide-(III)-nitrates to reduced
values. Approximate reductions by 4 and 8mN · m−1 manifested in 1.3 and 1.5-fold initial foam
volumes for 30mmol · L−1 Ce(NO3)3 and Yb(NO3)3, respectively.

4.5 Oscillating Bubble

As pointed out in subsection 4.5 of chapter II, a clear distinction between the three studied solutions
was possible in terms of the amplitudes of the surface dilatational modulus E, whereas the phase
angles agreed within experimental error in presence of the electrolyte. The characteristics of an
increasing modulus and decreasing phase angle are indicative for a transition from a surface viscous
towards a more surface elastic behavior upon addition of an electrolyte. This could be confirmed for
both studied mixtures of DPC with the respective lanthanide-(III)-nitrate. The extent of this effect on
the modulus is assumed to be due to ion specificity as the system was varied only with respect to the
type of the cation.

These findings are in agreement with a previous study on a mixed surfactant-electrolyte system
comprising SDS and Ce(SO4)2. It served as a proof of principle, that a transition from surface viscous
to surface elastic behavior could be induced by addition of a highly charged electrolyte to an ionic
surfactant. [329] Here, the effects are more subtle but still follow the same trend. This is the case for
several reasons. First, the concentration of the DPC probe molecule was reduced as compared to
the previous study. Second, the strength of the generally strong electrostatic interaction between
the surfactant headgroup and the electrolyte ions was reduced by using a zwitter-ionic instead of an
anionic headgroup and three-fold positively charged cations rather than the Ce(IV)-ions.
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Interestingly enough, even at this rather low surfactant concentration, the ion specific influence of
the respective salt solution on the dynamic properties of the DPC adsorption layer serving as a probe
for these effects can be clearly discerned. The differences in the surface dilatational modulus E are
assumed to be due to deviating interaction strengths between the zwitter-ionic surfactant headgroups
and the ions formed from the dissolved salt. Especially the solvation behavior of the electrolyte is
expected to be decisive.

4.6 Dielectric Relaxation Spectroscopy

The importance of a valid and robust fitting procedure is crucial for the extraction of meaningful
parameters and thus a sound quantitative interpretation of dielectric relaxation spectroscopy (DRS)
data. Generally, small-amplitude modes peaking at the edges of the covered frequency range tend
to be over-estimated in terms of their amplitudes. [165] Here, especially the mode due to the dipolar
species formed in presence of the respective electrolyte is located rather closely to the lower border
of the accessible frequency range and characterized by a low amplitude. This is anticipated from
the almost indistinguishable relative permittivity ε ′ (ν) in the raw data. The values found with the
approach described in subsection 11.2 of chapter II tend to be lower as compared to the formerly used
IGOR-script. [159,163,330] Furthermore, no restriction of any of the model constants was required to
reach a stable solution.

From analysis of the best fit amplitude of the relaxation modes reported in Table IV.2, solvation
numbers of the corresponding dielectric species can be inferred. [165] Therefore, the analytical water
concentration cH2O is compared to the apparent water concentration capp

H2O and normalized with respect
to the concentration of the dipolar species introduced due to the presence of the electrolyte cIP to
yield the effective solvation number Zeff via

Zeff = cH2O − capp
H2OcIP

. (V.6)

The latter two concentrations, i.e., capp
H2O and cIP are calculated from the respective peak amplitudes

via the Cavell-equation assuming slip boundary condition for kinetic depolarization. [331] The concen-
tration dependent results for the electrolyte solutions of Ce(NO3)3 and Yb(NO3)3 are summarized in
Figure V.11.

As evident from this plot of solvation numbers against the electrolyte concentration present in the
sample, the dielectric species formed from Yb(NO3)3 are generally characterized by a higher degree of
solvation. Typically, the solvation number of an electrolyte solution refers to the extrapolation of this
value against zero, i.e., the idealistic case of infinite dilution. Here solvation numbers of 58.4 ± 7.5
and 46.1 ± 3.6 were identified for Yb(NO3)3 and Ce(NO3)3, respectively.

The apparent lower solvation number in case of Ce(NO3)3 compared to Yb(NO3)3 further complicates
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4. Ion Specificity in Adsorption Layers of n-Dodecylphosphinecholine
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Figure V.11: Solvation numbers of the dipolar species inferred from analyzing the respective peak
amplitude and salt concentrations of Ce(NO3)3 and Yb(NO3)3. Solid lines correspond
to the respective linear regressions.

the interpretation of the previously discussed ITC data. As the more exothermic dissolution of
Ce(NO3)3 could be rationalized neither in terms of a stronger individual electrostatic interaction nor
an increased number of ion-water contacts via the solvation number, additional forces have to be
operating in order to explain the findings from ITC. These forces could be related to the existence of
more pronounced dispersion forces in Ce3+-ions compared to Yb3+-ions. Despite the higher number
of electrons in Yb, the ions are „harder“ and possibly less polarizable due to the contraction effect,
which supports the concept of relevant dispersion forces in Ce(NO3)3.

4.7 Relating Surface and Bulk Properties

In order to get further insight into the effects of ion specificity for the studied system, all of the
experimental evidence from the different types of measurements will be taken into account. The main
finding is that a higher bulk solvation number of the respective pure electrolyte solution as inferred
from the DRS study comes along with an increased value of the surface dilatational modulus E and
vice versa. In the following, a rationale for this behavior is suggested.

The oscillating bubble technique serves to characterize the exchange processes between bulk and
interface upon varying surface area. During a surface area expansion, this comprises – on a molecular
level – the desolvation and transfer of surfactant and ions towards the interface. In case of Yb(NO3)3
present in the solution, a larger number of water molecules will have to be forced away from the
dipolar species assessed by DRS and accordingly also the cation. In the oscillating bubble experiments,
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this results in an increased surface dilatational modulus E .
Going back to the molecular level picture, a concept unifying the experimental results can be developed.
It is assumed, that the interaction strength between the zwitter-ionic surfactant headgroup and the
dipolar species probed via DRS is the determining factor for the amplitude of the surface dilatational
modulus E . A strong interaction is anticipated to be related to higher values of the surface dilatational
modulus E. As schematically shown in Figure V.12, the combined information from DRS- and
ITC-experiments suggests the presence of a larger and simultaneously less strongly bound water shell
around the dipolar species formed from Yb(NO3)3 as compared to Ce(NO3)3. Consequently, this
„softer“ shell around Yb(NO3)3 at only slightly differing ionic radii should be easier to be stripped
off upon approaching the interfacially adsorbed DPC to form quadrupole-type interactions. As this
mechanism is associated with a higher energy barrier in case of the more tightly bound and smaller
shell in Ce(NO3)3, also the interaction strength between dipolar electrolyte species and the headgroup
is reduced.

4.8 Conclusion

A combination of surface rheological measurements and DRS in conjunction with ITC was used in
order to identify possible origins of ion specific effects in aqueous mixtures of the soluble phospholipid
model substance DPC and the lanthanide-(III)-electrolytes Ce(NO3)3 and Yb(NO3)3. The transition
towards a more surface elastic behavior of surfactant adsorption layers upon addition of highly charged
salts found in a previous study could be – to a less pronounced extent – confirmed. Additionally,
an ion specificity of the used salt having an influence on the amplitude of the surface dilatational
modulus E was detected. This finding is suggested to be caused by the deviating solvation behavior of
the respective dipolar species in the bulk and its consequences for the interaction with the zwitter-ionic
headgroups of DPC. The need to overcome this solvent association with the dipolar electrolyte species
to achieve a transfer towards the interface is associated with a certain energy manifesting in the
surface dilatational modulus E. Further experiments using additional lanthanide salts and will be
required to clarify the suggested relation between DRS and oscillating bubble data, i.e., bulk solvation
behavior and surface dilatational modulus E . Furthermore, an in-depth study of mixed DPC electrolyte
solutions is expected to contribute significantly to the understanding of the governing processes. A
first set of preliminary DRS data (not shown) obtained for mixed DPC-electrolyte solutions suggests
that in this case ion specificity is a purely interfacial effect, as the spectra were almost indistinguishable
to the results given in the previous sections.
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Figure V.12: Interaction scheme in mixed DPC-lanthanide-(III)-nitrate layers.
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5 Photo-Responsive Azo-surfactant

5.1 Ultraviolet-Visible-Spectroscopy

As described previously, the spectra of T226’s cis- and trans-isomers differ most significantly in the
spectral range around 350 nm. The absorption in this region is characteristic for the composition
of the solution in terms of relative amounts. Upon continued illumination with ultraviolet (UV)
or visible (Vis) light, the absorption spectrum is modified accordingly. On a molecular scale, the
transition towards lower absorption upon irradiation with UV light is connected to a switch to the
cis-state. [277,332]

Illumination with light outside the range of non-vanishing absorption leaves the azo-surfactant –
photochemically – unaltered with respect to its cis-trans-mixture. This principle is at the heart of the
„protection scheme“ introduced by the use of the described cut-off filter.

5.2 Surface Tension

The deviations in equilibrium surface tension γe of the azo-surfactant subject to different types of
illumination as shown in the surface tension isotherms in Figure IV.35 can be interpreted in terms of
diverging surface activity of the respective dominating geometric isomers. According to the Gibbs
adsorption isotherm (GAI) given by

Γ = − 1
RT

d γe
d ln c , (V.7)

the surface coverage Γ can be related to the slope of the equilibrium surface tension isotherm. In the
latter equation, R and T have their usual meanings. The higher absolute value of the slope in the
isotherm of the Vis-illuminated solution, i.e., the sample dominated by the trans-isomer, can therefore
be interpreted in term of increased surface activity of the trans-form compared to the cis-isomer
obtained from UV-illumination.

Moreover, this adsorption behavior can be related to the dipole moment of the cis- and trans-species.
The measured equilibrium surface tension isotherm is in agreement with Hartley’s conclusion of higher
water solubility of the cis-isomer due to a significant increase in the dipole moment to values on the
order of 3D. [332] This increased polarity allows for a better interaction with the polar solvent water.
It is characterized by a dipole moment of about 1.85D, which can be obtained from a simplified
consideration of the valence shell electron pair repulsion-model. The value has been confirmed by an
extensive experimental study taking into account vibrational excitation. [333] Consequently, the more
soluble cis-isomer is present preferentially in the bulk with a lower affinity towards the surface. This
manifests as both a lower slope and higher absolute values in the equilibrium surface tension isotherms.
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5. Photo-Responsive Azo-surfactant

5.3 Oscillating Bubble

The experimental results for the UV- and Vis-illuminated adsorption layers of the studied azo-surfactant
T226 were found to be clearly distinguishable. Additionally, the respective experimental amplitude and
phase values of the surface dilatational modulus E varying with the applied perturbation frequency
could satisfactorily be described in terms of the extended Lucassen-van den Tempel (LvdT)-model
in a frequency range from 40 to 400Hz. The best-fit values of model parameters are summarized in
Table V.2.

Table V.2: Best fit parameters of the extended LvdT-model to match the experimentally obtained
surface dilatational modulus gathered by means of the oscillating bubble device.

Sample εm fdiff κ[
mN · m−1 ] [

s−1 ] [
N · s · m−1 ]

UV 29.4 ± 2.8 5.2 ± 0.4 1.1 ± 0.2 · 10−6

Vis 26.9 ± 6.3 17.7 ± 2.7 2.4 ± 0.7 · 10−6

The parameter values of the high frequency limiting elasticity εm are in agreement with what could be
expected from the experimental data shown in Figure IV.36: only slight differences. In terms of the
remaining model parameters of characteristic diffusion frequency fdiff and intrinsic surface dilatational
viscosity κ, a more pronounced distinction is obvious. The respective values are increased by factors
between 2.5 and 3 for the Vis-form in comparison to the UV-isomer. Both findings can be interpreted
as the emerging of more pronounced dissipative loss processes in adsorption layers formed by the less
soluble trans-isomer in comparison to the more polar and therefore readily water-soluble cis-form of
the azo-surfactant T226.

5.4 Placement of Oscillating Bubble Results on Previous Studies

In a conceptually related work, Chevallier et al. utilized the photoresponsive cationic trimethyl-
ammonium azo-surfactant AzoTMA to generate „photofoams“. [282] They showed critical micellar
concentration (cmc), equilibrium surface tension γe and interfacial composition to be dependent on
the illumination state of the solution, but pointed out that their results on foam stability of the
respective isomers „do not correlate with effects of light on surface tension, nor with total surfactant
concentration“. The importance of competitive adsorption of the isomers was deemed to be crucial.
As the major finding of their contribution, the photo-controlled foam could be switched from a stable
to an unstable state subject to irradiation with UV-light. Due to the structural similarity of surfactant
used by Chevallier et al. and T226, it is assumed that conclusions drawn from the T226-system
similarly hold for AzoTMA. The elevated phase angles of T226 after Vis-illumination are indicative for
the action of energy-dissipative processes in the interfacially adsorbed layer. Foams corresponding to
this state were found to feature higher stability. Reversely, decreasing foam stability upon irradiation
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with UV-light was associated with lower values of the phase angle, i.e., less pronounced processes
involving a dissipation of energy.

This highlights the finding that the photo-controlled stability of the studied azo-surfactant could be
anticipated judging solely the data obtained from the oscillating bubble device before actually testing
the foam stability of the respective solutions.

5.5 Conclusion

Adsorption layers formed from the cis- and trans-isomers of the photosensitive azo-surfactant T226 were
found to be distinguishable with respect to both their equilibrium and dynamic interfacial properties.
In the higher frequency range from 40 to 400Hz covered by the oscillating bubble technique, the Vis
light irradiated sample with the predominant trans-isomer was found to be subject to more pronounced
dissipative losses. This manifested in both higher values of the phase angle and increased foam
stability. Just as for the UV-irradiated solution, a quantitative description relying on the extended
LvdT-model was found to deliver adequate agreement between model and experimental data. These
findings are in agreement with previously published results on structurally related photofoams. It is
to be pointed out, that the relative stabilities of the foams generated from the solutions dominated
by the cis- and trans-isomers could successfully be predicted judging from the results of oscillating
bubble experiments.

An attempt to model the surface dilatational properties in the overall frequency range covered
by combining both low frequency oscillating pendant drop and high frequency oscillating bubble
experimental data did not lead to a satisfactory agreement between a two-process relaxation model
and the measured results. Next to the possibility of failing experimental techniques, the used model
might not be valid. To exclude the effects of experimental shortcomings of the devices, an overlap
of the respective accessible frequency ranges would be desirable. So far, valid oscillating pendant
drop data can be obtained until an upper frequency around 0.5Hz, the oscillating bubble is limited
to frequencies exceeding 3Hz leaving the range of interest uncovered. Further developments on the
instrumental side will be required to confirm the validity of the experimental data and only then
discuss the potential deficiencies of the model.
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VI Conclusion

By virtue of the presented highlights focusing on different aspects of interfacial behavior, the importance
and relevance of surface dilatational rheology could be demonstrated successfully. The thesis’ goal
of establishing a clearer relation between microscopic properties and macroscopic observables was
accomplished. Very subtle effects such as differences in molecular structure, ionic strength and nature
of counterions on the characteristics of adsorbed surfactant layers were found to be distinguishable with
the presented state of the further developed oscillating bubble device. This allowed for contributing to
the elucidation of the relation between surface dilatational properties and foam stability.

It has to be noted that the presented oscillating bubble results have been measured with differently
developed states of the apparatus. Even though there have been deviations in terms of absolute values
using distinct evolution stages, interesting conclusions could be drawn from measurements conducted
with the same setup. The main findings of the presented projects will be pointed out in the following.

i) A remarkable property of the secretion of the stenus comma beetle upon its escape from predatory
insects was confirmed. Next to propelling the beetle towards the edges of ponds and lakes, it renders
the interfacial region visco-elastic. Consequently, it is more cumbersome for predators to follow its prey,
the stenus comma. Only the access to elevated perturbation frequencies provided by the oscillating
bubble device allowed for identification of this unusual feature.

ii) The extensive study of mixed sodium dodecyl sulfate (SDS)-NaCl solutions led to the development of
a new parameter relating foam stability to characteristics obtained from surface dilatational experiments
at elevated frequencies. Furthermore, the importance of a multi-technique approach for the assessment
of rheological characteristics with the purpose of mutual validation was pointed out. A first criterion
to judge the validity of high frequency data is the connectivity to low frequency data collected by
established techniques such as the oscillating pendant drop. A challenge for the future is to „close“
the transition zone between low and high frequency techniques, at which the respective devices reach
their limits. The use of adequately sized capillaries in appropriately adjusted sample cells is suggested
as a remedy.

Whereas ion specificity has been a subject of long-standing interest in biology, only the advent of
new developments in theory and instrumentation brought it to a revived focus of physical chemists’
investigations.

iii) Oscillating bubble data suggested the eventually apparent series of alkali decyl sulfate (XDeS)
foam stability with varying counterions devoid of previous knowledge on the foaming behavior. The

page 147



VI. Conclusion

results were found to be in agreement with an ordering according to the Hofmeister series of cations.
Furthermore, they are to be understood as an example for the predictive power of surface dilatational
characteristics on foam properties.

iv) Ion specificity was equally confirmed for mixtures of the zwitter-ionic model surfactant n-
dodecylphosphinecholine (DPC) with highly charged lanthanide-(III)-nitrates. The combination
of methods sensitive to the surface and the bulk allowed for an unexpected interpretation: ion
specificity in this system is of interfacial origin, i.e., the bulk properties as evidenced from dielectric
relaxation spectroscopy (DRS) of the salt solutions did not differ in presence of the surfactant, whereas
the surface characteristics did. The specificity of the studied types of cations was ascribed to the
deviating interaction of the apparent dipolar species with its surrounding water shell and the adsorbed
zwitter-ionic surfactant.

v) The capability of distinguishing the geometrical isomers of an azo-surfactant subject to different
types of illumination by means of surface rheological measurements at elevated frequencies is another
showcase example of the oscillating bubble experiment. Due to the fast data acquisition time on the
order of 10min for the entire accessible frequency range, the system could safely be assumed to be
unmodified at the time scale of the experiment. A comparison of the obtained results to electrocapillary
wave (ECW)-data for the sake of confirmation is unfortunately expected to be unlikely due to the
elevated demand for sample and the need for a time-consuming preparation.

Whereas the focus of this work was on the investigation of ionic surfactants and their susceptibility
to modifications introduced by the presence of counterions of different nature, it is to be noted that
also non-ionic amphiphiles represent an intriguing field of research. The incidence of ion specificity
in non-ionic surfactant solutions is probably one of the most compelling pieces of evidence for the
importance of Hofmeister-effects. For instance, experimental findings on disjoining pressure isotherms
cannot be accounted for by the Derjaguin Landau Verwey Overbeek-theory. Conversely, it even
suggests foam stabilities opposite to the actual observations in these systems. This is indicative for the
importance of interactions between ions and water at interfaces, which appears not to be described
appropriately in the present state of theory. Surface rheological data has the potential to contribute
to modeling of dynamic processes at interfaces.

The presented oscillating bubble device enables to address further challenging questions of interest for
both academia and industry in the near future.

From an academical point of view, further questions are emerging from the availability of accelerated
surface dilatational data acquisition in an extended frequency range. This includes the existence of
surface-specific analogs of time-dependent rheological behaviors well established in the bulk phase such
as thixotropy or rheopexy. Moreover, in-depth studies of the rheological characteristics subsequent
to external stimuli span a further field of interest. Studying adsorption layers consisting of adequate
switchable surfactant model systems under dynamic conditions is expected to contribute to a better
understanding of interfaces. Next to photo-switchable amphiphiles, also molecules featuring other
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kinds of phase transitions, e.g., induced by a change in temperature, could serve as model substances.
A probably very pronounced effect and time dependence is to be expected from azo-bolaamphiphiles.
In this case, illumination with ultraviolet (UV) or visible (Vis) light should allow for a precise reversible
tuning from a one-headgroup to a two-headgroup surfactant characterized by – presumably – largely
discriminable surface rheological behavior.

Considering the „practical“ use of the device from an application point of view, scanning of a broader
range of surfactants from various classes to further deepen the relation between surface dilatational
properties at elevated frequencies and foam stability or foam quality is required. As bulk rheology
has been applied in food industry for a long time to assess quantities such as texture, it is possible
to find some rather unconventional correlations of surface dilatational characteristics to parameters
associated with human perception of a product such as the „feel“ of a surface.

A rather pessimistic notion by Eugene C. Bingham, one of the scientists shaping modern rheology,
points out the challenges of measuring the respective quantities and the long way rheology has gone
from the first half of the 20th century.

„The properties are ill defined and they are imperfectly measured if at all and they
are in no way organized into a systematic body of knowledge which can be called a
science.“†

Ever since then, rheology nevertheless managed to grow into a mature discipline with vast applications
in numerous fields. Not least due to the observations by Zell et al., who pointed out that the
predominant part of surface shear measurements of surfactant solutions typically overestimates the
surface moduli by three to four orders of magnitude, Bingham’s view is not yet entirely outdated. It
still holds true for certain areas of interfacial rheology but at the same time illustrates its potentially
promising trail upon further developments in equipment and theory.

For the next step of the oscillating bubble development, a highly precise fabrication of the required
steel components taking into account all of the gained knowledge and experience is crucial. Only then,
the expected further advances in reproducibility and ease of handling will be effective. Furthermore,
a theoretical description of the flow profiles inside the sampling chamber of the oscillating bubble
device upon perturbation would be greatly appreciated. Despite the challenges in daily work with the
apparatus, it holds promise to serve as a highly valuable and – more or less – unrivaled tool for the
assessment of surface dilatational characteristics at elevated frequencies over an extended range in the
upcoming version.

†from E. C. Bingham. “Some Fundamental Definitions of Rheology.” In J. Rheol., 1(5) 507–516. 1930
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