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Zusammenfassung

Halb�uorinierte Alkane organisieren sich auf Wasser spontan in gleichförmige, nano-
meter groÿe Domänen. Die Anordnung und Gröÿe solcher �Ober�ächenmizellen� an
der Luft/Wasser Grenzschicht wird durch anziehende und abstoÿende Wechselwir-
kungen bestimmt. In dieser Arbeit werden die viskoelastischen Eigenschaften von mo-
nomolekularen Schichten halb�uorinierter Alkane durch Grenz�ächenrheologie mit
oszillierendem Scheer oder Dehnung bestimmt. Die Ergebnisse zeigen, dass sich die
monomolekularen Schichten vorwiegend elastisch verhalten, was durch abstoÿende
Kräfte zwischen den Ober�ächenmizellen erklärt werden kann. Durch quantitative
Röntgenkleinwinkelstreuung unter streifendem Einfall (GISAXS) konnte der Struk-
turfaktor und Formfaktor der Ober�ächenmizellen bestimmt werden. Die systemati-
sche Veränderung der Länge und der Anzahl der Fluorkohlensto�- und Kohlenwasser-
sto�ketten zeigt wie eine subtile Veränderung der Molekülstruktur die Gröÿe, Form
und Korrelation der Ober�ächenmizellen verändert. Eine vielversprechende Anwen-
dung von halb�uorinierten Alkanen sind Kontrastmittel für die Ultraschalldiagnos-
tik, die auf Mikrobläschen basieren. Diese Arbeit demonstriert, dass Per�uorhexan-
Dampf, der häu�g bei Mikrobläschen eingesetzt wird, um ihre Stabilität zu erhöhen,
die Elastizität der monomolekularen Schichten aus halb�uorinierten Alkanen verrin-
gert, ihre Struktur aber nicht beein�usst. Die Ergebnisse dieser Arbeit tragen zu
dem fundamentalen Verständnis über die Bildung und die mechanischen Eigenschaf-
ten mesoskopischer molekularer Selbst-Organisation an Grenz�ächen bei.

Abstract

Semi�uorinated alkanes self-assemble spontaneously into uniform nanometer-sized
domains on water. The order of such �surface micelles� at the air/water interface is
achieved by the counter balance of attractive and repulsive interactions. In this the-
sis, the viscoelastic properties of semi�uorinated alkane monolayers are investigated
by using interfacial shear and dilational rheology under oscillatory strain. The ob-
tained response function implies a predominantly elastic character of the monolayers,
suggesting repulsive interactions between the surface micelles. Both the structure
and the form factor of the surface micelles are determined by the quantitative analy-
sis of grazing-incidence small-angle X-ray scattering data. A systematic variation of
the length and of the number of �uorocarbon and hydrocarbon chains unravel how a
subtle change in the molecular structure modulates the size, shape and correlation of
the surface micelles. A promising application of semi�uorinated alkanes are contrast
agent microbubbles for sonographic imaging. This thesis further shows that per�u-
orohexane vapor - commonly used to increase the lifetime of microbubbles - reduces
the elasticity of the monolayers from semi�uorinated alkanes whereas their structure
is not in�uenced. The obtained results contribute to the fundamental understanding
of the formation and mechanics of mesoscopic molecular assembly at the interface.
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1. Introduction

Due to their exceptional properties, per�uorocarbon materials have become indis-

pensable in modern life. One of the most prominent examples is Te�on (polyte-

tra�uoroethylene, PTFE) which is used among others in cookware, as lubricant and

as coating and grafting material in medical applications. [56] But also simpler per�u-

orocarbons such as per�uorohexane (C6F14, PFH) have found applications, e.g. in

medicine as breathing liquid for damaged lungs. [8,51]

In the 1980s, researchers at IBM (San José, CA) and at the Institut Charles Sadron

(Strasbourg, France) designed novel hydrocarbon/�uorocarbon molecules (semi�uo-

rinated alkanes) which soon came into the focus of research in physical chemistry due

to their exceptional properties. These are, among others, the strong dipole moment

at the junction between the �uorocarbon segment and the hydrocarbon segment

and a distinct di�erence in the cross-sectional areas of these chains.1 Interestingly,

long semi�uorinated alkanes (> 22 carbon atoms) self-assemble spontaneously at the

air/water interface into monolayers composed of highly uniform, nanometer-sized cir-

cular domains, so-called surface micelles.2 [48] These surface micelles are very stable

against coalescence and their size can be regulated by the balance between �uoro-

and hydrocarbon segment lengths. [48]

Self-assembly of small molecules into regular, periodic patterns in two-dimensional

(2D) �lms is a phenomenon found for various di�erent systems such as ferro�uids [14],

block copolymers [69,109] and �uorinated lipids. [84,96] They are also often found in

lipids that show coexistence of a liquid expanded phase and a liquid condensed

phase. [72] Such patterns, e.g. stripes or domains, result mostly from the interplay

of attractive and repulsive intermolecular interactions. [3] In addition to the line ten-

sion minimizing the length of the border between self-assembled structures and the

surrounding matrix, the repulsive interactions such like dipole repulsions cause the

emergence of non-conventional patterns. [3] The ordering of molecules into domains

1A more detailed description about the physical and chemical properties of semi�uorinated alkanes
is given in Section 2.2

2In the following, these surface micelles are also denoted as (nano)domains. In the literature, they
are also often called �hemimicelles�
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1. INTRODUCTION

is expected to strongly in�uence the mechanics of the �lm at the interface, in par-

ticular the viscous and elastic properties. [20,61] For example Li Destri et al. studied

the viscoelastic properties of monolayers made of di�erent copolymer molecules and

found that the monolayers of circular micelles respond to the external strain in a

predominantly elastic way whereas an entanglement into wormlike micelles exhib-

ited a more �uid and thus viscous response of the �lm. [20] From a physical point of

view, studying the viscoelasticity of monolayers composed of organized domains is

elucidating as the viscoelastic properties result not only from intermolecular interac-

tions between single molecules but also from macroscopic interactions between the

individual domains.

In addition to the fascinating self-assembling characteristics of semi�uorinated

alkanes, they have other unique properties such as their biological and chemical inert-

ness and their ability to reduce the surface tension of water. This makes them inter-

esting for biomedical applications. For example, Per�uorohexyloctane (C6F13C8H17)

is successfully used as a treatment of dry eyes. [102] Because of the hydrophobicity and

lipophobicity of the �uorocarbon segments, these molecules are not internalized into

cell membranes and thus possess no cell toxicity. Among the very promising future

applications is their use as contrast agents in ultrasound diagnostics of blood ves-

sels. This can be achieved by fabricating microbubbles coated with semi�uorinated

alkanes.

Due to their size (1 − 8 µm), gas-�lled microbubbles have a resonant frequency

which lies in the ultrasound region (2 − 15MHz). [55,98] They act as echo-enhancers

by back-scattering the ultrasound waves which allows an exact visualization of their

position. [98] It was shown that their ability to scatter ultrasound is ten times higher

than that of red blood cells which have a similar size. [85,98] Therefore, the injection

of the bubbles into the blood makes it possible to image vessels or the blood �ow

within an organ. [55,98] For example this can help to distinguish tumors from healthy

tissue which often di�er in their blood circulation. [98] Another promising approach

is the therapeutic use of microbubbles by loading them with drugs. [55,98]

Compared to other diagnostic methods like MRI, sonography is a widely avail-

able, cheap and quick technique. However, there are several obstacles that impede

the fabrication of suitable microbubble contrast agents. First of all, the bubbles

need to be non-cytotoxic and must be easily discarded from the human body after

the imaging. Additionally, they should have a uniform size distribution and need to

be small enough to pass through thin capillaries such as the lung capillaries which

have a diameter of 5 − 10 µm. [98] The most crucial limitation is the stability of the
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bubbles. Microbubble contrast agents based on lipid or albumin shells are already

commercially available3 but they have the major disadvantage that they are only

stable in the blood for a short time and burst quickly under ultrasonic stress. [55,98]

The lifetime of microbubbles needs to be long enough to allow a thorough diagnosis

and additionally the microbubbles need to be able to withstand the constant de-

formation by ultrasonic stress and by passing through thin capillaries. [55] Since the

lifetime of microbubbles is mainly limited by the fast di�usion of the core gas into the

surrounding medium (blood), it can be increased in a two step procedure: [98] First,

the bubbles can be stabilized by an appropriate shell. Among the material used

so far are lipids, proteins and polymers. [55] A second promising step is the osmotic

stabilization by �lling the bubbles with a �uorocarbon gas which has an extremely

low water solubility. [51,98,104] It was shown that microbubbles with a lipid shell and a

core �lled with per�uorohexane enriched nitrogen were stable over ∼ 90min which is

4− 5 times longer than bubbles �lled with air.4 [104] However the lifetime is reduced

when the microbubbles are subjected to ultrasonic stress and undergo a continuous

oscillation. Therefore, they need to be stabilized by providing them with an elastic

shell which can withstand large deformations.

Semi�uorinated alkanes were already shown to increase the stability of lipid vesi-

cles and water-in-oil emulsions. [7,22,95] Therefore, micrometer-sized bubbles covered

by semi�uorinated alkanes are expected to exhibit outstanding mechanical stabil-

ity. Furthermore, the self-assembly of semi�uorinated alkanes into nanometer-sized

surface micelles suggests a predominantly elastic behavior which is favorable for the

application as microbubble contrast agents. As a straightforward approach to verify

this one can study the dynamics of 2D monolayers composed of semi�uorinated alka-

nes at the gas/water interface under constant compression and expansion. Such a �at

2D system can be understood as a very simple model system to the three-dimensional

microbubbles.

This dissertation aims to shed light on the structural and viscoelastic properties of

monolayers composed of two di�erent types of semi�uorinated alkanes with various

lengths at the air/water interface. To this end, two methods of interfacial rheology,

interfacial shear and dilational rheology5 were used to quantify the viscoelastic prop-

erties of the semi�uorinated alkane monolayers under oscillatory strains. The elastic

and viscous moduli were measured with respect to strain frequency, amplitude and

surface pressure. To gain further insight into the size, shape and correlation of semi-

3For example SonoVue®, De�nity® or Sonazoid®
4i.e. loss of the total bubble volume < 70 %
5Rheology and interfacial rheology in particular are introduced in Section 2.3
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1. INTRODUCTION

�uorinated alkane surface micelles moduliating the viscoelastic properties, grazing-

incidence small-angle X-ray scattering (GISAXS)6 was employed. The quantitative

GISAXS analysis enables the precise determination of both form factor and struc-

ture factor of surface micelles. The systematic change in the length and number of

semi�uorinated alkyl chains unraveled how a subtle change in molecular structures

modulates the order and viscoelasticity of surface micelles. The interfacial shear

rheology experiments on semi�uorinated alkane monolayers at the air/water inter-

face are presented in Chapter 4, Chapter 5 contains the description and analysis of

the interfacial dilational rheology experiments. In Chapter 6 the size, shape and

correlation of the semi�uorinated surface micelles calculated from GISAXS data are

presented and discussed.

Towards biomedical applications of microbubbles coated with the surface micelles

of semi�uorinated alkanes, the in�uence of per�uorocarbon vapor on the mechanics

and structuring of the interfacial �lm composed of semi�uorinated alkanes was inves-

tigated. This is in detail presented in Chapter 7. In fact, per�uorocarbons such as

per�uorohexane have been found to adsorb at the air/water interface and are hence

expected to alter the ordering of the surfactant molecules on the water which could

have an e�ect on the mechanical properties of the monolayers. [15] In addition to

the rheological methods which provide information about the viscoelastic properties,

GISAXS was also applied to study the in�uence of per�uorocarbon vapor on the size,

shape and correlation of surface micelles.

In a further step, mixed monolayers of semi�uorinated alkanes and lipids at the

air/water interface were studied (Chapter 8). In contrast to semi�uorinated alkanes,

lipids self-assemble into smooth monolayers at the air/water interface that some-

times show patterns when domains of lipids in the liquid expanded phase and the

liquid condensed phase coexists. To elucidate the properties of the mixed monolayers

compared to the pure components, two di�erent approaches were used. First, the

monolayers were investigated by �uorescence microscopy. In particular the in�uence

of the semi�uorinated alkanes on the phase transition behavior of the lipids under

compression was studied. In a second approach, the viscoelastic properties of the

mixed monolayers and the monolayers of the pure components were measured using

interfacial dilational rheology. This allows us to get a further understanding of how

the ordering of molecules into surface micelles at the interface regulates the mechan-

ics of the monolayers. This procedure also helps to identify how the semi�uorinated

alkanes within the lipid monolayer are ordered.

6The method GISAXS is explained in detail in Section 2.4
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2. Theoretical and Experimental

Background

This chapter provides background information that is necessary for the di�erent

aspects of this thesis and is divided into four sections. It contains �rst a short

introduction about the physics of interfaces and surfactants and presents the core in-

strument used in this thesis, the Langmuir �lm balance (Section 2.1). Afterwards the

physical and chemical properties of the �uorocarbon/hydrocarbon materials studied

are described (Section 2.2). Section 2.3 provides an introduction into the physics

of viscoelasticity and the interfacial rheological methods used in this thesis (Section

2.3). The last section gives a brief description of GISAXS (Section 2.4).

2.1. Interfaces and Surfactants

Interfaces are boundaries between two immiscible phases. In nature, we are often

confronted with the air/water interface. An important measure concerning inter-

faces is the interfacial tension γ. It corresponds to an interfacial free energy and

describes the tendency of the liquid to acquire the least possible interfacial area. [91]

Compared to molecules in bulk, molecules at the air/liquid interface have less neigh-

boring molecules leading to a higher energy state. To minimize this energy, the

liquid needs to minimize the number of molecules at the surface leading to a de-

creased surface area. The interfacial tension γ is hence given in energy per unit

area, [γ] = 1 J m−2 = 1 N m−1. [43,91] Due to the high cohesive forces of the water

molecules, water exhibits a strong surface tension of γwater ≈ 73 mN m−1. [91]

The interfacial tension can be reduced by surface active materials (surfactants).

Surfactants are amphiphilic molecules that normally compromise a polar, hydrophilic

part and a hydrophobic part. A common example for surfactants in nature are lipids

as they have a polar headgroup that is attached to the hydrocarbon chain(s), the

hydrophobic tail. [42,91]

In water, surfactants aggregate in various shapes, e.g. micelles, depending on

their molecular conformation. They also adsorb to the air/water interface where
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Figure 2.1.: Schematic illustration of a Langmuir �lm balance. It consists of a hy-
drophobic trough �lled with the subphase (water). The surface area is controlled
by two motor-driven, movable barriers. The temperature is controlled by a ther-
mostated water bath which circulates through the trough. The surface pressure
is controlled by a Wilhelmy plate attached to a force sensor. On the right, the
Wilhelmy plate is illustrated in a larger scale indicating the dimensions of the
plate and the forces acting on the plate. (inspired by [53])

the hydrophilic part is immersed into the water phase and the hydrophobic part

points towards the air. At the air/water interface, surfactants hence form mono-

layers. [91] One distinguishes between Gibbs monolayers and Langmuir monolayers.

Gibbs monolayers develop from surfactants that are in the bulk of the subphase and

adsorb to the air/water interface once a critical micelle concentration is reached.

Langmuir monolayers are directly spread on the air/water interface, therefore there

are no surfactant molecules in the subphase. Typically, the surfactants are dissolved

in an organic solvent which after spreading on the water will evaporate and leave

behind the surfactant Langmuir monolayer. The decrease of the surface tension

depends on the intermolecular distance, i.e. the surface density of the surfactant

molecules. [42]

The most common used technique to study the behavior of surfactant monolayers

is the Langmuir �lm balance. [42] Figure 2.1 shows the setup schematically. The �lm

balance consists of a Langmuir trough which is usually made out of Te�on or another

hydrophobic material and is �lled with a subphase, typically water. It is equipped

with one or two motor-driven, movable barriers that allow to vary the surface area

without changing the bulk volume. A speci�c amount of the surfactant solved at a

speci�c concentration in an organic solvent is spread on the water surface between

the two barriers where the surfactant molecules form a Langmuir monolayer so that

the number of surfactant molecules is known. The surface density and hence the
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2.1. Interfaces and Surfactants

interfacial tension can be changed by compressing the �lm with the barriers. We

can describe the surface density by the molecular area, typically given in Å2. The

reduction of the surface tension of pure water γ0 compared to the surface tension

with the surfactants present γ is given as a surface pressure [42] π,

π = γ − γ0. (2.1)

The surface pressure can be measured by the Wilhelmy plate method. [53] A Wil-

helmy plate is a thin platinum plate or a �lter paper of width w, length L and

thickness d, which is attached to a force sensor (Figure 2.1). When the plate is

partially immersed into a liquid with density ρsubphase by the depth h, a force F is

acting on the plate given by [53]

F = Fg + Fγ + Fb (2.2)

= ρplatedwLg + 2(w + d)γ cos θ − ρsubphasedwhg (2.3)

where Fg is the gravitational force with the gravitational constant g and the density

of the plate ρplate, Fγ is the force due to the interfacial tension with the contact angle

θ between the liquid subphase and the Wilhelmy plate, and Fb is the buoyancy (see

Figure 2.1). In the case of platinum or paper, one can assume a complete wetting of

the plate surface which results in cos(θ = 0) = 1. [42,53]

If we assume w � d, we can measure the surface pressure of the monolayer �lm

by the force di�erence ∆F = Fs −Fw, where Fs is the force acting on the Wilhelmy

plate which is immersed into water with surfactant molecules, and Fw is the force

acting on the plate in the case of only water without surfactant molecules: [53]

π = γ − γ0 ≈
∆F

2w
. (2.4)

In order to keep the temperature constant, �lm balances are often equipped with

a thermostaded water bath. Measuring the surface pressure π with respect to the

molecular area A at a constant temperature results in so-called pressure/area (π/A-)

isotherms.

The shape of the π/A-isotherms can provide information about the ordering of the

surfactant molecules depending on the available area. More exactly, we can learn

about the phase behavior of the surfactant molecules. [42] The amount is chosen such

that the surface pressure is still 0 mN m−1 when the barriers are fully open. In that

case the surfactants are mostly homogeneously distributed over the available surface
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Figure 2.2.: Isotherm of a DPPC monolayer showing schematically the di�erent

phases of the lipids upon compression. At large molecular areas (> 90Å
2
),

the lipids are in the gas phase (G). The increase in surface pressure upon com-
pression demonstrates the phase transition to the liquid expanded (LE) phase.
The plateau-region indicates the begin of the transition to the liquid condensed
(LC) phase where LE and LC phase coexists until a steep increase in the surface
pressure marks the begin of the pure LC phase. (Inspired by [77] p.112)

which corresponds to the gas (G) phase of the �lm. When compressing the �lm,

we can observe an increase of the surface pressure at a characteristic molecular area

which marks the transition to the liquid expanded (LE) phase. Further compression

often results into a liquid condensed (LC) or solid (S) phase, depending on the type

of surfactant. Typically the transitions from an expanded to a condensed phase

correspond to a loss of freedom of the surfactant molecules, a lower separation of the

polar headgroups and an increased order of the hydrophobic chains. [42,77]

The π/A-isotherms allow the calculation of the isothermal compressibility [77]

κ−1 = − 1

A

(
∂A

∂π

)
T

(2.5)

which describes the slope of the π/A-isotherm depending on the molecular area. Be-

ing a derivative of the free energy, the compressibility contains information about

phase transitions. A �rst order phase transition is given when κ−1 → ∞ which can

be detected by a horizontal slope in the π/A-isotherm. This behavior is often ob-

served for isotherms of phospholipids at the LE/LC transition where we observe a

plateau characterizing a coexistence of LE and LC phase. [42] Figure 2.2 displays a

typical π/A-isotherm including the schematic illustration of the lipid phases recorded

for DPPC, a phospholipid exhibiting a headgroup and two saturated hydrocarbon

chains with 16 carbons (see chemical structure in Figure 3.1, Section 3.1.2, the ex-

perimental procedure is described in Section 3.2.1). At 20◦C, we observe a plateau
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2.2. Per�uorocarbon Materials

region indicating the LE/LC phase transition where both phases coexist. In the

LC phase, the hydrocarbon chains are in an all-trans conformation whereas in the

LE phase, the hydrocarbon chains are disordered. [42,77] The region of coexistence

of LE and LC phase depends on the temperature. With increasing temperature,

the plateau region decreases until at a critical temperature Tc the monolayer does

no longer undergo a phase transition. [77] Neutron scattering techniques revealed a

decrease of the thickness of the monolayer during the compression which can be

attributed to the phase transition. [42]

Being a �rst order phase transition, the change in the Gibbs free energy ∆G =

∆H − T∆S should be 0, so that the change in the entropy ∆S can be described by

∆S =
∆H

Tm
, (2.6)

where ∆H is the change of the enthalpy and Tm the transition temperature. In case

of lipids such as DPPC, this entropy is in the order of ∼ 15kB per molecule where

kB is the Boltzmann constant. [77] Using

∆S = kB ln Ω (2.7)

we can assume that roughly Ω = 105 − 106 microstates are involved in this phase

transition, which can be attributed to the con�gurations of the hydrocarbon chains

which go from an disordered state to a all-trans con�guration during the LE/LC

phase transition. [77]

2.2. Per�uorocarbon Materials

In the following Section, the physical and chemical properties of �uorocarbon ma-

terials will be elaborated. In Section 2.2.2, semi�uorinated alkanes are introduced,

which were intensively studied for this thesis.

2.2.1. Fluorine and Fluorocarbon Materials

Fluorine is the element with the highest electronegativity (4.0) which hence results

in a low polarizability. Compared to hydrocarbon, �uorocarbons are very stable.

Carbon has a much lower electronegativity than �uorine (2.5), therefore the C-F

bond is highly polar and very strong, it is even the strongest bond found in organic

chemistry. [52] Additionally, due to the electron withdrawal by the �uorine atoms,

the C-C bond in �uorocarbons is strengthened. [56] These main physical properties
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2. THEORETICAL AND EXPERIMENTAL BACKGROUND

of �uorine itself and the C-F bond result in a broad variety of physical and chemical

properties of �uorocarbon materials which make them so exceptional.

For example, the low polarizability is the reason for very low cohesive forces be-

tween �uorocarbon molecules. [56] This means that the surface energy of �uorocarbons

is very low. This is the explanation for �uorocarbon being highly volatile. Besides, it

is also the reason for the extremely low solubility of �uorocarbons in water. [56] Per-

�uorohexane (PFH) for example has a water solubility of 2.7× 10−4 mol m−3 which

is three orders of magnitude smaller than that of oxygen (0.48 mol m−3). [35,44] This

feature makes air saturated with PFH interesting for the application as microbub-

bles used for sonication imaging. It was shown that it increases the lifetime of lipid

DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) microbubbles by a factor of 4-

5 compared to air without PFH. [104] Furthermore, due to the weak intermolecular

forces of per�uorohexane, gases such as oxygen can enter easily into the liquid which

explains why per�uorohexane is used as breathing liquid for damaged lungs. [49,86,90]

Fluorocarbon chains di�er strongly from hydrocarbon chains. First of all, �uoro-

carbon chains are bulkier. This has two reasons: �rst, �uorine has a higher van der

Waals radius (rF = 1.47Å compared to rH = 1.2Å for hydrogen). [9] Second, the C-F

bond length is ∼ 20 % longer than the C-H bond. [56] The mean volume of a CF3

group was estimated to be 92Å3, which is ∼ 60 % bigger than the volume of the re-

spective CH3 group, 54Å3. [52] This results in a cross section area of the �uorocarbon

chains of ∼ 27−30Å2, compared to ∼ 18−21Å2 for hydrocarbon chains. [52] Various

studies claim that the larger surface area of �uorocarbon chains explain the extreme

hydrophobicity of �uorocarbons compared to hydrocarbons. [52] The di�erent steric

requirements of the CF-groups compared to the CH-groups also lead to a helical

conformation of longer �uorocarbon chains whereas hydrocarbon chains arrange in

a planar conformation. Additionally, �uorocarbons display decreased cohesive forces

compared to their hydrocarbon counterparts. Therefore �uorocarbon and hydro-

carbon moieties will not mix, making �uorocarbons lipophobic in addition to their

strong hydrophobicity. [52]

2.2.2. Semi�uorinated Alkanes

In the previous paragraph, the di�erences between hydrocarbon and �uorocarbon

chains were elaborated. Yoking hydrocarbon and �uorocarbon chains together as

semi�uorinated alkanes results in molecules with interesting properties on the molec-

ular, microscopic and mesoscopic scale. First studies of the structure and properties

of semi�uorinated alkanes were published in the 1980s. [67,88] Since then, various types
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Figure 2.3.: Chemical structure of a F8H16 diblock molecule. The �uorine atoms
are marked in green, the hydrogen atoms in gray and the carbon atoms in black.
The crosss-Sectional areas of hydrcarbon and �uorocarbon chains are given in
the scheme.

of semi�uorinated alkanes were synthesized.

The simplest semi�uorinated alkane molecule is built of a linear combination

of a �uorocarbon and a hydrocarbon chain and has hence the chemical structure

CnF2n+1CmH2m+1 were n corresponds the number of carbons in the �uorocarbon

segment and m to the number of carbons in the hydrocarbon segment. In the litera-

ture, these molecules are called FnHm diblocks. The chemical structure of FnHm

diblocks is exemplarily shown in Figure 2.3 for F8H16. These diblock molecules

have three interesting properties. They are: [52]

1. Amphisteric: The �uorocarbon segments are bulky and rigid whereas the hy-

drocarbon segments have a smaller cross section and are �exible. The cross

section area of the hydrocarbon chains is ∼ 30 % smaller than that of the

�uorocarbon segment.

2. Amphiphilic: The �uorocarbon segments are hydrophobic and lipophobic, the

hydrocarbon segments on the other hand are hydrophobic and lipophilic.

3. Amphidynamic: The �uorocarbon segments take up a helical conformation

whereas the hydrocarbon segments arrange in a planar conformation.

There are many more speci�c properties of the FnHm diblocks which are based on

these three characteristics.

Due to the di�erent electronegativity of �uorine and hydrogen, the FnHm diblock

molecules exhibit a strong dipole at the junction between �uorocarbon and hydro-

carbon segments. The dipoles of the CF bonds are stronger and opposite directed

to the CH bond dipoles, so that the �uorocarbon segment withdraws electrons from

the hydrocarbon part of the molecule. Additionally, the terminal CF3 and also the

CH3 group contribute to the overall dipole moment of the FnHm molecule which is

out of the plane axis of the molecule with an estimated angle of 35◦. [52] The exact

dipole moment of an FnHm molecule has not yet been measured but was calculated

to be in the range of (9.7− 11.3)× 10−30Cm. [52]

11



2. THEORETICAL AND EXPERIMENTAL BACKGROUND

100 nm

3.0

2.0

1.0

0.0

12080400

distance [nm] 0 nm

6.55 nm

water Hm

30 - 40 nm

3 
- 6

 n
ma b

c

Fn

he
ig

ht
 [n

m
]

Figure 2.4.: Formation of surface micelles by FnHm diblock molecules. a)
Schematic illustration of a surface micelle on water with the measured dimen-
sions. One surface micelle contains thousands of diblock molecules, the illustra-
tion is hence not in scale. b) AFM image of a F12H16 monolayer transferred
via Langmuir-Blodgett on a Silicon wafer at π = 4 mN m−1 (sample preparation
and imaging explained in Sections 3.2.6 and 3.2.7). c) Height pro�le of the blue
line in the AFM image.
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Figure 2.5.: π/A-isotherm of a F8H16 monolayer at the air/water interface. The
monolayer was compressed with a speed of 3.75 cm2 min−1 and at 20◦C. The
ordering of the surface micelles on the water subphase is illustrated schemati-
cally. After the collapse of the monolayer at π ≈ 12 mN m−1, a second layer is
formed above the monolayer.

The amphiphilic character of the FnHm molecules makes them surface active and

they form Langmuir monolayers on water. [26] One of the most interesting surfactant

feature is that the longer diblocks (n > 8, m > 14) spontaneously self-assemble into

nanometer-sized surface micelles at the air/water interface. [17,48,65] As schematically

shown in Figure 2.4a, the diblock molecules arrange on the water surface in such a

way that the hydrocarbon segments point towards the water whereas the �uorocar-

bon segments point in the air. Recent investigations showed that the hydrocarbon

segments arrange in an all-trans conformation and are tilted by ∼ 30◦ with respect

to the water surface. [99]

Figure 2.4b shows an Atomic Force Microscopy (AFM) image of a monolayer of

F12H16 diblocks which self-assembled into circular shaped surface micelles. The

monolayer was obtained by transferring it from the air/water interface to a silicon

wafer by Langmuir Blodgett at a surface pressure of π = 4 mN m−1. A detailed

description of the preparation of the solid-supported monolayer is given in Section

3.2.6 and the AFM imaging is described in Section 3.2.7. Although transferring the

monolayer to a solid substrate is expected to alter the arrangement of the surface

micelles and their exact dimensions, AFM images prove the existence of the surface

micelles visually and provide �rst information about their size and shape. Interest-

ingly, the surface micelles are circular and very uniform in size. Figure 2.4c shows

the height pro�le of the blue line in the AFM image revealing diameters of the sur-

face micelles in the range of ∼ 40 nm with heights in the range of ∼ 3 nm which

corresponds to the length of one F12H16 diblock molecules. Similar images were

published previously. [17,48]
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The surface active properties of the FnHm diblocks were mostly studied by Lang-

muir �lm balances.1 [17,26] The π/A-isotherms of FnHm diblocks which are self-

assembled into the surface micelles have characteristic shapes. Figure 2.5 shows an

isotherm of a F8H16 monolayer as an example, indicating the di�erent phases: At

large surface areas, the surface pressure is 0 mN m−1 and the monolayer is in a gas

phase as indicated by large gaps between the surface micelles. The surface pres-

sure starts to increase at a molecular area of ∼ 30Å2 followed by a steep increase

in the surface pressure which is characterized by very low compressibilities around

κ−1 = 5 − 10 m N−1. [17] Here, the surface domains arrange in a lattice without

changing in size or coalescing. [48] At surface pressures between 10 and 18 mN m−1,

the monolayer collapses which is demonstrated by a sudden decrease in the surface

pressure which is followed by a long plateau region. [17] The collapse pressure is char-

acteristic for each diblock molecule and increases with the length of the molecule. [48]

It was shown for the FnHm monolayers that this collapse is marked by a 2D/3D �lm

transition: The lower layer of the well-ordered surface micelles stays mostly intact

and a second layer above is formed in which the diblocks take a homogeneous bilayer

conformation. [17,23] This was studied by AFM where on transferred, solid-supported

monolayers, [17] and con�rmed by GISAXS at the air/water interface. [23]

Beside the FnHm diblocks, it is also possible to synthesize other forms of semi�u-

orinated alkanes such as the so called tetrablocks di(FnHm)2. [18,19] Again, n denotes

the length of the �uorocarbon segment and m the length of the hydrocarbon seg-

ment. Figure 2.6 shows the chemical structure. They inherit the same basic chemical

properties as the diblock molecules, e.g. they are amphisteric, amphiphilic and am-

phidynamic. The tetrablock molecules di(FnHm) (n = 8, 10 and m = 16− 20) were

also shown to self-assemble spontaneously into well-ordered arrays of surface micelles

on hydrophilic substrates with diameters of ≈ 40 nm. [18,19] The π/A-isotherms of the

di(F10Hm) tetrablocks show the same characteristic shape with an onset of the in-

crease of the surface pressure at ∼ 60Å2, a steep increase of the surface pressure with

compressibilities around κ−1 ≈ 6 m N−1 followed by the collapse of the monolayer at

πc ≈ 11− 24 mN m−1 where higher values correspond to higher m. [18] It was shown

that the compression of the Langmuir monolayers of the di(FnHm) tetrablocks be-

yond the collapse pressure leads to a formation of a second layer of surface micelles

on top of the �rst layer. [19]

The interesting properties of semi�uorinated alkanes open a broad �eld of possible

1So far, the self-assembly of FnHm diblocks into surface micelles was reported for F6H16, F8H14,
F8H16, F8H18, F8H20, F10H16, F12H16 [48]

2(CnF2n+1CH2)(Cm−2H2m−3)CH− CH(CnF2n+1CH2)(Cm−2H2m−3)
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Figure 2.6.: Chemical structure of a di(FnHm) tetrablock molecule for n = 10 and
m = 16.

applications. FnHm diblocks were found to stabilize small unilamellar vesicles made

of phospholipids [22,95] and water-in-oil emulsions [7]. Therefore, it is promising to

apply them as stabilizer for microbubbles used as contrast agents in sonographic

imaging. The small chain diblock molecule F6H8 is already used in medicine as a

lubricant for dry eyes. [102]

2.3. Rheology

Rheology is the science of viscoelastic materials. These are materials which have

properties of both �uids and solids and hence behave both in an elastic and a vis-

cous way. [11] In the following, the important terms of rheology will be de�ned and

explained.

2.3.1. Viscoelastic Materials

Di�erent viscoelastic materials show di�erent characteristic responses to the forces

acting on them. The behavior of a material is controlled by the intermolecular forces

within the material. In order to physically de�ne viscoelastic materials, we have

to distinguish between stress and strain and explain what the properties of perfect

elastic and perfect viscous materials are. In a next step, the time-dependent behavior

of viscoelastic materials is explained including rheological models and methods to

measure the rheology of 2D interfacial �lms are introduced.

Stress

The stress σ is given by the force F acting on the area ∆A of a deformable body,

e.g.

σ =
F

∆A
(2.8)

and has therefore the unit N m−2. It describes the internal forces in a body.
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Figure 2.7.: Schematic representation of the forces F acting on a body resulting
in the demonstrated components of the stress tensor. (Adapted from
ref. [25] and [100])

In a three dimensional body B, forces may act from di�erent directions. When

we take a closed surface ∆A inside the body B (see Figure 2.7), the stress describes

the forces on the boundary areas. Depending on the direction of the force, we can

distinguish between normal stresses σii perpendicular to the boundary area (e.g.

compression) and shear stresses τ = σij , i 6= j going tangential to the area. We can

therefore describe the stress by the Cauchy stress tensor:

σ =

 σ11 σ12 σ13

σ21 σ22 σ23

σ31 σ32 σ33

 . (2.9)

The individual components of σ are schematically illustrated in Figure 2.7. [25,87]

Strain

When a stress σ is applied to a viscoelastic body, we will observe a deformation that

can be described by strain ε. The strain gives the relative displacement of a point

in body B with respect to its former position and is given by [87,100]

ε =

 ε11 ε12 ε13

ε21 ε22 ε23

ε31 ε32 ε33

 . (2.10)
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Figure 2.8.: Schematic representation of the two-dimensional strain. (Inspired by
ref. [100])

The components εij can be calculated by the derivative of the displacement u with

respect to the position x. [87,100] In the one-dimensional case the strain is simply given

by the change of a length L divided by the original length L0
[100]

ε =
L− L0

L0
. (2.11)

In Figure 2.8 the 2D case is schematically illustrated: [100] When a point in a planar

body at (x, y) is displaced by ux,y to (x + ux, y + uy), the sides of the planar body

having a length of dx and dy change in length and are not longer orthogonal. The

point which was originally at (x + dx, y) is then at the position (x + dx + ux +
∂ux
∂x dx, y + uy +

∂uy
∂x dx). [100] The other points are given in an analogous way (see

Figure 2.8). The one-dimensional strain in x direction is then according to Equation

2.11

εx =
dx
(
1 + ∂ux

∂x

)
− dx

dx
=
∂ux
∂x

. (2.12)

In the most general form the components of the strain tensor of Equation 2.10 are

hence given by [87]

εij =
1

2

(
∂ui
∂xj

+
∂uj
∂xi

)
. (2.13)

17



2. THEORETICAL AND EXPERIMENTAL BACKGROUND

Hookean Solid

A Hookean solid is a perfectly elastic material. It obeys Hooke's law which states

that the force is linearly proportional to the de�ection. The Hookean solid hence

reacts on an applied stress directly without any time delay. In the stress strain

notation it holds [87]

σ = G · ε (2.14)

where the proportionality factorG is in the most general situation a 4th order elastic-

ity tensor which is a material constant and describes the anisotropy of a material. [87]

Analogous to the orthogonal and shear stresses introduced earlier, in literature, one

often distinguishes between the Young's modulus E and shear modulus G. As given

by the name, the shear modulus is de�ned by the ratio of shear stress to shear rate.

The Young's modulus describes the situation when a normal, uniaxial stress or strain

is applied to an isotropic solid material. [87,100] It describes the sti�ness of the mate-

rial and is given by E = σ/ε. For an isotropic material in a one-dimensional case,

Equation 2.14 simpli�es to

σ = gε (2.15)

where g is the spring constant. This case is usually visualized by a harmonic

spring. [87]

Newtonian Fluid

The counterpart to the Hookean Solid is the Newtonian �uid which describes a

perfectly viscous material. Here, the shear stresses τ = σij (i 6= j) are linearly

proportional to the strain rates, [87]

τ = ηD (2.16)

where η is the viscosity and D is the strain rate vector, [87]

Dij =
∂εij
∂t

(2.17)

=
∂u̇i
∂xj

+
∂u̇j
∂xi

. (2.18)

A Newtonian �uid reacts on an applied stress with a time delay and the deforma-

tion of the Newtonian �uid is not reversible.
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Figure 2.9.: Harmonic stress-strain relationship. a) Stress σ(t) and strain ε(t) versus
time t showing the amplitudes of the oscillations σ0 and ε0 and the phase sep-
aration ϕ between stress and strain. b) Lissajou curves: σ(t) versus ε(t) for
three di�erent conditions. From left to right: perfect elastic material (ϕ = 0),
viscoelastic material (0 < ϕ < π/2) and perfect viscous material (ϕ = π/2).

2.3.2. Response of a Viscoelastic Body to Harmonic Strain or Stress

In rheology, timescales are very important. A body can show di�erent physical

responses depending on the velocity of the applied stress or strain. In order to study

the dynamic material response especially at shorter timescales (seconds), harmonic

oscillating stress or strain can be applied. A viscoelastic material that is subjected to

a sinusoidal stress with a speci�c frequency ω will show a harmonic strain response

at the same frequency with a phase shift ϕ between 0 and π/2. This is also the

case if a harmonic strain is applied and the stress is the measured variable. [87] This

time-dependent behavior of stress and strain is depicted in Figure 2.9a.

For convenience, one can describe the dynamic functions of strain and stress in

complex space, [59,76]

ε(t) = ε0 exp(iωt) (2.19)

σ(t) = σ0 exp(iωt+ ϕ) (2.20)

where ε0 is the amplitude of the strain and σ0 is the amplitude of the stress.

A viscoelastic material can then be characterized by the so-called complex modulus

G∗(ω) which is obtained by [59,76]

G∗(ω) =
σ(t)

ε(t)
= G′ + iG′′. (2.21)

G′ is the real part of G∗ and describes the elastic part of the system, it is called the
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elastic modulus or storage modulus as it represents the storage of elastic energy in

the interface. The imaginary part of the complex modulus is the viscous modulus

or loss modulus G′′, which describes loss of energy due to viscous forces. Combining

Equations 2.19 to 2.21 results in

G′ =
σ0
ε0

cos(ϕ) (2.22)

G′′ =
σ0
ε0

sin(ϕ). (2.23)

In a purely elastic material (such as the Hookean spring) the phase shift between

stress and strain is ϕ = 0, resulting in G∗ = G′. A purely viscous material however

results in G∗ = G′′ and ϕ = π/2. This can be visualized by Lissajou curves that

display the time-dependent stress versus the time-dependent strain (see Figure 2.9b).

Viscoelastic materials possessing both viscous and elastic components, have Lissajou

curves that have a shape of an ellipse. [59,76]

2.3.3. Linear Rheological Spring-Dashpot Models

Viscoelastic materials can be understood as mixtures of a perfect Hookean solid

and a perfect Newtonian �uid. In order to model the dynamic behavior of such

materials, several one-dimensional models were presented combining the properties

of a Hookean spring, representing the elastic part, with a dashpot �lled with a

Newtonian �uid, representing the viscous part. This is analogous to the behavior of

electric circuits over time. The simplest way would be to combine a spring and a

dashpot in a linear way - the Maxwell model - or a parallel way - the Kelvin-Voigt

model. [87]

Maxwell Model

The schematic idea of the Maxwell model is shown in Figure 2.10a. This mechanical

model combines the spring and the dashpot in a series connection and therefore both

elements experience the same imposed stress whereas the total strain is the sum of

the strains in both elements. This means [58,76]

σ = σs = σd (2.24)

ε = εs + εd (2.25)

where the subscript s corresponds to the spring element and d corresponds to the

dashpot element. The complete system can hence be described by a single equation
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Figure 2.10.: Maxwell model. a) Schematic model: A serial connection of a spring with a
spring constant g and a dashpot �lled with a Newtonian liquid with a viscosity
η. b) Elastic modulus G′ and viscous modulus G′′ of the Maxwell model
responding to oscillatory strain/stress with respect to the frequency assuming
that g = 1 and η = 1.

when one di�erentiates Equation 2.25 and includes the stress-strain Equations 2.15

and 2.16 of the spring and the dashpot [58,87]

ε̇ =
σ̇

g
+
σ

η
. (2.26)

The Maxwell model is the simplest model describing a non-Newtonian �uid.

When confronted with an oscillatory stress or strain as introduced in Section 2.3.2,

the elastic and viscous moduli can be calculated by inserting Equations 2.19 and

2.20 in the constitutive equation of the Maxwell model (Equation 2.26). This results

in [58,87]

iωε(t) =
1

g
iωσ(t) +

1

η
σ(t). (2.27)

The complex modulus is then

G∗ = g

(
iωτ

1 + iωτ

)
(2.28)

= g
ω2τ2

1 + ω2τ2
+ ig

ωτ

1 + ω2τ2
(2.29)

where τ = η/g is the relaxation time. Figure 2.10b displays the elastic and viscous

moduli G′ and G′′ with respect to the frequency ω in the simple case where g = 1

and η = 1.
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Figure 2.11.: Kelvin-Voigt model. a) Schematic model: A parallel connection of a spring
with a spring constant g and a dashpot �lled with a Newtonian liquid with a
viscosity η. b) Elastic modulus G′ and viscous modulus G′′ of the Kelvin-Voigt
model responding to oscillatory strain/stress with respect to the frequency
assuming that g = 1 and η = 1.

Kelvin-Voigt Model

The Kelvin-Voigt model is useful for elastic materials having a weak viscous contribu-

tion. It combines a spring element and a dashpot element in a parallel way as shown

schematically in Figure 2.11a. Here, the total stress is a sum of both elements [58,87]

σ = σs + σd (2.30)

while the total strain experienced by spring and dashpot is the same

ε = εs = εd. (2.31)

The constitutive equation of the Kelvin-Voigt model can hence be obtained by simply

combining the respective stress-strain Equations 2.15 and 2.16, yielding [58,87]

σ = gε+ ηε̇. (2.32)

The experimental results of the dynamic frequency-dependent harmonic stress/strain

response may be modeled with the Kelvin-Voigt model. The following behavior is

then expected for an oscillating stress or strain by inserting Equations 2.19 and 2.20

in the constitutive Equation of the Kelvin-Voigt model 2.32: [58,87]

σ(t) = gε(t) + iηωε(t) (2.33)
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yielding

G∗ =
σ(t)

ε(t)
(2.34)

= g + iωη (2.35)

where G′ = g is constant and G′′ = ωη is proportional to the frequency with the

viscosity being the proportionality factor. [58,87] Figure 2.11b displays the elastic and

viscous moduli G′ and G′′ with respect to the frequency ω in the simple case of g = 1

and η = 1.

2.3.4. Interfacial Shear and Dilational Rheology

So far, rheology was introduced as being a bulk property. However interfaces have

two dimensional viscoelastic properties as well. One has to distinguish between

interfacial shear rheology and interfacial dilational rheology. Whereas in the former

case, the reaction of the material to shear forces is of interest, the latter case studies

the in�uence of changes of the available area. The principle idea behind interfacial

and bulk rheology is the same, however there are also di�erences one has to consider.

For example, in contrast to bulk, interfaces can be compressed easily. Therefore the

dilational properties of interfaces are more important than in bulk, which is mostly

incompressible. [93] Another di�erence to measurements of bulk is that mass is not

always conserved. [93] Especially in adsorbed Gibbs monolayers, surfactant molecules

are present in the bulk subphase and can adsorb to the interface during dilational

measurements when the available surface area is increased.

In interfacial rheology, 2D surfactant �lms are investigated using harmonic stress-

strain relationships, the theory of which was explained in Section 2.3.2. At interfaces,

any deformations can be measured by the change in the surface tension. We can

understand this dynamic surface tension as the two-dimensional surface stress. [93]

Interfacial rheology allows the calculation of interfacial elastic and viscous moduli

and interfacial viscosities. In all cases, these parameters describe only the in-plane

deformations of interfaces. Out-of plane deformations such as bending are not taken

into account and can mostly be neglected when we consider a �at monolayer in a

Langmuir trough.

The two methods, interfacial shear and dilation rheology, provide di�erent, com-

plementary information about the physical properties of the �lm. In interfacial

dilational rheology, the surface area of a �lm is changed periodically and the cor-

responding surface pressure response is recorded. The resistance of the interfacial
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layer to compression and expansion is measured. In interfacial shear rheology mea-

surements, the shape of the interface is changed and the mechanical strength of

the interfacial �lm is measured while keeping the area and the surface tension con-

stant. [76] In principle it is possible to perform interfacial rheology measurements on

both, adsorbed Gibbs monolayers and Langmuir monolayers. Here, the focus is set

on Langmuir monolayers.

There are di�erent experimental setups which allow the execution of interfacial

rheological measurements. In the following, the setups used in this study are shortly

presented.

Interfacial Shear Rheology

An interfacial shear rheometer (ISR) can be used to investigate the response of the

interfacial �lm to shear strain. The calculation of the elastic and viscous moduli are

analogous to the bulk situation which was explained above with the di�erence that

all equations have to be transferred to the 2D case: The stress is hence acting along

a length not a surface.

There are di�erent ISR setups on the market and one has to distinguish between

two di�erent types of instruments: Controlled stress rheometers regulate the forces

exerted on the sample and controlled strain rheometers regulate the angular dis-

placement. The oldest commercial setup is the CIR-100 (Camtel, Royston, UK). It

is capable of both methods and is based on a du Noüy ring. The du Noüy ring is

made out of thin Platinum wire (dwire ≈ 1mm, dring = 1.2 cm) which is positioned

directly at or slightly below the interface. At oscillation frequencies below the natu-

ral frequency 2Hz, the ring oscillates at an applied torque and the ISR works in the

controlled strain regime. The instrument records the phase di�erence and amplitude

ratio between the input stress and output strain. The elastic and viscous moduli

G′ and G′′ are directly calculated by the instrument taking the feedback signals and

geometry of the experimental setup into account. The free parameters to be varied

are the oscillation amplitude and frequency. [76]

Combining an ISR with a �lm balance allows to measure the shear elastic and

viscous moduli at a certain surface pressure.

Interfacial Dilational Rheology

Dilational rheology is a method mainly used for interfaces which are often highly

compressible in contrast to bulk. In interfacial dilational rheology, the surface area

of the monolayer is changed periodically resulting in a dilational strain. This can be

24



2.3. Rheology

achieved using a Langmuir �lm balance equipped with two movable barriers which

oscillate (Figure 2.1). The Langmuir monolayer is �rst compressed isothermally to

a distinct surface pressure π0 and then the viscoelastic properties can be monitored

by oscillating the surface area over time according to [93]

A(t) = A(1 + u0 sin(ωt+ ϕu)) (2.36)

= A(1 + u(t)) (2.37)

where A is the initial molecular area, u0 is the strain amplitude, ω = 2πf is the

oscillation frequency and ϕu the phase shift. In a linear system, the response of the

surface pressure is also sinusoidal and can be measured by the Wilhelmy plate:

π(t) = π0 + π1 sin(ωt+ ϕπ) (2.38)

where π1 is the amplitude of the surface pressure response and ϕπ the phase shift.

The total stress-strain phase shift is given by ϕ = ϕπ−ϕu. The free parameters that

can be varied are the strain amplitude and the frequency. [93]

During the measurement, the area oscillation as well as the oscillation of the surface

pressure are recorded. This allows the calculation of the dilational elastic and viscous

moduli which are designated by E′ and E′′, respectively, in order to distinguish them

from the elastic and viscous moduli obtained from interfacial shear rheology, G′ and

G′′. Using the calculation from above, it holds that [58,93]

E′ =
π1
u0

cosϕ (2.39)

E′′ =
π1
u0

sinϕ. (2.40)

Another method to measure the interfacial dilational rheological properties which

is not applied in this thesis is using a bubble tensiometer where the monolayer is at the

air/water interface of a pending drop. The area of the interface can be periodically

changed by varying the drop volume. The surface pressure can be monitored by

video recording of the drop shape.

2.3.5. Nonlinear Rheology

Often, viscoelastic, complex interfaces may respond in a nonlinear way to applied

single harmonic strain, especially when the strain amplitudes are high. [39,41,108] The

reason for the rise of nonlinearity are diverse but most often arise from changes in
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Figure 2.12.: Lissajou curves of nonlinear stress responses. (a) The stress response
includes an additional uneven mode, (b) the stress response includes an addi-
tional even mode.

the structural order of the interface. [92] Most studies try to avoid measurements in

the nonlinear regime in order to avoid di�culties in the analysis. In the last decades,

several approaches were published to analyze viscoelastic responses in the nonlinear

regime. [41,92,108]

A �rst hint of the nonlinearity of the response function is given by the shape of the

Lissajou curves where the stress is displayed with respect to the strain. A perfectly

linear signal would result in an elliptical shaped Lissajou curve whereas a nonlinear

stress response can lead to various shapes as exemplarily shown in Figure 2.12.

The most straightforward method to quantify the nonlinear response is Fourier-

Transform rheology. [108] Here, the oscillation of the stress response σ(t) is �tted by

a Fourier series expansion

σ(t) =

n∑
k=1

σk exp(kiωt) (2.41)

where σk are the amplitudes of the k-th modes. The further calculations are based

on the situation where the input strain ε(t) is strictly harmonic with the frequency

ω. In interfacial shear rheology measurements, only odd modes appear whereas in

interfacial dilational rheology experiments, both even and odd modes can be ob-

served. [92] The following paragraphs focus on the general case, including both, even

and odd modes in the analysis. The �rst mode allows the calculation of the linear

elastic and viscous moduli using Equation 2.22 and 2.23. The higher modes can be

analyzed in terms of contribution from elastic and viscous parts.

Coming from the de�nition of elasticity in terms of a Hookean spring and viscosity

from Newton's law, we can obtain more information about materials with a pre-

dominantly nonlinear elastic or predominantly nonlinear viscous response. A purely
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elastic nonlinear stress response should be odd under re�ection because of mirror

symmetry, meaning that

σE(t) =
n∑

k,odd

gkε
k(t) (2.42)

= g1ε+ g3ε
3 + g5ε

5 + . . . (2.43)

where g1 is the spring constant in the one-dimensional case and gk (k > 3) are

proportionality factors of the higher modes. Such a behavior is depicted as a Lissajou

curve in Figure 2.12a for g3 = 0.1g1, including a linear viscous term.

A nonlinear viscous response on the other hand can have even and odd components

and depends on the frequency

σV (t) =
n∑
k

ηk ε̇
k(t) (2.44)

= iωη1ε− ω2η2ε
2 − iω3η3ε

3 + . . . . (2.45)

ηk describes the (nonlinear) interfacial viscosity. In contrast to the purely elastic

response, the viscous response also contains imaginary components. This leads to

an asymmetric response as visible in the Lissajou curve in Figure 2.12b which shows

the stress/strain relationship of a viscoelastic body exhibiting a second Fourier mode

with η2 = 0.1η1 in the viscous part whereas the elastic part is strictly linear.

This way, the thorough analysis of the Fourier modes obtained from �tting the

stress response to a Fourier series expansion can provide precious information about

the material. Several statements can be made:

1. The existence of mainly odd modes with in�nitesimal low even modes suggest

a predominantly elastic behavior.

2. The existence of mainly odd modes also indicates that the interface is isotropic,

as the surface stress tensor should be symmetric (σ(−ε) = −σ(ε)). [93]

3. The appearance of increased even modes may indicate an increased nonlinear

viscous contribution.

4. The exact portion of the contribution of the viscosity can be obtained by analyz-

ing the frequency dependence of the higher modes. A predominantly nonlinear

viscous material shows frequency-dependent higher Fourier-modes.
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The drawback of nonlinear rheology is the lack of nonlinear models that adequately

describe nonlinear e�ects in interfacial rheology. Therefore the interpretation of

nonlinear responses are limited. This is especially true as 2D �lms of di�erent kinds

of surfactants such as lipids [4], polymers [39] or nanoparticles [110] can form various

types of phases from �uids to gels and crystalline phases, that behave completely

di�erent. It would be of great interest for the interfacial rheology community to

�nd a way to connect the information about the nonlinearity to in-plane dynamic

processes of the interfacial layers. [93]

To quantify the degree of nonlinearity, one can calculate the value of the total

harmonic distortion (THD) which is the ratio of the sum of the powers of the higher

mode amplitudes to the power of the �rst, fundamental frequency mode:

THD =
1

σ1

√√√√ n∑
k>1

σ2k. (2.46)

In literature, THD is often given in dependence of frequency, amplitude and surface

concentration. Typically, the nonlinearity is independent of the frequency, whereas

it often increases with amplitude and surface concentration. [106]

2.4. Grazing-Incidence Small-Angle X-Ray Spectroscopy

(GISAXS)

A unique method to study nanostructured surfaces is GISAXS which combines the

methods of small-angle scattering and grazing-incidence di�raction using X-rays. [79]

It is especially sensitive to the structure and morphology of surfaces. [2] In the fol-

lowing, the basic principles will be explained in detail.

2.4.1. Principles of X-ray Scattering from Surfaces

If an X-ray beam in vacuum or air (refractive index n0) impinges a completely smooth

surface composed of a material with a refraction index n at an incidence angle αi with

the intensity I0, we can observe refraction and re�ection (Figure 2.13). [2] The angle

of the re�ected beam corresponds to the angle of the incident beam, αf = αi. The

angle of the transmitted/refracted beam however depends on the refractive index of

the material following Snell's law, [89]

n0 cos(αi) = n cos(αt). (2.47)
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Figure 2.13.: Refraction and re�ection of an X-ray beam at an interface. The X-ray
beam with intensity I0 impinges the interface of a material with n < 1 at the
angle αi. A part of the beam (|r|2 · I0) is re�ected at the angle αr. Another
part (with intensity |t|2 · I0) is transmitted and refracted at the angle αt.

The Fresnel's coe�cients r and t allow the calculation of the intensities of the

transmitted (It) and re�ected beam (Ir) with respect to the incident beam,

Ir
I0

= |r|2 (2.48)

It
Io

= |t|2, (2.49)

where, in the case of X-rays, [89]

r =
sin(αi)− n sin(αt)

sin(αi) + n sin(αt)
(2.50)

t =
2 sin(αi)

sin(αi)− n sin(αt)
. (2.51)

In general, the refractive index is a complex value and depends on the wavelength

λ. The real part accounts for the behavior of the transmitted beam, the imaginary

part describes the extinction of the beam in the material. Whereas for visible light,

the real part of the refractive index is normally n > 1, for X-rays, the refractive index

of materials is in general n ≤ 1 but positive. [89] It is normally denoted as [2,79,89]

n(λ) = 1− δ(λ) + iβ(λ) (2.52)

where the real component δ describes the dispersion and the imaginary component
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β describes the absorption of the incident wave. They are given by [89]

δ =
ρNAreλ

2

2πM
f1 (2.53)

β =
ρNAreλ

2

2πM
f2. (2.54)

ρ is the density, NA is the Avogadro constant (6.022× 1023mol−1), re is the classical

electron radius (2.82× 10−15m) and M is the molar mass. f1 and f2 are the atomic

scattering factors that describe how strongly the atoms in the material refract and

absorb the incident X-ray beam. In general, δ is in the order of 10−5 and β is in

the order of 10−6. [89] For X-rays, any material has a refractive index that is smaller

than that of air or vacuum. Therefore when X-rays impinge a material from vacuum,

according to Snell's law, the angle of the transmitted beam is smaller than the angle of

the incident beam αt < αi. At very low incident beams, the beam is totally re�ected

which is called total external re�ection. This occurs at the critical angle [2,79,89]

αc ≈
√

2δ (2.55)

assuming β � δ. αc is usually in the order of 0.1◦ − 0.5◦. [89]

2.4.2. Principles of GISAXS

In GISAXS, the incident angle is chosen close to the critical angle αc. [89] The principle

setup of the scattering geometry is shown in Figure 2.14. The sample surface is in

the (x, y)-plane, the z-axis is the surface normal. A beam of wavelength λ with the

wavevector ki, |ki| = 2π/λ impinges the sample surface with the incident angle αi.

It scatters with the angle αf . In case of a perfectly �at substrate, one would only

observe a specular signal at αf = αi. However, (nano)structures in the surface lead

to o�-specular signals at angles αf 6= αi and out-of-plane angles θ (Figure 2.14). The

scattering wave vector q = kf − ki is then given by [79,89]

q =
2π

λ

 cos(θ) cos(αf )− cos(αi)

sin(θ) cos(αf )

sin(αi) + sin(αf )

 . (2.56)

For specular scattering, qx = qy = 0, so only information along the z-axis (height)

is gathered. O�-specular scattering on the other hand provides information about

the in-plane structures by q‖ = (qx, qy) which allows to analyze the structure of the
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αi

αf
2θ

qz

ki

Figure 2.14.: Schematic setup of GISAXS scattering geometry. The monochromatic
X-ray beam impinges the sample surface at the angle αi close to the critical
angle αc. The scattered beam is recorded by a 2D detector which allows the
determination of the scattering angles αf in the plane of the incidence beam
and θ out of the plane of the incidence beam. In order to detect the rather
weak scattering signals, a beam stop is used to cover the signal of the direct,
re�ected beam.
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interface. The intensity I(q‖) along q‖ is given by

I(q‖) = A|F (q‖)|2S(q‖) (2.57)

where A is a scaling factor. F (q‖) is the form factor, which provides information

about the shape of the scattering particles and S(q‖) the structure factor which

describes the lateral organization of the particles. In the following, form factor and

structure factor will be explained in more detail.

Form Factor

For non-interacting particles in a dilute system, the scattering intensity would only

be described by the form factor which accounts for the shape and the size of the

particles. In the most general form where only one particle is scattered, it is given

by integrating the scattering length density ρ(r) over the volume V of the particle

(Born approximation) [89]

F (q) =

∫
V
ρ(r)eiq·rdV. (2.58)

In the case of GISAXS, where small interfaces are studied, besides the normal scat-

tering, three other scattering events can occur which are illustrated in Figure 2.15:

A re�ection followed by a scattering, a scattering followed by a re�ection and a re-

�ection followed by a scattering and a second re�ection. These 4 scattering events

have to be taken into account for the calculation of the form factor which is the case

in the framework of the distorted-wave Born approximation (DWBA). Here the form

factor is given by [79,89]

F (q‖) = F (q‖, (kf − ki)z) + riF (q‖, (kf + ki)z)

+ rfF (q‖,−(kf + ki)z) + rirfF (q‖,−(kf − ki)z). (2.59)

ri and rf are the Fresnel coe�cients of the refraction as shown in Fig. 2.15 (cf.

Equation 2.50).

Structure Factor

Ordered particles at the interface will show a scattering pattern that needs besides

the form factor F (q) a structure factor S(q) to describe the intensity pro�le. The

structure factor accounts for the organization of the particles and their interaction

with each other. In the general case with a homogeneous layer of particles on a
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ki kf

αi αf

z
(kf - ki)z (kf + ki)z - (kf + ki)z - (kf - ki)z

ri rf ri rf

Figure 2.15.: Scattering events on particles occurring in GISAXS experiments.
From left to right: direct re�ection at the particle, re�ection followed by a
scattering, scattering followed by a re�ection and re�ection followed by a scat-
tering and a second re�ection. These four scattering events are considered in
the DWBA. The black arrows indicate the incoming beams with wave vector
ki, the blue arrows indicate the scattered beams with wave vectors kf . The
wave vector transfer of each event is written on the top. The Fresnel coe�cients
ri and rf are marked. (inspired by ref. [89])

�at substrate forming dense domains, the reduced partial pair correlation functions

gαβ(r‖) can describe the structure factor. gαβ(r‖) describes the relative position of

particles of type α with probability density pα to particles of type β with probability

density pβ . When nS is the number of particles in a surface unit, nSpβgαβ(r‖)dr‖
gives the numbers of particles of type β that are at the position r‖ of particles of

type α. The structure factor is then [89]

S(q‖) = 1 + nS

∫
A

(
gαβ(r‖)− 1

)
eiq‖r‖dr‖. (2.60)

A drawback in the analysis of the structure factor is the lack of knowledge of the

pair-pair correlation functions. Hence, several models exist to describe the surface

pattern. The two most common are: [89]

1. Decoupling approximation (DA):

The DA neglects all kind of correlations between the particles. Here, we can

replace the partial pair correlation function by its general form g(r‖). [89]

2. Local monodisperse approximation (LMA):

In contrast to the DA, the LMA assumes an almost perfect correlation between

monodisperse particles having a size larger than the coherence length of the

X-ray wave. [89]

The precise �tting of the structure factor allows the calculation of the correlation

length ξ between the particles since the structure factor is simply the Fourier trans-
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formation of the pair correlation function g(r) in real space. Therefore, within the

framework of the short range order model, one can calculate ξ by [94]

ξ =
〈d〉3

2δr2
(2.61)

where 〈d〉 is the mean distance between two neighboring particles. δr is its root mean

square deviation of 〈d〉 and corresponds to the width of the �rst correlation peak of

g(r). Since the width of the �rst peak of the structure factor is

δqy =
δr2q2y
〈d〉

, (2.62)

the correlation length can be directly obtained by the width of the �rst peak of the

structure factor in reciprocal space δqy:

ξ =
2π2

δqy
. (2.63)
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3.1. Materials

3.1.1. Semi�uorinated Alkanes

In this study various semi�uorinated FnHm diblocks were studied. n corresponds

to the length of the �uorocarbon segment whereas m corresponds to the length of

the hydrocarbon segment as described by the chemical structure CnF2n+1CmH2m+1.

The semi�uorinated diblocks investigated were F8H14, F8H16, F8H18, F8H20,

F10H16 and F12H16. They were synthesized according to Brace et al. and puri�ed

by repeated crystallizations from methanol. [10]

Additionally, the semi�uorinated tetrablock molecules di(F10H16), di(F10H18)

and di(F10H20) were studied which are in general denoted as di(FnHm) with the

chemical structure (CF2n+1CH2)(Cm−2H2m−3)CH−CH(CnF2n+1CH2)(Cm−2H2m−3).

They were synthesized according to de Gracia Lux (2010) [19].

All semi�uorinated alkanes were synthesized and provided by lab of Marie Pierre

Kra�t1.

The chemical purity was > 99 % which they determined by thin-layer chromatog-

raphy, nuclear magnetic resonance, elemental analysis and MALDI-TOF mass spec-

troscopy. Throughout this study, double deionized water (MilliQ, Molsheim) with a

speci�c resistance of ρ > 18 MΩ was used.

All semi�uorinated alkanes were solved in chloroform with a concentration of 1mM.

3.1.2. Lipids

The lipid 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) used in this study

was purchased from Avanti polar lipids Inc. (USA). It consists of a zwitterionic

phosphatidylcholine headgroup and two saturated hydrocarbon chains with 16 car-

bons. Its chemical structure is shown in Figure 3.1a. The molecule has a molecular

weight of 734.04 g mol−1 and its transition temperature is at Tm = 41◦C.

1Institut Charles Sadron (CNRS), University of Strasbourg, 67034 Strasbourg, France
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Figure 3.1.: Chemical structure of DPPC (a) and DHPE-Texas-Red (b)

1,2-Dihexadecanoyl-sn-Glycero-3-Phosphoethanolamine (DHPE) marked with Texas

Red was purchased from AAT Bioquest (Sunnyvale, CA, USA). Its chemical structure

is shown in Figure 3.1b. The zwitterionic headgroup is labeled with the red �uores-

cent die Texas Red, which has its excitation line at the wavelength λ = 595 nm and

emits light with the wavelength λ = 615 nm.

3.2. Methods

3.2.1. π/A-Isotherms

π/A-isotherms were recorded with a KSV Nima �lm balance with two motor-driven

movable barriers (Bioloin Scienti�c, Stockholm, Sweden). All experiments were per-

formed at room temperature (20◦C). Before the usage, the Langmuir trough and

the barriers were cleaned by wiping the surface with ethanol and rinsing it at least

10 times with deionized water.2 The di�erent compounds were solved in chloroform

with a concentration of 1mM. 40 µl of the solution was spread on the water sur-

face using a Hamilton syringe. The experiments were started after 10 − 15min to

allow the chloroform to evaporate and the monolayer to equilibrate. The monolayer

was then compressed at a constant rate of 3.75 cm2 min−1 until the collapse or the

minimum available surface area was reached.
2All experiments were performed with doubled deionized water with a resistivity ρ > 18 MΩ
(MilliQ, Molsheim, Germany)
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Figure 3.2.: Schematic experimental setup of the ISR combined with a �lm balance.

3.2.2. Interfacial Shear Rheology

To measure the interfacial shear rheology, a CIR-100 interface rheometer (Camtel

Inc., UK) was used which was custom modi�ed to accommodate a Langmuir �lm

balance (NIMA, UK). The du Noüy ring was immersed 0.05mm below the water sur-

face as here, the sensitivity to the monolayer was maximal. For each measurement,

reference measurements on a pure air/water interface were recorded and subtracted

from the actual data. The statistical uncertainties of the elastic and viscous mod-

uli G′ and G′′ were estimated from the standard deviation of 10 data points. All

measurements were performed at room temperature (T = 20◦C).

The FnHm molecules were solved in chloroform with a concentration of 1mM

and spread on the air/water interface of the �lm balance after the du Noüy ring was

placed. After the evaporation of the chloroform (∼ 15min), the monolayers were

compressed to the desired surface pressure with a speed of 5 cm2 min−1. The surface

pressure was then kept constant during the shear rheology measurements (which

sometimes resulted in a further compression of the �lm). Usually, an oscillation

amplitude of 1.5mrad was applied at the frequency range 1− 10Hz.

3.2.3. Interfacial Dilational Rheology

For the dilational rheology measurement, a KSV Nima �lm balance with two motor-

driven movable barriers was used (Bioloin Scienti�c, Stockholm, Sweden). The mono-

layer was prepared as described in Section 3.2.1. Unless stated otherwise, it was

compressed to a surface pressure of 5 mN m
−1

with a speed of 3.75 cm2 min−1 and

the monolayer was allowed to equilibrate for another 10min. The barriers were si-

nusoidally oscillated at a de�ned frequency and amplitude while recording the area

A(t) and the surface pressure π(t) according to Equation 2.36. Unless stated other-

wise, the experiments were performed at the amplitude of u0 = 0.01 in the frequency
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regime of 1 − 150mHz.3 All measurements were performed at room temperature

(T = 20◦C). The elastic and viscous moduli E′ and E′′ could then by calculated as

described in Section 2.3.4. All experiments were at least performed three times.

A part of the experiments was performed in an atmosphere enriched with per�u-

orohexane (C6F14, PFH) instead of air. PFH was purchased from Apollo Scienti�c

Ltd (Bredbury, UK). A �ow of N2 gas was led through three subsequent washing

bottles �lled with liquid PFH into the gas-tight box of the �lm balance for at least

30min. Since the saturation of PFH was accompanied by an increase in surface

pressure to 2.5−3 mN m−1, the surface pressure was manually set to 0 mN m−1 prior

to the compression.

3.2.4. GISAXS

GISAXS experiments were performed at ID10 beam line of the European Synchroton

Radiation Facility (ESRF, Grenoble, France). A gas-tight �lm balance �lled with

PFH-enriched He atmosphere was used for the preparation of FnHm monolayers.

Therefore, a �ow of He gas was led through three subsequent washing bottles �lled

with PFH into the gas-tight box of the �lm balance. The saturation of PFH in the

gas phase was con�rmed by an increase of the surface pressure by 2.5−3 mN m−1. All

experiments were performed at room temperature (T = 20◦C). The monolayer was

compressed to the surface pressure of 5 mN m−1, and a monochromatic X-ray beam

(22 keV) impinged on the interface at an incidence angle of 0.045◦, which is slightly

below the critical angle of total external re�ection. The intensity of the scattering

signal was detected using a 2D-pixel detector. To obtain the one-dimensional scatter-

ing pro�le along the scattering vector parallel to the interface q‖ ≈ qy, the scattering
intensity was averaged over qz = 0.9 − 1.1 nm−1. The experimental GISAXS data

were analyzed using the FitGISAXS software. [5] The data were treated within the

framework of the DWBA by applying the implemented functions for monodisperse

oblate hemispheroids arranged in a hexagonal paracrystal or monodisperse oblate

hemiellipsoids arranged in a rectangular paracrystal. The structure factors S(qy)

and form factors F (qy) were obtained by optimizing the background intensity, scal-

ing factor A, diameter D, height H and lattice constant L. Finally, the best �t was

achieved by letting all parameters �oat.

3This combination of amplitude and frequency results in a oscillation velocity which is in the same
order of magnitude as the oscillation applied in the interfacial shear rheology measurements
(10−2 − 10−4 cm s−1).
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3.2.5. Fluorescence Microscopy and Analysis with the Radial

Distribution Function

The �uorescence microscopy experiments were performed using a Nikon TE2000-

U microscope (Shinagawa, Japan) in combination with an EXFO X-cite 120 Metal

Halide lamp (Excelitas, Waltham, United States). The Langmuir trough was equipped

with a small window and mounted on the microscope allowing the observation of the

�lm from below. The DPPC solution was mixed with 0.1 mol % of DHPE-Texas Red.

The �uorescent images were analyzed using ImageJ, Fiji. For a selection of images,

the radial distribution function g(r) was calculated,

g(r) =
1

ρ

1

2πr

dn(r)

dr
(3.1)

where ρ is the density of particles and n(r) is the number of particles in a in�nitesimal

small annulus of the area 2πrdr. It hence describes all pair correlations between the

particles. To this end, the �uorescent images were binarized and the maximum

position of each particle was detected allowing the calculation of g(r).

3.2.6. Langmuir-Blodgett

With the Langmuir-Blodgett (LB) technique, molecular �lms can be transferred from

the liquid/gas interface to a solid substrate. In this study, it was used to prepare a

monolayer of F12H16 on a silicon wafer with native oxide (SiMat, Landsberg, Ger-

many). The Si wafer was thoroughly cleaned by successive sonication with acetone,

ethanol, methanol and water for 15min each. In order to increase the hydrophilicity

of the surface which is crucial for the deposition of the F12H16 surface domains,

RCA cleaning was performed: The wafers were �rst sonicated for 3min and then

incubated for another 30min at 60◦C in a solution of H2O2, NH3 and H2O (volume

ratio 1:1:5). Finally, the wafers were rinsed with deionized water at least 10 times

and were put in the oven at 70◦C to dry.

A Langmuir trough equipped with a deep basin that allowed Langmuir-Blodgett

was used (KSV Nima, Bioloin Scienti�c, Stockholm, Sweden) and cleaned at least

10 times with water prior to the usage. After �lling it with the water, the wafer

was placed into the water, attached at a motorized clip which allowed to pull the it

at a de�ned speed. 50µl of a 2mM solution of F12H16 solved in chloroform was

spread on the water surface. After the evaporation of the solvent, the monolayer was

compressed with a speed of 5 cm min−1 until a surface pressure of π = 4 mN m−1

was reached. Then, the Si-wafer was extracted out of the water with a speed of
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1 mm min−1 allowing the formation of the monolayer on the Si-wafer. During that

process, the surface pressure was kept constant at π = 4 mN m−1 by closing the

barrier further. After the deposition, the wafer was allowed to fully dry for at least

1 h at room temperature.

3.2.7. Atomic Force Microscopy

Atomic Force Microscopy was used to image F12H16 monolayers which were trans-

ferred on a Si-wafer. A NanoWizard 3 AFM from JPK Instruments (JPK In-

struments AG, Berlin, Germany) was used. The images were recorded in tapping

mode using a NCHV-A cantilever with tip radius ≈ 8 nm, and spring constants

k ≈ 20 N m−1 (Bruker Nano Inc., Billerica, USA).
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4. Interfacial Shear Rheology of

Semi�uorinated Diblock Monolayers

So far, the structural ordering of semi�uorinated FnHm diblocks into nanodomains

has been studied at the air/water interface using X-ray scattering techniques and

AFM of solid-supported monolayers. [6,18] The dynamic behavior of FnHm mono-

layers however was has not been thoroughly investigated yet. For example Klein et

al. studied monolayers composed of F12H12, F12H20 and diblock copolymers in

which the F12 and H12 segments are connected by a phenyl group using an ISR

with a gliding magnetic needle under oscillating magnetic �elds. [45] For all three

molecules, they reported a predominantly elastic response. In case of F12H12,

which self-assembles into circular domains, they observed a response typical for a

2D colloidal glass which they attributed to the interactions of the circular domains.

The other two compounds behaved di�erently which was explained by the rather

elongated and dendritic-like shaped domains. [45]

Indeed, the ordering of the FnHm diblock molecules into circular surface micelles

at the air/water interface is expected to determine the viscoelastic properties of the

monolayers. The �uorocarbon segments of the FnHm molecules point outwards, we

can hence expect repulsive interactions between the surface micelles as it was shown

that they do not coalesce, even at high surface pressures. [48]

The aim of this chapter is to study the interfacial shear properties of various

FnHm monolayers. After presenting π/A-isotherms and some preliminary experi-

ments which are crucial for the following shear rheology measurements (Section 4.1),

the frequency-dependent gelation of the monolayers is described (Section 4.2). This

will be presented exemplarily for F8H18. Since it was reported that the semi�uo-

rinated alkane diblocks already self-assemble into the surface micelles at a surface

pressure π = 0 mN m−1, [30] it is interesting to study the mechanics of the monolayers

in dependence of the surface pressure, too. In the next step, the hydrocarbon and

�uorocarbon segment lengths were changed systematically in order to learn more

about how the basic molecular parameters modulate the mechanics of the 2D �lm

(Section 4.3).
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Figure 4.1.: π/A-isotherms of FnHm diblock monolayers. a) π/A-isotherms of
F8Hm monolayers (m = 14, 16, 18, 20), b) π/A-isotherm of FnH16 mono-
layers (n = 8, 10, 12). The compression speed was 3.75 cm2 min−1 and the π/A-
isotherms were recorded at T = 20◦C

The results presented in this chapter were published in Angewandte Chemie (2017).1

4.1. π/A-Isotherms and Preliminary Experiments

Figure 4.1 shows the π/A-isotherms of all FnHm monolayers studied in this thesis.

For clarity, they were separated into the F8Hm monolayers (Figure 4.1a) and the

FnH16 monolayers (Figure 4.1b). The π/A-isotherms were prepared as described in

Section 3.2.1. They were fully reproducible and are comparable to the π/A-isotherms

already published. [17,48]. All FnHm monolayers exhibit the onset of the surface

pressure increase at ∼ 33Å2. The compressibilities do not alter much between the

di�erent diblocks and are in the range of κ−1 = 6− 8 m N−1 at π = 5 mN m−1. The

collapse pressure πc on the other hand di�ers for the di�erent FnHm monolayers

and increases with the molecular diblock length.

For the interfacial shear rheology measurements, it is crucial to perform the mea-

surements in the linear response regime. Therefore, prior to studying the e�ect

of frequency and surface pressure on the viscoelastic properties of the monolayer,

test measurements at various frequencies and amplitudes were performed to �nd a

combination which provides linear data for all FnHm diblocks studied. Figure 4.2a

exemplarily shows the elastic moduli G′ and viscous moduli G′′ recorded over time of

1Veschgini, M., Habe, T., Mielke, S., Inoue, S., Liu, X., Kra�t, M. P., & Tanaka, M. (2017).
Existence of Two-Dimensional Physical Gels even at Zero Surface Pressure at the
Air/Water Interface: Rheology of Self-Assembled Domains of Small Molecules.
Angewandte Chemie, 129 (41), 12777-12781.
I analyzed and structured the data, contributed to the interpretation of the results, wrote parts
of the manuscript and performed additional, supporting experiments.
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Figure 4.2.: Elastic and viscous moduli G′ and G′′ of a F8H16 monolayer at the
air/water interface. a) For each condition of frequency, strain amplitude and
surface pressure, the data were recorded over 90 s which was enough to con�rm
that the system reached thermodynamic equilibrium (G′ and G′′ const.). For
the further analysis, the mean value and standard deviation of the last 10 data
points was used. b) G′ and G′′ are displayed with respect to the frequency
(f = 2 − 10Hz) at a strain amplitude of γ = 1.5mrad and surface pressure
of 7 mN m−1. c) G′ and G′′ plotted with respect to the strain amplitude (γ =
1− 8mrad) at the �xed frequency f = 3Hz.

a F8H16 monolayer. For each measurement, the data were recorded over 90 s which

was su�cient to reach thermodynamic equilibrium. The following data always repre-

sent the gliding mean of the last 10 data points and the respective standard deviation

as error bar. In Figure 4.2b and c, frequency- and amplitude-sweep measurements

at π = 7 mN m−1 are shown con�rming that the data were recorded in the linear

response regime. The experimental procedure of the interfacial shear experiments is

described in Section 3.2.2.

4.2. Formation of Two-Dimensional Gels

In order to study the e�ect of the surface pressure on the viscoelastic properties,

interfacial shear rheology measurements were performed at a �xed oscillation fre-

quency (f = 3Hz) and oscillation amplitude (γ = 1.5mrad). The results are shown

in Figure 4.3 for a monolayer of F8H18. At this frequency and amplitude condi-

tion, the monolayer is predominantly elastic and behaves like a 2D gel (G′ > G′′)

for all surface pressures measured. Both elastic and viscous moduli only slightly

increased with π resulting in G′ = (1.5± 0.2) mN m−1 and G′′ = (1.0± 0.2) mN m−1

at π = 10 mN m−1.

The formation of 2D gels has been reported for various types of monolayers at

43



4. INTERFACIAL SHEAR RHEOLOGY OF SEMIFLUORINATED ALKANE
MONOLAYERS

2.0

1.5

1.0

0.5

0.0

121086420

G’
G’’

G
’, 

G
’’ 

[m
N

 m
-1
]

� [mN m-1]

Figure 4.3.: Elastic and viscous moduli G′ and G′′ of a F8H18 monolayer plot-
ted with respect to the surface pressure. The data was recorded at the
frequency f = 3Hz and amplitude γ = 1.5mrad. The value at π = 0 mN m−1

corresponds to a surface area of 40Å
2
.

the air/water interface. Here, we mostly have to distinguish between chemical and

physical gels. Whereas chemical gels form by units that are linked by chemical

bonds, physical gels are formed by units that are physically bonded and hence the gel

formation is reversible. [43] Examples for 2D gels are monolayers of lipopolysaccarides

(LPS) which form in the presence of Ca2+ [37] or monolayers of phospholipids coupled

to poly(ethylene glycole) (PEG) chains. [80,81] Physical gels have so far only been

reported for compressed monolayers at surface pressures π > 0 mN m−1, e.g. for

silicon and metal nanoparticles coated with surfactants. [33]

The F8H18 molecules at the air/water interface arrange in highly ordered, meso-

scopic domains. [48] The molecular structure of the molecules excludes the possibility

of the formation of chemical gels, in contrary, the strong dipole of the molecules

is expected to lead to a repulsive interaction between the individual domains. [52]

Indeed, the nanodomains do not coalesce even at high surface pressures. [17] The pre-

dominantly elastic response of the F8H18 monolayers can hence be attributed to

the strong dipole repulsion between the surface micelles originating from the CF3-

termini and the CF2 − CH2 junctions. The principle viscoelastic behavior seems

independent from the surface pressure which suggests that the F8H18 molecules

already self-assemble into the stable nanodomains near π ≈ 0 mN m−1.

In order to shed light on the frequency-dependency of the gelation even at π =

0 mN m−1, shear rheology measurements were performed at a �xed strain amplitude

of γ = 1.5mrad in the frequency regime 2−10Hz for various surfaces pressures from

0 to 8 mN m−1. Figure 4.4 shows the frequency-dependency of G′ and G′′ exemplarily

at four di�erent molecular areas/surface pressures. At π = 0 mN m, the power law

44



4.2. Formation of Two-Dimensional Gels

1.2

0.8

0.4

0.0

108642

3.0

2.0

1.0

108642

 50 Å2

 40 Å2

 33 Å2

 31 Å2 30

20

10

86420

G
’ [

m
N

 m
-1
]

G
’’ 

[m
N

 m
-1
]

40

η 
[m

N
 s 

m
-1
]

Frequency [Hz] Frequency [Hz] � [mN m-1]

a b c

Figure 4.4.: Kelvin-Voigt behavior of F8H18 monolayer. a) Elastic modulus G′

as a function of the frequency for four di�erent molecular areas/surface pres-
sures. (50Å

2
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2
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2
/1 mN m−1, 31Å

2
/8 mN m−1).

b) Viscous modulus G′′ as a function of the frequency at the same surface pres-
sure/molecular area conditions. The gray lines correspond to the �ts of the
Kelvin-Voigt model. c) Interfacial viscosity η derived from the slope of G′′ vs.
the frequency according to the Kelvin-Voigt model.

exponent for both G′ and G′′ is approximately 1 (G′ ∝ f1, G′′ ∝ f1). This is typical
for soft glassy materials. [54,101] Interestingly, at surface pressures π ≥ 1 mN m−1

(corresponding to molecular areas A ≥ 33Å2), G′ and G′′ follow a typical Kelvin-

Voigt behavior which follows G′(f) = g and G′′(f) = 2πηf , with g being the spring

constant and η the interfacial viscosity of the system (Section 2.3.3). The solid

black lines in Figures 4.4a and b correspond to the linear �ts of the Kelvin-Voigt

model. The spring constant g depends on the surface pressure, at π = 8 mN m−1,

g = (1.28 ± 0.02) mN m−1 was measured. The 2D viscosity η can be obtained from

the slope of G′′ with respect to the frequency (Figure 4.4b), the corresponding values

are displayed in Figure 4.4c. Interestingly, η increases with the surface pressure until

a �nal value of η = (39.8 ± 0.4) µN s m−1 is reached at 8 mN m−1. Compared to

other systems, this value of the interfacial viscoisty is very low. [39,103,106,107] These

monolayers however consist of surfactants possessing large hydrophilic headgroups

(e.g. lipids), which are partially immersed into the water subphase. In case of

the completely hydrophobic semi�uorinated alkanes, we can expect that the contact

area between the FnHm diblock molecules and the water is minimal. The little

energy loss during the rheological measurements can therefore be attributed to the

low friction between the F8H18 monolayer and the water.

For π > 0 mN m−1 the data show a Kelvin-Voigt like behavior of the F8H18

monolayer, which is characteristic for solid-like materials with a predominantly elastic

response. However, a closer look at the data shows that at higher frequencies f >
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Figure 4.5.: Frequency-dependent gelation of a F8H18 monolayer. a) Viscous mod-
ulus G′′ vs. elastic modulus G′ of a F8H18 monolayer measured at di�erent
surface pressures in the frequency range of 2 − 10Hz and amplitude 1.5mrad.
b) Phase shift ϕ of the same data with respect to the frequency. The shaded
regions display the predominantly viscous region (G′′ > G′, ϕ > π/2).

6Hz, the monolayer looses the gel-like behavior as G′ < G′′. Figure 4.5a shows

the same data as in Figure 4.4 by displaying the relationship between G′ and G′′.

Figure 4.4b shows the respective phase separation ϕ between stress and strain as a

function of the frequency. The shaded regions indicate the predominantly viscous

region, where G′′ > G′ and hence ϕ = tan−1 (G′′/G′) > π/2. At π = 0 mN m−1, the

monolayer behaves predominantly elastic in the whole frequency regime measured

(f = 2−10Hz) and the phase shift remains more or less constant at ϕ ≈ 0.6. Already

a slight compression of the monolayer to π = 0.5 mN m−1 leads to a drastic change

in its behavior. At low frequencies, the monolayer is still predominantly elastic.

However ϕ increases with frequency and at the critical frequency of fc = 6Hz, ϕ

exceeds π/2. For the higher surface pressures, the same tendency was observed.

In summary, as soon as the monolayer is compressed to π > 0 mN m−1, it changes

its behavior slightly and looses its predominantly elastic character at the critical

frequency fc = 6Hz (for γ = 1.5mrad). The results further clearly indicate that the

F8H18 nanodomains form a 2D physical gel already at 0 mN m−1. Such a behav-

ior has not been reported for other organic compounds so far. In most cases, self-

assembled organic molecules undergo gelation only at high surfaces pressures. [80,81,97]
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The behavior observed for the F8H18 nanodomains is similar to that of hard par-

ticles. [16,21,70] These unique rheological properties can hence be attributed to the

strong dipole repulsions between the domains.

4.3. In�uence of Hydrocarbon and Fluorocarbon

Segment Length

To elucidate the in�uence of the �uorocarbon and hydrocarbon segment length on

the viscoelastic properties, interfacial shear rheology measurements on monolayers

formed by F8H14, F8H16, F8H20, F10H16 and F12H16 were performed. In order

to compare the systems, all measurements were performed at the frequency f = 3Hz

and amplitude γ = 1.5mrad. Figure 4.6 displays the values for G′ and G′′ recorded at

the surface pressure of π = 5 mN m−1 with respect to the hydrocarbon segment length

m and the �uorocarbon segment length n. The whole data set is shown in Figure

A.1. G′′ monotonically increases with the hydrocarbon segment length of F8Hm

from G′′F8H14 = (0.4 ± 0.1) mN m−1 to G′′F8H20 = (2.7 ± 1.1) mN m−1. G′ on the

other hand remains almost constant for m = 14, 16 and 18 at G′ ≈ 1.4 mN m−1 and

increased signi�cantly when further increasing m to G′F8H20 = (5.1± 1.9) mN m−1.

Increasing the �uorocarbon segment length from F8H16 to F10H16 does not

signi�cantly change G′ and G′′ (G′ ≈ 1.4 mN m−1, G′′ ≈ 0.4 mN m−1). However

increasing the �uorocarbon segment length further to F12H16 leads to a drastic in-

crease of both G′ and G′′ by one order of magnitude (G′F12H16 = (25.2±5.9) mN m−1,

G′′F12H16 = (8.3± 0.4) mN m−1). It also has to be noted that G′ of F12H16 did not

reach full equilibrium even after 90 s (Figure A.2a). However, the tendency was con-

�rmed by measuring the monolayer at f = 5Hz and γ = 3mrad where similar high

values for G′ and G′′ were measured and the monolayer reached thermal equilibrium

(Figure A.2b).

What is the origin for this dependency of the viscoelastic properties on the length

of the FnHm molecules? As elaborated in the previous section, the predominantly

elastic response of the FnHm monolayers can be attributed to the strong repulsion

between the surface micelles. The origin of this repulsion lies in the dipole moments.

The dipole moment of one surface micelle is determined by two factors, �rst the do-

main size and second, the alignment of the molecular dipoles within the domain. The

GISAXS data presented in Section 6.2 indeed show that increasing the hydrocarbon

or �uorocarbon segment length leads to monotonic increase of the diameter of the

surface micelles (Section 6.2). Due to the increased van der Waals forces, longer
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Figure 4.7.: Schematic model describing the impact of elongating the hydrocar-
bon (top) and �uorocarbon (bottom) segment length on the dipole
moments of FnHm surface micelles. Increasing the hydrocarbon segment
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hydrocarbon chains show a higher lateral order. This e�ect was reported widely

for self-assembled monolayers. [13,38] Since the �uorocarbon chains have higher cross-

sectional areas than the hydrocarbon chains, an increase of the lateral order of the

hydrocarbon chains leads to a packing strain of the bulkier �uorocarbon chains. This

is schematically illustrated in Figure 4.7. The �uorocarbon chains are hence more

disordered. Therefore, the molecular dipoles are less aligned.

Elongating the �uorocarbon segments at a �xed hydrocarbon segment length how-

ever does not disturb the ordering of the hydrocarbon chains. Indeed, increased van

der Waals forces between the �uorocarbon segments may even increase the ordering

e�ect. However due to the better ordering of the �uorocarbon segments, the net

dipole moment is increased which can explain the strong increase in G′ by a factor of

∼ 20. In contrast, the elongation of the hydrocarbon segment only slightly increases

the dipole moment and hence G′ is increased to a lower extend.
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5. Dilational Rheology of

Semi�uorinated Alkane Monolayers

In rheology, one has to distinguish between shear and dilational e�ects. Therefore,

in order to extend the study on the viscoelastic properties of monolayers composed

of semi�uorinated alkanes at the air/water interface, interfacial dilational rheology

experiments were performed using a Langmuir �lm balance with two oscillating bar-

riers that allow a sinusoidal change of the surface area. Studying both complemen-

tary methods, interfacial shear and dilational rheology, provides a broad, valuable

overview about the mechanics of the monolayers under di�erent stress/strain condi-

tions.

So far, the dilational viscoelastic properties of Langmuir monolayers made of semi-

�uorinated alkane have not been studied. Kovalenko et al. investigated the dilational

viscoelasticity of Gibbs monolayers of F8H2Phos and F10H2Phos, short chain semi-

�uorinated alkanes that possess a phosphate group at the hydrocarbon termini. [47]

They observed exceptional high values for the elastic moduli E′ ≈ 900 mN m−1 at

surface pressures around ∼ 25 mN m−1 using a bubble tensiometer. [47] However, they

did not study the in�uence of oscillation frequency and amplitude on the viscoelas-

tic properties. From their results, Kovalenko et al. suggested the formation of the

�uorinated molecules into surface domains which has not been con�rmed, yet.

The previous interfacial rheology studies already suggest that the ordering of the

FnHm molecules into surface micelles strongly in�uences the viscoelastic behavior

of the monolayers at the air/water interface. There are only few studies investigat-

ing the dilational viscoelasticity of monolayers that show ordered structures. For

example Li Destri et al. investigated monolayers composed of various polystyrene-b-

poly(methyl methacrylate) (PS-b-PMMA) copolymers. [20] They observed that the

copolymers forming rather circular domains showed a predominantly elastic behav-

ior whereas an entanglement of the copolymers into wormlike micelles lead to an

increase of the viscous contribution. [20] This suggests that a circular, well ordered

shape of self-assembled structures leads to a rather elastic behavior. One can there-

fore assume that monolayers of semi�uorinated alkanes that arrange in well-ordered
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circular shaped nanodomains respond in a predominantly elastic way to dilational

stress.

This chapter �rst focuses on the dilational viscoelastic properties of semi�uori-

nated di(FnHm) tetrablock monolayers (Section 5.1). In fact, investigating these

monolayers by interfacial shear rheology was not possible as they were too sti�, ex-

ceeding the sensitivity of the rheometer (Figure A.3). In Section 5.2 the equivalent

measurements performed for FnHm diblock monolayers are presented.

The results presented in Section 5.1 were published in Langmuir (2018).1

5.1. Dilational Viscoelasticity of Semi�uorinated

Tetrablocks

As a �rst step, π/A-isotherms were recorded for the three tetrablock molecules

di(F10Hm), m = 16, 18, 20 (Figure 5.1a). The experimental procedure is described

in Section 3.2.1. All three monolayers showed extremely low compressibilities in the

range of κ−1 ≈ 7 m N−1 at π = 5 mN m−1. The onset of the increase of the surface

pressure was at A ≈ 58Å2, independent from the length of the tetrablock molecule.

The collapse pressure was in the range of πc = 16 − 24 mN m−1, increasing with

hydrocarbon segment length. This con�rms the results published previously by de

Gracia Lux et al. [18]

The solid gray line in the isotherms in the Figure 5.1a marks π0 = 5 mN m−1.

This is the surface pressure chosen for the dilational rheology experiments.2 The

detailed experimental procedure is described in Section 3.2.3. Figure 5.1b shows a

typical stress strain signal of a di(F10H16) monolayer recorded at f = 100mHz,

u0 = 0.01 and π = 5 mN m−1.3 The applied amplitude corresponds to a change of

the molecular area of 0.6−0.8Å2. It can therefore be assumed that the global spatial

distribution of the di(FnHm) nanodomains is not disturbed by the area oscillation

as the amplitude is 4 orders of magnitude smaller than the area of one nanodomain

(D ≈ 40 nm).

1Mielke, S., Habe, T., Veschgini, M., Liu, X., Yoshikawa, K., Kra�t, M. P., & Tanaka, M. (2018).
Emergence of Strong Nonlinear Viscoelastic Response of Semi�uorinated Alkane
Monolayers. Langmuir, 34(7), 2489-2496.
I performed all experiments, analyzed and interpreted the data and wrote the major part of the
manuscript.

2π0 = 5 mN m−1 was chosen since it could be used for the FnHm diblocks as well which have a
lower collapse pressure and therefore it is not possible to measure the dilational viscoelasticity
at higher π0.

3The chosen frequency/amplitude regime corresponds to strain velocities which are in the same
order of magnitude than that used for the ISR measurements.
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Figure 5.1.: π/A-isotherms and stress strain signal from dilational rheology of
di(F10Hm) tetrablock monolayers. a) π/A-isotherms recorded at a speed
of 3.75 cm2 min−1 and T = 20◦C. b) Response of the surface pressure π(t) over
time at the respective applied change of the surface area (in red). The amplitude
of the area change ∆A and the amplitude of the surface pressure change π1 are
marked in the �gure. There is a phase separation ϕ between the area and the
surface pressure oscillation.

The shape of the oscillation of the surface pressure already suggests that the re-

sponse of the di(F10H16) monolayer to the dilational stress is nonlinear. Therefore,

as introduced in Section 2.3.5, the data were �tted to a Fourier series expansion

π(t) = π0 +
n∑
k=1

πk sin(kωt+ ϕπk) (5.1)

where ω = 2πf is the angular frequency , π0 is the starting surface pressure (π0 ≈
5 mN m−1), πk is the amplitude of the k-th Fourier mode and ϕπk the corresponding

phase shift.

In a �rst step, the focus is set on the contribution of the �rst mode to the vis-

coelastic properties. Then, the contributions of the higher modes (nonlinear part)

are further examined and discussed.

5.1.1. First Mode Analysis

Figure 5.2a shows the phase separation ϕ1 = tan−1
(
E′′1
E′1

)
between stress and strain of

the �rst Fourier mode for all three tetrablock molecules. In the measured frequency

regime, the phase shift is below π/2, which indicates a predominantly elastic response.

ϕ1 monotonically increases with frequency. As E′′ ∝ sinϕ (Equation 2.40) and ϕ

is small, the monolayers show an increase of the viscous contribution at the higher

frequencies. This is especially prominent for di(F10H20) which shows compared to

the other two tetrablock monolayers the highest phase separation of ϕ1 = 0.6 at
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Figure 5.2.: Phase shift ϕ1 between stress and strain plotted as a function of
frequency for the di(F10Hm) monolayers. The inset shows the data in
a semilogarithmic scale. Below f = 10mHz the phase separation is constant at
ϕ1 ≈ 0.28.

di(F10H16) di(F10H18) di(F10H20)

g [mN m−1] 164± 4 163± 1 142± 10

η [µN s m−1] 36± 6 54± 5 57± 17

Table 5.1.: Spring constant g and interfacial viscosity η of di(F10Hm) monolayers. The
values were obtained from �tting the Kelvin-Voigt model to the data shown in
Figure 5.3.

f = 150mHz. At low frequencies, ϕ1 approaches ϕ1 ≈ 0.28, which is the intrinsic

phase separation ϕexp resulting from the experimental setup. Indeed, here, ϕexp
slightly depends on the amount of molecules spread on the available surface area of

the Langmuir trough (Figure A.4). Therefore, the same amount of sample solution

(40µl of 1mM di(F10Hm) solution) was used throughout the study.

Figures 5.3a-c show the elastic and viscous moduli E′1 and E′′1 for all three tetra-

block molecules calculated from the �rst mode according to Equation 2.39 and 2.40.

The elastic and viscous moduli con�rm the �nding of a predominantly elastic re-

sponse as E′1 > E′′1 in the whole frequency regime. While the elastic modulus E′1 is

independent of the frequency, the viscous modulus E′′1 increases linearly with the fre-

quency. This is typical for a Kelvin-Voigt material and therefore, the Kelvin-Voigt

model (Section 2.3.3) was �tted to the data and is indicated by the solid lines in

Figure 5.3. This allows the calculation of the spring constant g and the interfacial

viscosity η which are given in Table 5.1 for the respective tetrablocks. The deter-

mination of g and η helps comparing the three systems independent of the applied

frequency. Only slight di�erences between the three di(F10Hm) monolayers were
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Figure 5.3.: Interfacial Dilational Rheology of di(F10Hm) (m = 16, 18, 20) mono-
layers, analyzed from the �rst Fourier mode. Dilational elastic mod-
ulus E′1 and viscous modulus E′′1 for di(F10H16) (a), di(F10H18) (b) and
di(F10H20) (c) measured in the frequency range of 1 − 150mHz. The solid
lines correspond to the �tting results of the Kelvin-Voigt model. The values of
the spring constant g and the interfacial viscosity η obtained from the �ts are
given Table 5.1.

observed: The spring constant of the di(F10H20) monolayers was reduced compared

to the other two monolayers by ∼ 10 %. The interfacial viscosity η was in the range

of η = 30− 70 µN s m−1 for all three monolayers.

In order to investigate the in�uence of the surface pressure, the measurements

were also performed at π0 = 10 mN m−1 for di(F10H16), which is shown in Figure

5.4. We observed the same tendency of the frequency-dependency of E′1, E
′′
1 and ϕ1

as for the measurements at π0 = 5 mN m−1. Fitting the data to the Kelvin-Voigt

model resulted in an increased spring constant of g = (184±1) mN m−1 compared to

the situation at π0 = 5 mN m−1 (gdi(F10H16),5mNm−1 = (164± 4) mN m−1), whereas

the interfacial viscosity was not a�ected by the increased surface pressure which is

in line with th higher spring constant measured at π0 = 10 mN m−1.

The spring constants and elastic moduli E′1 > 120 mN m−1 of the di(F10Hm)

monolayers are very high compared to other systems of Langmuir monolayers. Sim-

ilar high values were reported by López-Montero et al. from monolayers formed by

egg ceramides, however only when they were compressed to high surface pressures

π ≥ 15 mN m−1. [61] Monolayers formed from DPPC lipids for example have spring

constants in the region of gDPPC ≈ 30 mN m−1, four times lower than the values

measured for the semi�uorinated alkanes monolayers. [106]

The high spring constants can be attributed to the low compressibility of the

di(F10Hm) monolayers. Indeed, at π = 10 mN m−1, the monolayers showed even

lower values of the compressibility compared to π = 5 mN m−1, for di(F10H16),
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κ−1
5mNm−1 ≈ 6.8 mN m−1 and κ−1

10mNm−1 ≈ 4.3 mN m−1 were measured. The fact

that E′1 > E′′1 shows that the tetrablock molecules form a 2D gel on water as already

observed for the semi�uorinated diblocks in shear rheology experiments (Chapter 4).

As elaborated for the diblocks, this suggests that the strong elasticity results from

the repulsive interactions between the surface micelles.

The high elasticity of the system goes in line with an extremely low interfacial

viscosity η < 0.06 mN m−1. This is very low compared to other Langmuir mono-

layer systems. [39,103,106,107] This low interfacial viscosity can be attributed to 1) the

low friction between the nanodomains and the water subphase due to the strong

hydrophobic nature of the di(F10Hm) molecules and 2) the low frictional losses

between the domains.
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5.1.2. Nonlinear Analysis

So far, only the �rst mode of the Fourier series expansion was studied. However,

as visible in Figure 5.5, the response of the surface pressure to oscillatory strain

clearly deviates from a perfect sinusoidal shape and is nonlinear. Here, the surface

pressure response is exemplarily shown for a di(F10H16) monolayer with respect to

the time and with respect to the molecular area (Lissajou curve) for f = 1mHz and

f = 100mHz. The principle behavior was the same for the other frequencies and

the other two tetrablocks. The �at portions and kinks in the Lissajou curve clearly

show the deviation from a purely linear signal which would have an elliptical shape.

The red lines in the �gure show the �ts to a Fourier Series expansion up to the �fth

mode.

In order to analyze this nonlinearity quantitatively, di�erent approaches were used.

Figure 5.6a shows the Fourier spectrum of a di(F10H16) monolayer at f = 100mHz.

Clearly, only signals at odd modes were observed. Interestingly, also only the real

part of the Fourier spectrum shows features, whereas in the imaginary part only

the �rst mode is visible. The same trend was observed for the other frequencies.

Figure 5.6b shows the amplitude of the higher modes normalized to the �rst mode

with respect to the frequency. Obviously, there is no e�ect of the frequency on the

nonlinear part. The third mode has the highest value with π3/π1 ≈ 0.12 followed by

the �fth mode (π5/π1 ≈ 0.03), whereas the even modes and the 7th mode are close

to the noise range of the experimental setup (∼ 2 mN m−1) which is indicated by a

gray dashed line in Figure 5.6b. The same tendency was observed for di(F10H18)

and di(F10H20) (Figure A.5). Fitting the surface pressure data to a Fourier series

expansion up to 5th mode was found to be su�cient to obtain good �tting results;

including higher modes did not improve the quality of the �t. In order to exclude that

the nonlinearity raises from the input signal, the oscillatory data of the change of the

area A(t) were studied by Fourier analysis as well, �nding no nonlinear contribution.

In order to quantify the degree of nonlinearity, the THD was calculated (cf. Section

2.3.5). As the nonlinearity was found to be independent of the frequency, The THDs

averaged over the measured frequency regime are given in Table 5.2 with respect

to the hydrocarbon segment length m. No distinct di�erence of the THD between

the three tetrablock monolayers was observed, THDdi(F10Hm) ≈ 12 %. The data

at π0 = 10 mN m−1 showed similar nonlinear features with THD = (13.0 ± 0.7) %.

As the nonlinearity is usually strongly a�ected by the strain amplitude, additional

dilational rheology measurements were performed at the amplitudes u0 = 0.005 and

u0 = 0.02 for di(F10H16) at f = 10mHz (Figure A.6). Interestingly, the THD
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Figure 5.6.: Analysis of the nonlinear dilational viscoelastic signal of di(F10Hm)
monolayers. (a) Real part of the Fourier-transformed response function of a
di(F10H16) monolayer at f = 100mHz. The inset shows the imaginary part
of the Fourier spectrum. (b) Fractions of the higher Fourier modes (2 - 7)
compared to the �rst mode, πk/π1 of a di(F10H16) monolayer with respect to
the frequency. The gray line shows the noise level of the experiments.

di(F10H16) di(F10H18) di(F10H20)

THD (12.5± 0.9) % (11.3± 0.8) % (11.6± 0.8) %

Table 5.2.: THD averaged over the frequency for the di(F10Hm) monolayers, m = 16, 18
and 20

was only barely a�ected by the amplitude. However, an emergence of the second

mode occurred at u0 = 0.02 suggesting the increased e�ect of friction. Due to the

experimental limitations and the low compressibility of the monolayers, it was not

possible to perform measurements at other strain amplitudes.

Nonlinear dilational stress responses have often been reported. [32,39,60,61,68,83,105]

Mostly, they were observed in Gibbs monolayers and the rise of nonlinearity could

be explained by a change in the surface concentration which can be understood by

the model of van den Tempel and Lucassen. [62,83] This scenario can be excluded in

this case due to the strong hydrophobicity of the semi�uorinated molecules. Other

possible explanations reported so far are the lateral di�usion of the surfactants [4]

or changes in the microstructure. [39,64,92] Interestingly, the nonlinearity reported for

other systems of Langmuir monolayers occurred mostly at higher surface pressures

(π ≥ 15 mN m−1) and especially at high strain amplitudes (u0 ≥ 5 %).

Compared to other systems, the tetrablock monolayers hence exhibit two distinct

features measured by interfacial dilational rheology: A strong elastic response com-

bined with a high nonlinearity, even at low strain amplitudes. As elaborated in

Section 2.3.5, the rise of mostly odd modes can be explained by a predominantly
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di(F10H20) (c) monolayers. ϕ1 increases linearly with the frequency, the
respecting �t is included. ϕ3 and ϕ5 however do not show any frequency-
dependency.

nonlinear elastic component as this should be odd under re�ection due to mirror

symmetry. As only odd modes appear in the Fourier series expansion, one can hy-

pothesize that the nonlinearity of the tetrablock monolayers results from the elastic

part of the system. The imaginary part of the Fourier spectrum does not show

any features at higher modes which supports this hypothesis as the imaginary part

represents the viscosity of the system.

To further analyze this hypothesis, the phase separations of the higher Fourier

modes ϕ3 and ϕ5 were studied. Figure 5.7 shows the phase shifts with respect to the

frequency for all three tetrablock molecules. As already shown before in Figure 5.2,

ϕ1 increases linearly with the frequency. Since E′′1 ∝ sinϕ1 and E′′ = η2πf in the

framework of the Kelvin-Voigt model, for small phase shifts, it holds

ϕ1 ∝ η2πf. (5.2)

Hence, the slope of the phase shift represents the interfacial viscosity η. As shown

in Figure 5.7, the higher mode phase shifts ϕ3 and ϕ5 do not show any frequency

dependency. It can therefore be concluded, that the viscosity of the system is mostly

represented by the �rst mode phase shift ϕ1. This is another hint that the nonlin-

earity lies in the elastic part of the system and not the viscous part.

This information can be used to extend the linear Kelvin-Voigt model by and

additional, nonlinear elastic term,

π(t) ∝ g + g′ε3 + η
∂ε

∂t
. (5.3)
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This extended Kelvin-Voigt model describes the data well, the higher mode spring

constant is g′ ≈ 0.12g.

A possible explanation of the rise of nonlinearity may be the occurrence of a �rst

order phase transition. The Lissajou curves (Figure 5.5) show �at panels (κ−1 →
∞) which are commonly seen in isothermal compressions of lipid monolayers that

undergo a �rst order phase transition (see Section 2.1). In the framework of Landau

theory, we can describe phase transitions of a system having the order parameter q

close to the transition point by the free energy [34,57]

F (q, t) =
α

2
q2 +

β

4
q4 (5.4)

with α and β being proportionality factors. If a time-dependent, external force h(t)

is acting on the system, the free energy needs to be extended to [34,57]

F (q, t) =
α

2
q2 +

β

4
q4 + h(t)q. (5.5)

This only holds for a time-independent order parameter. In the framework of Lan-

dau theory, if the order parameter q is time-dependent and we observe relaxation

processes, one can then assume that it behaves as [34,57]

∂q(t)

∂t
∝ −∂F (q, t)

∂q
. (5.6)

Using the free energy in Equation 5.5, one obtains an equation for the relaxation of

q,
∂q(t)

∂t
∝ αq + βq3 + h(t). (5.7)

This behavior can be transferred to the monolayer of semi�uorinated alkanes where

we can think of the time-dependent area change (density) u(t) to be equivalent to

the order parameter q(t), and the external force h(t) to be equivalent to the surface

pressure change (stress) π(t). It then holds

π(t) ∝ α′u(t) + β′u(t)3 + η′
∂u(t)

∂t
(5.8)

which represents directly the extended nonlinear Kelvin-Voigt model presented above

(Equation 5.3) with α′ and β′ corresponding to the spring constants. Therefore, one

can claim that the nonlinearity as observed for the rheology of semi�uorinated alkane

monolayers with an increased third mode in the elastic term can be explained by a

�rst order phase transition. This phase transition is obviously only visible for very
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small compression speeds such as they were applied with the small strain amplitudes

during the dilational oscillations.

5.2. Dilational Linear and Nonlinear Viscoelasticity of

Semi�uorinated Diblocks

Interfacial dilational rheology measurements were performed on monolayers com-

posed of semi�uorinated FnHm diblock monolayers as well. The molecules studied

are: F8H16, F8H18, F8H20, F10H16, F12H16. In a �rst step, the dilational

viscoelasticity of F10H16 monolayers is presented in detail in order to compare it

to the tetrablock counterpart di(F10H16) (Section 5.1). In the next step, the in�u-

ence of hydrocarbon and �uorocarbon segment length on the dilational viscoelastic

properties is studied (Section 5.2.1).

5.2.1. Dilational Viscoelasticity of F10H16

Figure 5.8 shows the surface pressure response π(t) of a F10H16 monolayer measured

under oscillatory change of the surface area with respect to the the time (a) and the

area (b) at a strain frequency of f = 100mHz and a strain amplitude of u0 =

0.01. The global shape of the response function is similar to that measured for

the tetrablock molecules (Figure 5.1) and also shows nonlinear features which are

indicated by the �at portions in Figure 5.8a and the deviation from the elliptical

shape of the Lissajou curve in Figure 5.8b. Analogous to the previous procedure,

the surface pressure response was �tted to a Fourier series expansion up to the 5th

mode. In a �rst step, the �rst mode is analyzed in the framework of linear dilational

rheology. The nonlinear contribution is analyzed in a next step.

Figure 5.9a shows the phase separation ϕ1 between stress and strain of the �rst

Fourier mode as function of the frequency for both, F10H16 diblock and di(F10H16)

tetrablock monolayers. ϕ1 is slightly smaller for the diblock system compared to the

tetrablock system. However, in both cases ϕ1 < π/2 indicating that the monolay-

ers behave predominantly elastic in the measured frequency regime. In Figure 5.9b

the measured elastic and viscous moduli E′1 and E′′1 are displayed with respect to

the frequency, con�rming the gel-like behavior of the monolayer as E′1 > E′′1 . The

frequency dependency of the F10H16 monolayer follows the same trend as of the

tetrablock monolayers displaying a typical Kelvin-Voigt behavior. The lines in the

plot correspond to �tting the model. Compared to di(F10H16), the spring con-

stant of the F10H16 monolayers is ∼ 18 % smaller (gF10H16 = (134 ± 1) mN m−1,
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gdi(F10H16) = (164± 4) mN m−1). The 2D viscosity on the other hand is similar for

both monolayers, ηF10H16 ≈ ηdi(F10H16) ≈ 30 µN s m−1.

It is not surprising that the viscoelastic response of the F10H16 monolayers is

predominantly elastic as the F10H16 molecules arrange in well de�ned circular sur-

face micelles at the air/water interface, too, with the �uorocarbon segments pointing

towards the air. The previous investigations already showed that the existence of the

repulsive nanodomains is the reason for a strong elastic response to oscillatory shear

and compression. Compared to the F10H16 monolayer, the tetrablock monolayers

are obviously sti�er showing a higher spring constant. Actually, the same trend was

observed in the interfacial shear measurements. Here, the tetrablock monolayers

exceeded the sensitivity of the instrument exhibiting very high shear elastic moduli
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at the same frequency and amplitude conditions where the F10H16 monolayer still

showed a linear response. As elaborated in the discussion about the shear viscoelastic

behavior (Section 4.3), the strong elastic response can mainly be attributed to the

strong repulsive interaction between the nanodomains which is a result of the oppo-

site dipole moments of the nanodomains. We could hence suggest that the F10H16

domains have a lower dipole moment compared to the di(F10H16) domains. The net

dipole moment of one domain depends on the size of the domain and the dipole mo-

ment of one molecule. The size of the two domains was determined using GISAXS.

The results of the scattering data are in detail presented in Chapter 6. Indeed, they

show that the sizes of the F10H16 and di(F10H16) surface micelles are very sim-

ilar (see Section 6.2.1). Therefore, the reduced spring constant can most probably

be explained by a lower dipole moment of the F10H16 molecules compared to the

di(F10H16) molecules.

The interfacial viscosity η is the same for F10H16 and di(F10H16) monolayers.

As discussed above (Section 5.1.1), η is composed of the frictional forces between

the surface micelles and the water subphase and the frictional forces between them.

It is reasonable that both interactions are similar for the diblocks and tetrablocks

systems.

The next step involves the analysis of the nonlinear contribution which was already

clearly visible from the shape of the time-dependent surface pressure response π(t)

and the corresponding Lissajou curve (Figure 5.8). Indeed, just comparing the raw

data between F10H16 and di(F10H16) qualitatively does not show any major di�er-

ence between the two systems. Therefore, one can expect that the nonlinear response
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Figure 5.11.: Spring constant g and interfacial viscosity η for various FnHm
monolayers. g and η were obtained from �tting the Kelvin-Voigt model to
the dilational elastic and viscous modulus E′1 and E′′1 . g and η are given as a
function of the hydrocarbon segment length for F8Hm monolayers (a) and of
the �uorocarbon segment length for FnH16 monolayers (b).

acts in a similar way. This can be con�rmed by the shape of the Fourier transforma-

tion which is displayed in Figure 5.10a. As observed for the tetrablock monolayers,

the F10H16 monolayer exhibits an increased 1st, 3rd and 5th Fourier mode whereas

the even and higher modes are in the noise regime of the measurement. To further

analyze this behavior, the fractions of the higher Fourier modes with respect to the

�rst Fourier modes are plotted versus the frequency in Figure 5.10b, showing that

the 3rd mode has the highest contribution with π3/π1 ≈ 0.08 which is lower than

for the di(F10H16) monolayers (π3/π1 ≈ 0.12). The degree of nonlinearity was de-

termined by calculating the THD. As it is independent of the frequency, the value

was averaged over the frequency regime obtaining THDF10H16 = (10.3 ± 0.5) %,

which is slightly lower than the corresponding value for the di(F10H16) monolayer

(THDdi(F10H16) = (12.5± 0.9) %).

As discussed before, the emergence of the nonlinearity was attributed mainly to

the strong elastic response. Indeed, the tetrablock monolayer which show a stronger

elastic response compared to the diblock monolayer also has a slightly higher non-

linear fraction. This e�ect is most prominent in the 3rd mode which has the highest

contribution in the nonlinear elastic part. To conclude, the F10H16 diblock and

the di(F10H16) tetrablock monolayers show a very similar dilational viscoelastic

response. The spring constant of the diblock monolayer is reduced compared to the

tetrablock monolayer which goes in line with a slightly lower degree of nonlinearity.
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5.2.2. In�uence of Hydrocarbon and Fluorocarbon Segment Length

In order to assess the in�uence of the hydrocarbon and �uorocarbon segment length,

dilational rheology measurements were performed on F8H16, F12H16, F8H18 and

F8H20 diblock monolayers under the same conditions. The other FnHmmonolayers

behave similar to the F10H16 monolayer, following a Kelvin-Voigt behavior which

provides the spring constant g and interfacial viscosity η. Figure 5.11 shows g and

η with respect to the hydrocarbon segment length m and the �uorocarbon segment

length n. An overview of the frequency dependent E′1 and E′′1 values is given in

Figure A.7.

Interestingly, irrespective of n and m, all FnHm diblocks have similar spring con-

stants, gFnHm ≈ 130 mN m−1. The interfacial viscosity on the other hand depends

on the length of the FnHm molecule, increasing monotonically both with n and m.

Elongating either the �uorocarbon or the hydrocarbon part by a length of 2 carbons

leads to an increase of the 2D viscosity by ∼ 7 µN s m−1. In fact the same tendency

was observed for the di(F10Hm) monolayers. The interfacial viscosity results from

two e�ects: 1) the loss of energy due to the friction between the domains and the

water subphase, 2) the frictional coupling between the domains. An increase of the

molecular length can in�uence both e�ects. On one hand, longer hydrocarbon chains

may have a larger contact area with the water increasing the frictional forces, on the

other hand, longer �uorocarbon chains may lead to increased frictional forces due to

an increased contact area between the individual domains.

In the interfacial shear rheology experiments presented in Chapter 4, an increase

of the interfacial viscosity with hydrocarbon and �uorocarbon segment length was

observed as well. Contrary to the elastic modulus, the viscous response of the

FnHm systems should rather be independent of the type of strain (shear or com-

pression/expansion) applied to the system. In both cases, it mainly results from the

friction between the domains and the water and between the domains themselves.

Therefore, although interfacial shear rheology and interfacial dilational rheology are

two complementary methods, in case of the viscous response one can expect similar

values in the same order of magnitude. The viscous moduli itself can not be compared

since they depend on the applied oscillation frequency and amplitude. However, the

interfacial viscosity η obtained from �tting the Kelvin-Voigt model is independent of

the frequency and can be used to compare the two methods. In case of the F8H18

monolayers at 5 mN m−1, the interfacial viscosity measured with both methods is

ηshear = (38± 1) µN s m−1 and ηdilational = (23± 6) µN s m−1. Indeed, the two values

are of the same order of magnitude although they are not equal within the error tol-

65



5. DILATIONAL RHEOLOGY OF SEMIFLUORINATED ALKANE
MONOLAYERS

201816
m

14

13

12

11

10

9

TH
D

 [%
]

12108
n

F8HmFnH16
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length m and the �uorocarbon segment length n

erance. An applied shear indeed may lead to increased frictional coupling between

the domains compared to an compression and expansion of the �lms: When shear

is applied, the contact area between the circular shaped domains is larger compared

to a dilational movement where only small parts of the domains move against each

other.

Finally, the in�uence of the hydrocarbon and �uorocarbon segment length m and

n on the nonlinear viscoelastic response of the FnHm monolayers was studied.

Figure 5.12a displays the THD values averaged over the whole frequency regime

for all FnHm monolayers with respect to n and m. The THD of F8H16 and

F10H16 were similar, THD ≈ 10 %, whereas increasing n further to F12H16 yields

in THDF12H16 = (11.8 ± 0.5) %. On the other hand, an increase of the hydrocar-

bon segment length leads to a stronger nonlinear response of the �lm, THDF8H20 =

(13.2± 0.3) %. Interestingly, comparing the diameter of the FnHm surface micelles

with the THD reveals that the FnHm monolayers with the larger surface micelles

show a stronger nonlinear response (see Section 6.2). In the previous section the rise

of a nonlinear signal could be explained phenomenologically by a �rst order phase

transition. A possible explanation of the dependency of the THD with m could

hence be a di�erent ordering of the larger surface micelles compared to the smaller

surface micelles.
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Monolayers

Although Gaines et al. found that semi�uorinated alkanes form stable Langmuir

monolayers on water already in 1991 [26], it took 10 more years to �nd out in what way

the molecules are ordered at the interface. [65] Transferring the monolayers from water

to solid substrates via Langmuir-Blodgett and imaging them with AFM revealed the

self-assembly of semi�uorinated alkanes diblocks into well-ordered nantometer-sized

surface micelles. [24,65,78] This approach is extremely helpful in order to obtain a �rst

picture about the structure of the monolayers, however one cannot exclude that the

transfer of the monolayer from the air/water interface to a solid substrate alters the

order, the size and especially the shape of the surface micelles.

Another 10 years later, the presence of the surface micelles composed of F8Hm

diblocks directly on water was further con�rmed using GISAXS. [6] This allowed to

determine the size of the surface micelles by the the lattice parameter which can be

obtained by the peak positions of the scattering signal. [6] However, such procedures

often over-estimate the size of the domains when they are closely packed as it is the

case for the semi�uorinated alkanes.

In this chapter, the scattering data obtained from GISAXS on monolayers of semi-

�uorinated FnHm diblocks and di(F10Hm) tetrablocks at the air/water interface

was �tted by taking both the structure factor and the form factor into account.

This allows a precise determination of the sizes and the shapes of the surface mi-

celles. The GISAXS data of the three tetrablock systems di(F10Hm), m = 16, 18, 20

are presented in Section 6.1. In particular it contains the calculation of the exact

dimensions of the surface micelles and their change in shape and size upon compres-

sion of the monolayer. Additionally, the correlation length was determined. Section

6.2 contains a short presentation of the GISAXS results obtained for the F8Hm

(m = 14, 16, 18, 20) and FnH16 (n = 8, 10, 12) diblocks. The results demonstrate

how a subtle change of the molecular structure in�uences the size and correlation of

the surface micelles.

The results presented in this Chapter were recently published in ChemPhysChem
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in two publications addressing the di(F10Hm) tetrablocks (2019) and the FnHm

diblocks (2017) separately.1

6.1. GISAXS of Semi�uorinated Tetrablocks

This section shows the GISAXS data and analysis for di(F10H16), di(F10H18) and

di(F10H20) tetrablock monolayers at the air/water interface. So far, there are no

X-ray studied of the tetrablock systems. The shape and size of the surface micelles

was only determined by imaging transferred monolayers with AFM. [19]

6.1.1. Dependence of the Size and Correlation of the Surface Micelles

on the Molecular Length

Figure 6.1a shows the GISAXS signal of a di(F10H20) monolayer in a 2D reciprocal

coordinate system using Equation 2.56 at a surface pressure of π = 5 mN m−1. A

detailed description about how the data were recorded is given in Section 3.2.4.

Rod-like scattering features were observed which demonstrate that the di(F10H20)

molecules form domains that arrange in a 2D lattice. The intensity, integrated along

qy = 0.9 and 1.1 nm−1 is displayed in Figure 6.1b. It was �tted using the structure

factor S(qy) and the form factor F (qy) according to Equation 2.57. In a �rst step, the

best combination of models for form factors and structure factors need to be chosen.

For the tetrablock monolayers, a form factor was found to be provide the best �tting

results which models the surface micelles as oblate hemiellipsoids in the framework

of DWBA. This takes the multiple scattering by the self-assembled surface micelles

into consideration (see Section 2.4.2). The dimensions are schematically shown in

Figure 6.2. The hemiellipsoids have the in-plane axes Dx and Dy and the height H.

The form factor is given by

F (qy) = 2π

∫ H

0
rx,zry,z

J1(rz)

rz
eiqzz dz (6.1)

1Abuillan, W., Veschgini, M., Mielke, S., Yamamoto, A., Liu, X., Konovalov, O., Kra�t, M. P., &
Tanaka, M. (2019). LongRange Lateral Correlation between Self-Assembled Domains
of Fluorocarbon-Hydrocarbon Tetrablock by Quantitative GISAXS. ChemPhysChem.

20 (6), 898-904.
Veschgini, M., Abuillan, W., Inoue, S., Yamamoto, A., Mielke, S., Liu, X., Konovalov, O., Kra�t,
M. P., & Tanaka, M. (2017). Size, Shape, and Lateral Correlation of Highly Uniform,
Mesoscopic, Self-Assembled Domains of Fluorocarbon-Hydrocarbon Diblocks at the
Air/Water Interface: A GISAXS Study. ChemPhysChem, 18 (19), 2791-2798.
I performed parts of the analysis and contributed in the structuring and interpretation of the
data.
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Figure 6.1.: GISAXS signal intensity of a di(F10H20) monolayer plotted in a
2D reciprocal coordinate system. The monolayer was compressed to π =
5 mN m−1. a) Readout of the 2D detector. The dark spot at qz ≈ 0 is the
beam stop which conceals the strong intensity of the direct beam. b) Intensity
pro�le along qy, integrated between qz = 0.9 and 1.1 nm−1, indicated by the
two dashed lines in panel a) (open circles). The red line represents the �tted
intensity, including the structure factor (solid gray line) and the form factor
(dashed gray line).

where

rx,z =
Dx

2

√
1−

( z
H

)2
(6.2)

ry,z =
Dy

2

√
1−

( z
H

)2
(6.3)

rz =
√

(qxrx,z)2 + (qyry,z)2 (6.4)

and J1(rz) represents the Bessel function of the �rst kind.

The structure factor S(qy) on the other hand was calculated within the framework

of the paracrystal theory. The best �t could be obtained by using a structure factor

representing an rectangluar paracrystal lattice with the mean lattice parameters Lx
and Ly with the standard deviations σx and σy. It is given by

S(q‖) =
∏
k=x,y

1− exp
(
−q2‖σ

2
k

)
exp

(
−2Lk

ξ

)
1− 2 exp

(
q2‖σ

2
k

2

)
exp

(
−Lk

ξ

)
cos(qkLk) + exp

(
−q2‖σ

2
k

)
exp

(
−2Lk

ξ

)
(6.5)

where ξ is the correlation length and q‖ is given by

q‖ =
√
q2y + q2x ≈ qy. (6.6)
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Figure 6.2.: Model of form factor and structure factor used to �t the di(FnHm)
tetrablock GISAXS data. a) The shape of the surface micelles could be best
�tted using form factor was which represents a hemiellipsoid with the major
axis Dx, the minor axis Dy and the height H. b) The ordering of the surface
micelles could be best described by a structure factor S(qy) which represents a
rectangular lattice with the two lattice constants Lx and Ly.

To obtain a good �tting result, both the structure factor and the form factor are

necessary. In Figure 6.1 the �ts of the structure factor and form factor are indicated.

They show that the di(F10H20) molecules arrange in hemiellipsoids with the major

and minor axis being Dx = (42 ± 2) nm and Dy = (37 ± 2) nm respectively. The

height was measured to be H = (4.7± 0.5) nm which corresponds approximately to

the molecular length of one di(F10H20) molecule. Since the lattice parameters Lx
and Ly are comparable to the major and minor axes (Dx/Lx ≈ Dy/Ly ≈ 1) one can

assume that the domains are tightly packed into an orthorhombic lattice.

The integrated intensities of GISAXS data obtained from the monolayers composed

of di(F10H16) and di(F10H18) surface micelles are shown in Figure 6.3. The same

model hemiellipsoids arranged in a orthorhombic lattice was used for the �tting and

yielded excellent agreement with the raw data. This further con�rms that the model

describes the shape and order of the tetrablock surface micelles well.

The sizes of the surface micelles for the three di�erent di(F10Hm) tetrablock

molecules were measured at a surface pressure of 5 mN m−1 . Interestingly, both

axes of the hemiellipsoid increase with the hydrocarbon segment length as shown in

Figure 6.4a. The total area of the ellipsoid surface micelles is Adi(F10H16) = 676 nm2,

Adi(F10H18) = 803 nm2 and Adi(F10H20) = 1220 nm2.

What is the origin of the increase of the size of the surface micelles with the

increase of the molecular length of the tetrablock molecules? In the case of 2D

lipid domains, the size of the domains was predicted to be mainly governed by two

aspects: The line tension λ which minimizes the boundary length of the domains and

the repulsive dipole interactions between the molecules within the surface micelles. [73]
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The equilibrium radius of one domain was suggested to be

Req ∝ exp

(
λ

µ2

)
(6.7)

where µ corresponds to the di�erence in the dipole density between the domain and

the surrounding phase. In case of the semi�uorinated alkanes, the molecular dipole

moment is mainly determined by the CF3 groups and the CF2 − CH2 junction and

is predicted to be independent from the length of the molecule. [12] Therefore, the

increase in size can be attributed to an increase of the line tension.

The precise �tting of the integrated intensity allows the calculation of the corre-

lation length by the width of the �rst peak of the structure factor as described in

Section 2.4.2. The calculated correlation lengths for the three di�erent di(F10Hm)

tetrablock monolayers are represented in Figure 6.4b with respect to the hydrocar-

bon segment length m. ξ increases monotonically with the hydrocarbon segment

length which may result from larger sizes of the surface micelles for the longer tetra-

block molecules. The correlation length is much larger than the size of the surface

micelles. In order to quantify this further, it was normalized by the average diameter

of the surface micelles D = (Dx + Dy)/2 which shows that the correlation reaches

distances 8 − 14 times higher than the size of one surface micelle. This is depicted

in Figure 6.4b. These normalized correlation lengths are very high and distinctly

larger compared to those of per�uorinated surfactants which are incorporated into

phospholipid matrices where ξ/Dlipid = 3−4. [84] Interestingly, the normalized corre-

lation length ξ/D also increases with the hydrocarbon segment length. This means

that the monotonic increase of ξ with m can not only be explained by an increase of

the size of the surface micelles but most probably results from increased interactions

between the larger surface micelles.

6.1.2. Deformability of the Surface Micelles

So far, all measurements were performed at the constant surface pressure of π =

5 mN m−1. In order to assess how the surface micelles react upon compression,

GISAXS data at π = 0.5 mN m−1 and π ≈ 10 mN m−1, close to the collapse of the

monolayer, were recorded. The respective integrated intensity signals are shown in

Figure 6.5. In all three cases, the positions of the characteristic features are shifted

to higher qy values when the monolayers are compressed. This represents a decrease

of the lengths of the domains in y-direction which is the direction of the compression

of the monolayer. Therefore, compressing the monolayer in y-direction leads to an
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Figure 6.5.: In�uence of the surface pressure on the GISAXS signal of di(F10Hm)
monolayers. The GISAXS data at π = 0.5 mN m−1 and π ≈ 10 mN m−1 of
di(F10H6) (a), di(F10H18) (b) and di(F10H20) (c) monolayers. The lines
corresponds to the best �t using the structure factor and form factor.

decrease of Dy. In the same time, the in-plane axis Dx increases, whereas the area of

surface micelles stays constant. In the case of di(F10H16) for example an increase

of the surface pressure from π = 0.5 mN m−1 to π = 9.5 mN m−1 leads to a decrease

of Dy from (29 ± 1) nm to (26 ± 1) nm whereas Dx increases from (30 ± 1) nm to

(34 ± 1) nm with the area of the surface micelle remaining A ≈ 690 nm2. The

same trend was observed for the di(F10H18) and di(F10H20). The results hence

demonstrate that the surface micelles composed of di(F10Hm) tetrablock molecules

undergo an elliptic deformation in the direction of the compression from an almost

circular shape at π ≈ 0 mN m−1 to an elliptical shape just before the collapse of the

monolayer whereas the integrity of the individual surface micelles stays intact.

6.2. GISAXS of Semi�uorinated Diblocks

GISAXS data were recorded monolayers of FnHm diblocks at the air/water inter-

face, as well. In a �rst step, the data of F10H16 are presented. In a next step,

the molecules F8H16, F8H18, F8H20, F10H16, F12H16 were investigated which

allows to study the in�uence of both, the hydrocarbon and the �uorocarbon segment

length on the size and shape of the surface micelles.

6.2.1. Size, Shape and Correlation of F10H16 Surface Micelles

Figure 6.6a displays the integrated scattering intensity of a monolayer composed of

F10H16 surface micelles at the surface pressure of π = 5 mN m−1. The intensity

pro�le was obtained as explained in the previous section and in Section 3.2.4. In
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Figure 6.6.: Integrated GISAXS signal intensity of a F10H16 monolayer plotted
in a 2D reciprocal coordinate system. a) Intensity pro�le along qy, in-
tegrated between qz = 1.0 and 1.2 nm−1. The monolayer was compressed to
π = 5 mN m−1. The red line represents the �tted intensity, including the struc-
ture factor (solid gray line) and the form factor (dashed gray line). b) The
shape of the surface micelles could be best �tted using form factor was which
represents a hemispheroid with the diameter D and the height H. The ordering
of the surface micelles could be best described by a structure factor S(qy) which
represents a hexagonal lattice with the lattice constant L.

order to �t it using Equation 2.57, a suitable form factor and structure factor needed

to be found. The �t shown in Figure 6.6a was obtained by applying the form factor

F (q) = 2π

∫ H

0

D2

4

(
1−

( z
H

)2)
J1

(
D

2

√(
q2x + q2y

)(
1−

( z
H

)2))
exp(−iqzz) dz

(6.8)

which describes oblate hemispheroids with a diameter D and a height H. J1 repre-

sents the �rst order Bessel function of the �rst kind.

The structure factor representing the data best was that of a 2D hexagonal lattice,

S(q) =
(1− φ2)2

(1 + φ2 − 2φ cos(qyL))
(

1 + φ2 − 2φ cos
(
qyL
2 +

√
3qxL
2

)) (6.9)

with L being the lattice constant and

φ = exp

(
−(q2x + q2y)σ

2

2

)
exp

(
−L
ξ

)
. (6.10)

σ is the standard deviation of L and ξ the correlation length. The dimensions

are illustrated schematically in Figure 6.6b. According to this �t, the F10H16
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Figure 6.7.: Diameter D and correlation length ξ of FnHm surface micelles ob-
tained from GISAXS. a) D and ξ for FnH16 (n = 8, 10, 12) monolayers. b)
D and ξ for F8Hm (m = 14, 16, 18, 20) monolayers.

self-assemble into circular shaped surface micelles which have a diameter of D =

(30±1) nm and a height of H = (4.9±0.9) nm. The lattice parameter is comparable

to the diameter of one surface micelle which means that they are tightly packed

into the hexagonal lattice. The correlation length ξ was calculated using the same

approach as in Section 2.4.2 taking into account the width of the �rst peak of the

structure factor, yielding ξ = 505 nm which is 17 times larger than the size of one

surface micelle.

These results demonstrate that there are several di�erences between the surface

micelles of the F10H16 diblock molecules and the di(F10H16) tetrablock molecules

that exhibit the same molecular length: First, the F10H16 molecules self-assemble in

completely circular shaped surface micelles whereas the tetrablock molecules could

be better �tted using a form factor which represents hemiellipsoid shapes. The

size of the F10H16 surface micelles however is slightly larger than the size of the

di(F10H16) surface micelles (AF10H16 = 724 nm2, Adi(F10H16) = 676 nm2). This

can be explained by the stronger packing strain of the di(F10H16) molecules. It

further suggests that the diblock surface micelles are composed of a higher number

of molecules than the tetrablock surface micelles since the tetrablock molecules have

larger steric requirements. The correlation between the F10H16 surface micelles is

distinctly higher than the correlation between the tetrablock surface micelles. This

can be attributed to a more regular shape and hence higher order of the diblock

surface micelles.
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6.2.2. In�uence of the Block Length

In a next step, the in�uence of the hydrocarbon and �uorocarbon segment length

m and n on the size and correlation of the surface micelles was investigated. The

results are summarized in Figure 6.7 and Table A.1. For all other FnHm diblocks,

the intensity pro�le could be well �tted using a form factor which describes circular

domains and a structure factor which accounts for a 2D hexagonal lattice.

Both the elongation of m or n leads to an increase of the diameter. Equivalently

to the approach described for the tetrablock system, this increase in the size of the

surface micelles can be attributed to an increase in the line tension due to increased

van der Waals interactions. The fact that the increase of the diameter seems less

pronounced in case of the increasing �uorocarbon segment length compared to the

hydrocarbon segment length might be attributed to the lower polarizability of the

�uorocarbon chains. The values obtained for the diameters of the FnHm surface

micelles are comparable or lower than that measured by Bardin et al who performed

similar experiments. [6] However, they only used the peak position of the scattering

signal to derive the diameter. This obviously leads to an overestimation of the size

of the densily packed surface micelles.

The correlation length ξ which was calculated from the width of the structure

factor shows an increase with the �uorocarbon and hydrocarbon segment length as

well. Also, calculating the normalized correlation length ξ/D demonstrates that the

lateral correlation between the surface micelles reaches distances over 10− 26 longer

than the diameter of the single domain. Additionally, ξ/D monotonically increases

with the increase of the molecular length of the diblocks. This indicates that the

increase of ξ with the molecular length can not only be explained by increasing sizes

of the surface micelles but might be understood by stronger inter-domain repulsions

for larger surface micelles.
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7. In�uence of Per�uorohexane Vapor

on the Structural and Viscoelastic

Properties of Semi�uorinated

Alkanes at the Air/Water Interface

One of the most promising applications of semi�uorinated alkane monolayers is their

use as microbubble contrast agents for sonographic imaging. Due to their hydropho-

bic nature and the strong elastic response they are expected to increase the stability

of microbubbles in the blood. Indeed it was shown that they stabilize lipid vesi-

cles. [22,95] In the recent scienti�c progress of microbubble research, PFH is playing

an important role as it was shown that the lifetime of lipid microbubbles �lled with

PFH vapor is 4 − 5 times larger than that of microbubbles �lled with air. [104] This

is important as so far the microbubbles available on the market lack in stability.

The stabilizing e�ect of PFH originates from the extremely low water solubility of

PFH (2.7 × 10−4 mol m−3 compared to 0.48 mol m−3 for oxygen). [35,44] Combining

microbubbles of PFH vapor with a shell composed of semi�uorinated alkanes would

hence be a promising candidate for very long-living microbubbles. Therefore it is cru-

cial to understand the e�ect of PFH-enriched gas on the mechanics of semi�uorinated

alkane monolayers on water which is the principle aim of this chapter.

Previous studies showed that �uorocarbons present in the gas phase have an e�ect

on the physical properties of 2D surfactant �lms at the air/water interface. [27,28,82]

PFH itself is adsorbed at the air/water interface and reduces the surface tension

of water by 2 − 5 mN m−1. [15] It was demonstrated that �uorocarbon gases lead

to a �uidization of DPPC Langmuir monolayers by inhibiting the LE/LC phase

transition during compression. [28] Recent studies even showed that an atmosphere

saturated with PFH helps the adsorption of albumin on the air/water interface. In

particular, such an atmosphere increases the protein adsorption when both albumin

and lipids are present. [27,82] This makes �uorocarbon gas a promising candidate for

the therapeutic treatment of patients with acute respiratory distress syndrome.
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Figure 7.1.: Adsorption/desorption of PFH on water. a) Saturation of PFH over time.
b) π/A-isotherm of pure PFH adsorped at the air/water interface. The surface
pressure was set to 0 mN m−1 prior to the compression and the surface area was
compressed with the speed 3.75 cm2 min−1.

The e�ect of PFH on FnHm monolayers at the air/water interface has not been

studied yet. Mourran et al. observed that per�uorocarbon vapors can change the

macroscopic structure of self-assembled 2D �lms of semi�uorinated alkanes on solid

substrates such as mica and glass. [78] More explicitly, they saw a transition of the

monolayer structure from straight to bent ribbons when treating a supported mono-

layer of F14H20 with hexa�uoroxylene. It can hence be suspected that besides ad-

sorbing to the water surface, PFH molecules may interact with the FnHmmolecules,

maybe even altering their self-assembly into the nanodomains. The impact of PFH

present in the gas phase on monolayers of FnHm molecules on water was studied

using di�erent approaches: In a �rst step, π/A-isotherms were recorded allowing the

calculation of the compressibility (Section 7.1). In a next step, analogous to the

measurements in air, interfacial dilational rheology experiments were performed and

the elastic and viscous moduli were calculated (Section 7.2). The nonlinearity of the

response function was assessed as well. Additionally, in order to study the e�ect of

PFH on the structure of the nanodomains, GISAXS measurements were performed

which provide information about the shape, size and correlation of the domains (Sec-

tion 7.3). This chapter focuses on the molecules F8H16, F10H16 and F12H16 to

study the e�ect of the �uorocarbon segment length. The results of F8H18 and

F8H20 are very similar and are therefore presented in the Appendix (Figure A.9).

The results of this chapter have been submitted to ChemPhysChem.1

1Mielke, S., Abuillan, W., Veschgini, M., Liu, X., Konovalov, O., Kra�t, M. P., & Tanaka, M.
(2019). In�uence of a Per�uorohexane-enriched Atmosphere on the Viscoelasticity
and Structural Order of Self-assembled Nanodomains of Semi�uorinated Alkanes
at the Air/Water Interface. submitted to ChemPhysChem
I performed all experiments, analyzed and interpreted the data and wrote the major part of the
manuscript.
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Figure 7.2.: In�uence of PFH on π/A-isotherms of FnHm monolayers. a) π/A-
isotherms of F8H16 monolayers in air and in a PFH-enriched atmosphere. The
data were recorded with a compression speed 3.75 cm2 min−1 at 20◦C. b) Com-
pressibility κ−1 of FnH16 isotherms in air and in a PFH-enriched atmosphere
obtained from the π/A-isotherms at π = 5 mN m−1.
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Figure 7.3.: Scenarios of PFH molecules interacting with the FnHm nan-
odomains. a) Intercalation of the PFH molecules into the nanodomains. b)
Adsorption of the PFH molecules to free spaces between the nanodomains on
the air/water interface.

7.1. π/A-Isotherms

PFH in the atmosphere was shown to lead to an increase of the surface pressure. [15]

In our experiments, the surface pressure increased to a maximum value of π =

2.5− 3 mN m−1 which was reached after ∼ 30min (Figure 7.1). In Section 3.2.3 the

procedure to obtain an atmosphere enriched with PFH is described. The increase

of the surface pressure can be attributed to the adsorption of the PFH from the gas

phase to the air/water interface. Compressing the surface of the �lm balance without

any surfactants present besides PFH adsorbed from the gas phase did not show any

features. Instead the surface pressure stayed constant during the compression (Figure

7.1). It can therefore be concluded that the adsorption of PFH from the gas phase

to the water surface is weak and the molecules desorb during compression.

At high surface areas, one can assume that both the FnHm molecules and the

PFH molecules are present at the air/water interface. π/A-isotherms of a F8H16

monolayer in air and in an PFH-enriched atmosphere are exemplarily shown in Figure
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Figure 7.4.: Reversibility of π/A-isotherms of a F8H16 monolayer. After compress-
ing the monolayer with speed of 3.75 mN m−1, the barriers were fully opened
and the monolayer was allowed to equilibrate for 5min before starting a second
compression.

7.2a. In the presence of PFH, the onset of the increase in the surface pressure

appeared at a larger area per molecule (A ≈ 36Å2), while the surface pressure

increase in air was observed at A ≈ 33Å2. The shape of the isotherms which is

typical for the incompressible nanodomains stays intact. Besides the di�erent onset

of the surface pressure increase, the collapse pressure of the F8H16 monolayer in

PFH-enriched atmosphere was lower than that in air (πc,PFH ≈ 9 mN m−1, πc,air ≈
11 mN m−1). The lateral compressibility κ−1 was calculated from the isotherms at

the surface pressure of π = 5 mN m−1. As may be suggested from the shape of the

π/A-isotherms, the compressibility in the PFH-enriched atmosphere κ−1F8H16,PFH =

11.3 m N−1, is distinctly higher compared to the value in air κ−1F8H16,air = 7.4 m N−1.

The same tendency was also observed for all the other FnHm molecules as depicted

in Figure 7.2b. Since the FnHm domains expose the �uorocarbon segments to the

atmosphere, PFH molecules are either intercalated into the �uorocarbon segments of

the nanodomains or adsorbed on the free water surface between the domains. These

two scenarios are illustrated schematically in Figure 7.3.

To further investigate the behavior of PFH, two isothermal π/A compressions were

recorded in a row. In Figure 7.4, two π/A-isotherms of F8H16 in the PFH-enriched

atmosphere are shown. After compressing for the �rst time, the barriers were fully

opened and compressed again after waiting for 5min. Clearly, the isothermal com-

pression is completely reversible which suggest that the PFH molecules either do not

desorp from the air/water interface or if they desorp they get readsorped quickly.
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Figure 7.5.: Dilational rheology of a F8H16 monolayer in air and in PFH-enriched
atmosphere. a) The applied strain A(t) (red) and the recorded stress response
π(t) (black symbols) of a F8H16 monolayer in a PFH-enriched atmosphere. The
experiment was performed at a strain amplitude of u0 = 0.01 and frequency of
f = 100mHz. The black line is the �t with a Fourier series expansion up to the
5th mode. b) Phase shift between stress and strain for a F8H16 monolayer in
air and in PFH-enriched atmosphere in dependence of the frequency.

7.2. Dilational Viscoelasticity

In a next step, the in�uence of PFH on the dilational viscoelastic behavior of FnHm

monolayers was studied. In Figure 7.5a, the change of the surface pressure of a

F8H16 monolayer measured under oscillatory change in the area per molecule A(t)

in a PFH-enriched atmosphere at a strain frequency of f = 100mHz and strain

amplitude of u0 = 0.01 is displayed. Equivalently to the situation in air (Section

5.2), the global shape of the response function π(t) shows a distinct deviation from

an ideal sinusoidal function, indicating that the viscoelastic response of the F8H16

monolayer is nonlinear. Thus, the response function was �tted by a Fourier series

expansion up to the 5th mode. In the following, the linear contribution will be

investigated �rst by analyzing only the �rst mode of the Fourier series expansion,

the contribution of the higher modes are discussed afterwards.

As presented in Fig. 7.5b, the phase separation between stress and strain exhibits

a minor increase from ϕ ≈ 0.2 − 0.6 following the increase in the frequency from

f = 1−150mHz. The results in air are presented with solid symbols, while the data

points from the experiments in the PFH-enriched atmosphere are shown with open

symbols.2 The fact that the phase shift is below π/2, indicates that the F8H16

monolayer in the PFH-enriched atmosphere is predominantly elastic. In fact, the

raw data as well as the behavior of the phase versus frequency are very similar to

2This representation was used throught this chapter: air data are shown with solid, dark symbols
and the data of the PFH-enriched atmosphere in open symbols with brighter colors.
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Figure 7.6.: Dilational rheology of FnH16 monolayers in the PFH-enriched at-
mosphere. a) Elastic modulus E′1 and viscous modulus E′′1 with respect to the
frequency in air and in PFH-enriched atmosphere for a F8H16 monolayer. The
lines correspond to the �ts to the Kelvin-Voigt model. b) Spring constant g and
interfacial viscosity η for the FnH16 molecules with respect to the �uorocarbon
segment length in air and in PFH-enriched atmosphere. The lines are a guide
to the eye.

what we measured in air.

Figure 7.5a shows the elastic and viscous modulus E′1 and E′′1 obtained from the

�rst Fourier mode of F8H16 monolayers as a function of the strain frequency. Both

E′1 and E
′′
1 exhibit the same tendency in the PFH-enriched atmosphere compared to

air and were �tted with the Kelvin-Voigt model. The elastic modulus E′1 is almost

independent from the frequency, yielding a spring constant that is about 25 % less

compared to the corresponding value in air, (gF8H16,PFH = (96.8 ± 2.6) mN m−1,

gF8H16,air = (128.8 ± 1.4) mN m−1). The viscous modulus E′′1 however increases

linearly with the frequency in both situations and the 2D viscosity is slightly higher in

the PFH-enriched atmosphere compared to air (ηF8H16,PFH = (27.1± 3.8) µN s m−1,

ηF8H16,air = (20.8± 3.9) µN s m−1).

This principle Kelvin-Voigt-like behavior was observed for all the other FnHm

diblocks, too (Figure A.8). Therefore, the spring constant g and the interfacial

viscosity η obtained from �tting to the Kelvin-Voigt model are used to study the

in�uence of the �uorocarbon segment length n (Figure 7.5c). The spring constant in

the PFH-enriched atmosphere is ≈ 25 % lower than in air and is in both situations

independent from the �uorocarbon segment length. Whereas in air the elongation

of the �uorocarbon segments from n = 8 to 10 leads to an increase in the interfacial

viscosity, η is independent from the �uorocarbon segment length in the PFH-enriched

atmosphere (ηFnH16,PFH ≈ 27µN s m−1), which suggests that the cohesion between

the �uorocarbon segments is screened by the PFH molecules.

Since the π/A-isotherms measured in the PFH-enriched atmosphere showed higher
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Figure 7.7.: Nonlinear analysis of dilational rheology of FnHm monolayers in a
PFH-enriched atmosphere. a) Fourier spectrum of the response function of
F8H16 recorded at f = 100mHz in PFH-enriched atmosphere. b) Fractions of
the k-th Fourier mode amplitude πk with respect to the �rst mode π1 averaged
over the strain frequency f and plotted over the mode number for both situations
in air and in the PFH-enriched atmosphere. c) THD values of the FnH16
diblocks as a function of the �uorocarbon segment length n in air and in the
PFH-enriched atmosphere. The lines in b) and c) are given to guide the eye.

lateral compressibilites and PFH is known to adsorb at the air/water interface, the

decrease in E′1 and g can be attributed to the increase in the lateral compressibility

and to a decrease in inter-domain repulsions.

As presented extensively for the situation in air before, also in the PFH-enriched

atmosphere a clear nonlinear surface pressure response was observed. Figure 7.7a

shows the Fourier spectrum of F8H16 in the presence of PFH. As observed for the

situation in air before, the �rst and third modes seem dominant. Since the amplitude

of the k-th mode πk normalized by the �rst Fourier mode π1 is independent of the

frequency, the normalized intensity averaged over the whole frequency regime was

plotted as a function of the Fourier mode (Figure 7.7b). In air and in the PFH-

enriched atmosphere, the normalized amplitudes are the same, the amplitude of the

third mode is ∼ 9 % of the �rst mode. The second and �fth modes are ∼ 3 % of

the �rst mode which is close to the noise level (2 %). Figure 7.7c shows the mean

THD for every FnH16 diblock system averaged over the whole frequency regime for

air and the PFH-enriched atmosphere. The values of the PFH-enriched atmosphere

are almost identical to those in air and are independent of the �uorocarbon segment

length. Obviously, the PFH-enriched atmosphere only a�ects the �rst mode of the

Fourier spectrum but not the higher modes. PFH hence does not in�uence the

nonlinear coupling between the surface micelles.

Interestingly, in the PFH-enriched atmosphere, an increase of the THD with the

83



7. INFLUENCE OF PERFLUOROHEXANE VAPOR ON MONOLAYERS OF
SEMIFLUORINATED ALKANES

hydrocarbon segment length was observed as well (Figure A.9). This e�ect could be

attributed to the increase of the size of the surface micelles which may in�uence the

ordering.

7.3. GISAXS

To obtain more information about the in�uence of PFH on the structure and cor-

relation of the FnHm domains, GISAXS measurements were performed in a PFH-

enriched atmosphere and compared to the data measured in air which are presented

in Section 6.2. Figure 7.8a shows the scattering signal of a F8H16 monolayer in

the PFH-enriched atmosphere at a surface pressure of π = 5 mN m−1, presented in

a 2D reciprocal space coordinate system. Figure 7.8b shows the respective intensity

pro�le along qy including the �tted intensity, the form factor |F (q)|2 and the struc-

ture factor S(q). For the FnHm surface micelles in the PFH-enriched atmosphere

the same model was used as for the analysis of the GISAXS data in air (cf. Section

6.2.1). The fact that the best �t could well represent the experimental data implies

that the PFH molecules do not cause a coalescence or deformation of the FnHm

domains.

Figure 7.8c shows the diameterD obtained from the �tting, as a function of the �u-

orocarbon segment length n in air and in the PFH-enriched atmosphere. An overview

of all data obtained from GISAXS in air and in the PFH-enriched atmosphere is given

in Table A.1. In the PFH-enriched atmosphere, the mean diameter of the FnH16 do-

mains increases with �uorocarbon segment length fromDF8H16,PFH = (29.4±0.6) nm

to DF12H16,PFH = (32.1±0.6) nm. The respective parameters in air are only slightly

higher. The lattice parameter L obtained from the structure factor was comparable

to the corresponding diameter of each system (e.g. LF8H16,PFH = (28.6 ± 5.2) nm),

indicating that the FnHm domains form tightly packed hexagonal lattices.

The data show further that the correlation length ξ increases monotonically from

ξF8H16 = 300 nm to ξF12H16 = 750 nm with the �uorocarbon segment length. The

inter-domain correlation between the FnH16 domains hence reaches a distance that

is 12 − 18 times longer than the distance of the nearest neighbors. In air, a similar

long-range correlation length was reported and could be attributed to the strong

dipole repulsions induced by the CF3 termini and the CF2−CH2 bond (Section 6.2).

It can be concluded that the PFH domains only barely in�uence the shape, size and

correlation of the FnH16 domains in the static experimental setup of the GISAXS

measurements. The intercalation of the PFH molecules into the FnHm domains
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Figure 7.8.: GISAXS of FnHm monolayers in a PFH-enriched atmosphere. a)
GISAXS signal from a F8H16 monolayer in a PFH-enriched atmosphere mea-
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two dashed lines in panel a). The red line represents the �tted intensity, includ-
ing the structure factor (solid gray line) and the form factor (dashed gray line).
c) Calculated diameter D of FnH16 domains in air and in a PFH-enriched at-
mosphere plotted as a function of the �uorocarbon segment length n. The lines
are given to guide the eye.

as it was hypothesized in the beginning (Figure 7.3a) is therefore not likely as this

would result in a swelling of the domains. The second scenario (Figure 7.3b) is

hence more plausible: PFH molecule adsorb to the air/water interface and form a

thin layer between the domains. Actually, as presented in Figure 7.2a, the di�erence

between the area per molecule of F8H16 at π = 5 mN m−1 in the PFH-enriched

atmosphere is very minor (AF8H16,air = 30.9Å2, AF8H16,PFH = 30.3Å2). This seems

to agree well with the GISAXS data showing no major di�erences between air and

the PFH-enriched atmosphere.

However a strong increase of the compressibility and a decrease of the elasticity

of the monolayers were observed. This strongly suggests that the PFH molecules

adsorb to the free space between the surface micelles and decrease the repulsions

between the nanodomains which hence results in a decreased elastic response. On

the other hand, the interfacial viscosity is not in�uenced by the PFH molecules. As

PFH is extremely hydrophobic, it seems plausible that is has no e�ect on the friction

between the monolayer and the water. The data show that in the presence of PFH,

η is independent of the �uorocarbon segment length. This suggests that the PFH

molecules between the domains slightly a�ect the inter-domain frictional forces.
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8. In�uence of Lipids on Monolayers of

Semi�uorinated Alkanes at the

Air/Water Interface

So far, commercial microbubbles used for ultrasound diagnostics are mostly com-

posed of a lipid or polymer shell. [55] The main disadvantage of these microbubbles

is the limited life time which is often too short for the medical applications. [55] An

interesting strategy to stabilize such microbubbles would be to incorporate semi�u-

orinated alkanes into the shell. These are promising candidates due to their extreme

hydrophobicity and the elastic behavior. Indeed, it was shown that semi�uorinated

alkanes stabilize phospholipid vesicles [22,95] as well as �uorocarbon-in-water emul-

sions. [7] A promising candidate would be a mixture of F8H16 and lipid DPPC1

since it has its transition temperature at Tm = 41◦C and remains in the �uid phase

in the human body. Both F8H16 and DPPC have hydrocarbon chains composed of

16 carbon atoms. So far, it is unclear, how the lipids and the semi�uorinated alkanes

mix on the microscopic scale and how they order in the microbubble's shell.

A �rst, straightforward attempt to study the physical interactions between semi�u-

orinated alkanes and DPPC is the study of mixed monolayers. Maaloum et al. stud-

ied π/A-isotherms of mixed monolayers of the lipid DPPE2 and F8H16 diblocks. [66]

In contrast to DPPC, DPPE is in the gel phase throughout the compression. The

e�ect of F8H16 on lipids in �uid phase is completely unclear. Interestingly, it was

found that the short semi�uorinated alkane F8H2 has a �uidizing e�ect on DPPC

monolayers. [29] Gerber et al. found that a nitrogen atmosphere enriched with F8H2

prevents the formation of the LC phase of DPPC upon compression. [29]

In this chapter, monolayers of 1:1 mixtures of F8H16 and DPPC are investigated

with respect to their physical properties. By performing π/A-isotherms, the phase

behavior of the monolayer during compression was studied and compared to the pure

1cf. Section 3.1.2 and Figure 3.1a
21,2-Dipalmitoyl-sn-glycero-3-phosphoethanolamine, PE headgroup with 2 saturated hydrocarbon
chains with 16 carbons
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monolayers (Section 8.1). In a next step, the phase transition was further studied by

doping the monolayer with lipids possessing a �uorescent die which allows to visualize

the LE/LC phase transition by �uorescent microscopy (Section 8.2). Finally, in

Section 8.3 the dilational viscoelastic properties of the monolayer at small surface

pressures are presented.

8.1. π/A-Isotherms

Figure 8.1 displays π/A-isotherms of a F8H16/DPPC monolayer and a pure DPPC

monolayer recorded at T = 20◦C. The π/A-isotherms were recorded according to Sec-

tion 3.2.1. The π/A-isotherm of the pure F8H16 monolayer is shown in Section 4.1

(Figure 4.1). The π/A-isotherm of pure DPPC is comparable to π/A-isotherms pub-

lished, the principle behavior was already extensively described in Section 2.1: [1,63]

Coming from large molecular areas, the surface pressure increases at ADPPC ≈ 90Å2.

At the molecular area of ∼ 74Å2, π follows a plateau region which indicates the

LE/LC phase transition. At a molecular area of ∼ 49Å2, the π/A-isotherm shows

a steep increase of the surface pressure indicating that the whole monolayer has

transitioned into the LC phase.

The π/A-isotherm of the mixed F8H16/DPPC monolayer shows a more complex

behavior. The onset of the surface pressure increase occurs at AF8H16/DPPC ≈ 52Å2.

At π = 5 − 8 mN m−1 a plateau was observed which is followed by a steep increase

of π. A further kink in the isotherm is observed at π ≈ 17 mN m−1 and A ≈ 26Å2.

Due to the lipophobic nature of the semi�uorinated alkanes, one can assume that

the lipids will not mix with the F8H16 on a molecular level and it can be suggested

that the ordering of the F8H16 molecules into surface micelles stays intact. It is

more likely that the mixed monolayer consists of F8H16 surface micelles which are

incorporated into the smooth DPPC monolayer.

The theoretical, ideal average area per molecule of the mixed monolayer at a

certain surface pressure is [42]

Aideal = x1A1 + (1− x1)A2, (8.1)

assuming that there are no speci�c interactions between the two components. A1

and A2 are the areas per molecules of the pure monolayers and x1 is the mole fraction

of the component 1. In the case of the mixed F8H16/DPPC monolayer, one would

hence expect the onset of the surface pressure increase to occur at Aideal ≈ 62Å2.

Interestingly, the molecular area of the onset of the surface pressure AF8H16/DPPC ≈
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Figure 8.1.: π/A-Isotherms of a DPPC monolayer (a) and a 1:1 mixed
F8H16/DPPC monolayer (b). The compression speed was 3.75cm2 min−1

and the π/A-isotherms were recorded at T = 20◦C

52Å2 is distinctly smaller than what is expected for an ideal mixing. The fact that

Aideal > Ameasured indicates that there are (small) attractive interactions between the

two components. [42] This scenario underlines the picture presented previously that

the F8H16 surface micelles are surrounded by the lipids which screen the repulsive

dipole interactions between them. This means that the repulsive forces between the

dipoles of the F8H16 are stronger than the repulsive forces between the F8H16

surface micelles and the DPPC molecules originating from the lipophobicity of the

�uorocarbon chains.

The plateau region in the π/A-isotherm occurs at a similar surface pressure for

both cases. In the pure DPPC isotherm it can be attributed to the LE/LC transition.

Therefore, in the case of the mixed monolayer it probably also results from the phase

transition of the lipids. However this assumption requires further assessments. In

contrast to the pure DPPC monolayer, an additional transition was observed at

π ≈ 17 mN m−1 in the π/A-isotherms of the mixed F8H16/DPPC monolayer of

which the origin is unclear. One possible hypothesis is that the F8H16 surface

micelles start to form a second layer on top of the DPPC lipids in LC phase. Such

a behavior was observed for pure F8H16 monolayers at πc ≈ 12 mN m−1.

Indeed, π/A-isotherms were performed on mixed monolayers composed of F8H16

and the lipid DPPE. [50,66] Analogous to DPPC, DPPE possesses two hydrocarbon

chains of the length of 16 carbon atoms which are attached to a Phosphatidylethano-

lamine (PE) headgroup. Due to the stronger attractive forces of the PE headgroups

compared to the PC headgroups, DPPE directly performs a transition from G to

LC phase upon compression at 20◦C. They observed a phase transition of the mixed

F8H16/DPPE monolayer at π ≈ 12 mN m−1 which was indicated by a drastic de-
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� < 5 mN m-1a

b � > 17 mN m-1

Figure 8.2.: Schematic illustrations of mixed F8H16/DPPC monolayers at π <
5 mN m−1 (a) and π > 17 mN m−1 (b). These two scenarios are assumptions
based on the measurements presented here and measurements from Maaloum
et al. The illustrations are not in scale but only show the schematic idea of the
ordering of the surface micelles with the lipids. [66]

crease of the slope of the surface pressure. [66] They could attribute this to a 2D/3D

phase transition where the hydrophobic F8H16 domains form a second layer on

top of the DPPE monolayer. This was con�rmed by imaging solid-supported �lms

transferred via Langmuir Blodgett with AFM and by GIXD measurements. [50,66]

However, in the case presented here the kink at π ≈ 17 mN m−1 is followed by a fur-

ther steep increase in π. We would expect a plateau with constant π such as it was

measured for the 2D/3D transition of the semi�uorinated alkane surface micelles.

Further measurements are hence necessary to �nd the origin of this phase transition.

Concluding from the π/A-isotherms a scenario such as it is shown in Figure 8.2 can

be assumed. For low surface pressures π < 5 mN m−1 the DPPC molecules are in the

LE phase and homogeneously distributed with the F8H16 surface micelles (Figure

8.2a). At high surface pressures π > 17 mN m−1 a possible setup as proposed by

Maaloum et al. is the formation of a monolayer of F8H16 surface micelles on top

of the DPPC layer in LC phase (Figure 8.2b) It is still unclear what happens in the

region between π = 5 mN m−1 and 17 mN m−1.

8.2. Fluorescence Microscopy

To shed more light on the ordering of the lipids and the F8H16 surface micelles in

the region 5 mN m−1 < π < 17 mN m−1, �uorescent microscopy was used, a tech-

nique often applied to study lipid phase transitions of monolayers at the air/water

interface. [36,46,71] 0.1 mol % of the lipid DHPE which had the �uorescent marker

Texas Red attached to its head group was added to the DPPC solution. The ex-
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a b

c d

Figure 8.3.: Fluorescence microscopy images of a DPPC monolayer. 0.1 mol % of
�uorescent DHPE-Texas Red was added to the DPPC solution. The images were
recorded at a) 5.1mN m−1, b) 6.0 mN m−1, c) 6.8 mN m−1 and d) 7.7 mN m−1.
The compression speed was 3 cm2 min−1. The scale bar is 50µm.

act experimental procedure is described in Section 3.2.5. During the compression

of the monolayer, the �uorescent signal was constantly recorded using a �uorescent

microscope that was positioned under the �lm balance which was equipped with a

window. Doping the DPPC monolayer with DHPE-Texas Red allowed to visualize

the LE/LC phase transition at π ≈ 5− 8mN m−1 which is shown in Figure 8.3. As

the DHPE molecules are excluded from the LC phase of DPPC, the bright regions

correspond to the LE phase whereas the dark regions correspond to the LC phase.

Indeed, the �uorescent images con�rm the published results: [71] At surface pressures

below π = 5 mN m−1, no dark spots could be observed. Once the dark domains,

indicating the LC phase, form, the domains grow constantly under compression and

form characteristic shapes. The �rst LC domains observed by the �uorescent mi-

croscopy have bean-like shapes which were found to be the most stable shapes for
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a b

c d

Figure 8.4.: Fluorescence microscopy images of a F8H16/DPPC monolayer.
0.1 mol % �uorescent DHPE-Texas Red was added to the F8H16/DPPC solu-
tion. The images were recorded at a) 5.4 mN m−1, b) 6.0 mN m−1, c) 6.8 mN m−1

and d) 7.7 mN m−1. The compression speed was 3 cm2 min−1. The scale bar is
50µm.

the DPPC lipids in LC phase. [71] After the further compression to smaller molecular

areas the beans transform into multilobed domains which occur especially at com-

pression rates ≥ 15Å2
min−1. [71] At molecular areas A < 50 Å2 (π > 8 mN m−1),

the LC domains �nally merge and form a closed monolayer with all lipids being in

the LC phase and no more �uorescent signal could be measured. The appearance of

the multilobed domains was actually predicted theoretically using an energy model

which is based on the line tension and the intermolecular dipole forces. [74]

Analogous experiments were performed for the mixed F8H16/DPPC monolayer.

Interestingly, �uorescent signals were observed in the same surface pressure regime

as for the pure DPPC monolayer. Figure 8.4 shows 4 �uorescent images at the

same surface pressures between π = 5.4 mN m−1 and 7.7 mN m−1. First dark spots

92



8.2. Fluorescence Microscopy

2.0

1.0

0.0
50403020100

2.0

1.0

0.0
3020100

2.0

1.0

0.0
50403020100

2.0

1.0

0.0
50403020100

g(
r)

g(
r)

g(
r)

g(
r)

r r

r r

a b

c d

Figure 8.5.: Radial distribution function g(r) calculated from the images in Figure
8.4a-d respectively. The red lines show the data smoothed by Gaussian �lters
over 10 points.

indicating the begin of the phase coexistence phase were observed at π ≈ 5 mN m−1

(A ≈ 47Å2). Upon compression, the number of the dark spots increased until they

fully covered the available area and no more �uorescent signal was measured at

π > 8 mN m−1. The dark spots have a size of 3.5 − 6 µm which does not change

during the compression.

Figure 8.5 shows the radial distribution functions g(r) calculated from the images

in Figure 8.4. The exact procedure is described in Section 3.2.5. In the �rst image,

Figure 8.4a at π = 5.4 mN m−1, the dark spots are rather disordered and hence

g(r) does not show a strong correlation between the spots. The correlation between

the dark spots increases with the increase of the surface pressure as indicated by a

strong �rst peak and the appearance of more peaks. Whereas at π = 5.4 mN m−1,

g(r) shows the typical behavior of a liquid, at the higher surface pressures g(r) rather

shows a behavior of a solid material.

In case of the mixed F8H16/DPPC monolayer, it is not straightforward to predict

in which phase the Texas Red marked DHPE lipids stay within the monolayer. It is

highly unlikely that DHPE will merge into the F8H16 surface micelles due to the

lipophobic nature of the �uorocarbon chains. It is more probable that DHPE will

behave same as in the pure DPPC monolayer and mix with the DPPC lipids in the LE

phase. We can therefore attribute the dark spots in Figure 8.4 to regions composed of

F8H16 surface micelles and DPPC in the LC phase. The fact that the shape of the
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5 mN m-1 < � < 8 mN m-1

3.5 - 6 µm

Figure 8.6.: Schematic illustrations of mixed F8H16/DPPC monolayers in the
phase transition region 5 mN m−1 < π < 8 mN m−1. This hypothetical sce-
nario is based on the �uorescence microscopy measurements. The domains
of DPPC lipids in LC phase surrounded by the FnHm surface micelles is
3.5 − 6µm, the graph is hence not in scale but shows the schematic idea of
the situation.

radial distribution function g(r) shows a more liquid like behavior at the beginning

of the LC/LE transition and transforms into a higher correlated solid-like pattern for

the higher surface pressures further con�rms this suggestion (Figure 8.5). In contrast

to the pure DPPC monolayer, the dark spots do not grow in size during compression.

This strongly suggests that they correspond to DPPC lipids in the LC phase that are

surrounded by F8H16 surface micelles. This is schematically illustrated in Figure

8.6. It is likely that the F8H16 surface micelles will assemble at the phase boundary

regions between the DPPC LE and LC phase. Here they will reduce the line tension

of the lipid LC domains in order to minimize the free energy of the system. This is

a behavior similar to other multiphase systems that contain impurities. Actually, it

was already predicted 1957 by McLean that impurities accumulate to phase boundary

regions [75] which was later observed experimentally. [31,40] The accumulation of the

F8H16 surface micelles at the phase boundary would hinder a growth of the LC

domains by reducing the line tension. Although these domains composed of DPPC

in LC phase surrounded by F8H16 surface micelles do not grow in size, they grow in

number during the further compression of the monolayer. Actually, a similar e�ect

was observed when compressing a DPPC monolayer in an atmosphere enriched with

F8H2. [29] The F8H2 molecules led to a decreased size of the LC domains which in

that case even led to a complete �uidization of the DPPC monolayer which was in

the LE phase during the complete isothermal compression. [29]

The phase transition of the mixed F8H16/DPPC monolayer observed with the

�uorescent marked DHPE occurs at the same surface pressure as the LE/LC phase

transition of the pure DPPC monolayer. This further suggests that the phase tran-

sition which was observed in the mixed monolayer can be attributed to DPPC

which undergoes the LE/LC phase transition independent of the presence of F8H16

at π ≈ 5 − 8 mN m−1. The plateau region in the pure DPPC monolayer how-
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ever is broader and covers a molecular area of ∆ADPPC ≈ 23Å2 compared to

∆AF8H16/DPPC ≈ 8Å2.

8.3. Dilational Rheology

Dilational rheology experiments of mixed F8H16/DPPC monolayers were performed

at π0 = 4 mN m−1. The experimental procedure is described in Section 3.2.3. Two

di�erent oscillation amplitudes u0 = 0.02 and u0 = 0.05 were investigated. Reducing

the strain amplitude to u0 = 0.01 which was used for the previous experiments,

was not possible due to the low amplitude π1 of the surface pressure response which

was close to the resolution limit. Due to the comparable high oscillating amplitude,

the measurable frequency regime was restricted to 1 − 75mHz. Figure 8.7 shows

exemplarily the oscillation of the molecular area and the resulting surface pressure

response for a DPPC monolayer (a) and a mixed F8H16/DPPC monolayer (b) at

f = 10 mHz, u0 = 0.05 and π0 = 4 mN m−1. The shape of the oscillation of the

surface pressure again reveals a small nonlinearity in the response signal. The data

were hence �tted by a Fourier series expansion and in the following the data obtained

from the �rst mode are presented �rst, whereas the higher modes and the origin of

the nonlinearity are discussed at the end of the section. Figure 8.7 also reveals that

the phase separation between stress and strain is extremely small for both monolayers

(ϕ ≈ 0.15), indicating a predominantly elastic response (Figure A.11).

At higher surface pressures π0 > 7 mN m−1, the mixed F8H16/DPPC mono-

layer was unstable during the expansion/compression cycles which was indicated by

a decreasing surface pressure throughout the measurement (Figure A.10). Such a

decrease of π over time can have several reasons such as a loss of material to the

subphase, a strong reordering of the monolayer or a formation of an additional layer

on top of the monolayer (2D/3D transition). As the analysis of such unstable signals

is extremely di�cult and especially not meaningful, π0 = 4 mN m−1 was chosen since

here DPPC should still be in the LE phase.

Figure 8.8a shows the dilational elastic modulus E′1 and the dilational viscous

modulus E′′1 of a pure DPPC monolayer versus the frequency (u0 = 0.05 and

π0 = 4 mN m−1). As expected from the low phase shift, the monolayer shows a

predominantly elastic response with E′1 > E′′1 . Both, E
′
1 and E′′1 are independent of

the frequency in the regime measured with E′1 ≈ 24 mN m−1 and E′′1 ≈ 0.6 mN m−1.

These values are indeed comparable to the data published previously. [63,106] The low

elastic moduli could be attributed to the low physical interactions between the lipids
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Figure 8.7.: Surface pressure response π(t) of a DPPC (a) and a F8H16/DPPC
monolayer (b) versus time. The strain frequency was f = 10mHz, amplitude
u0 = 0.05 and π0 = 4 mN m. The oscillation of the molecular area is marked in
red, the response of the surface pressure is marked in black.
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in the LE phase. [63] Actually the measurements were performed in close proxim-

ity to the region of LE/LC phase transition which is characterized by the presence

of a plateau in the π/A-isotherm and would hence result in π1 ≈ 0 mN m−1 and

E′1 = 0 mN m−1.

The dilational elastic and viscous moduli E′1 and E
′′
1 of the mixed F8H16/DPPC

monolayer are shown in Figure 8.8b for both strain amplitudes, u0 = 0.02 and

u0 = 0.05. In the frequency regime measured, the monolayer behaves predominantly

elastic as well. E′1 and E′′1 are mostly independent of the frequency. Interestingly,

both E′1 and E′′1 are ∼ 10 % lower for the higher oscillation amplitude which can

be attributed to the higher compressibility of the monolayer at the higher surface

pressures close to the LE/LC transition.

Compared to the pure F8H16 monolayer, the elastic modulus of the system is

strongly reduced. This suggests that the DPPC molecules and the F8H16 surface

micelles are homogeneously distributed and DPPC acts as a damper system to the

elastic F8H16 monolayer. This is the scenario depicted in Figure 8.2a. As elaborated

in Chapter 5, the strong elastic response of the semi�uorinated alkane monolayers

can be attributed to the highly repulsive interaction between the surface micelles. In

the case of the mixed F8H16/DPPC monolayer, the DPPC molecules between the

F8H16 surface micelles screen this repulsion, resulting in lower elastic moduli.

Surprisingly, the average elastic and viscous modulus of the mixed F8H16/DPPC

monolayer over the whole frequency regime is the same as for the pure DPPC mono-

layer, E′1 ≈ 24 mN m−1 and E′′1 ≈ 0.7 mN m−1. The presence of F8H16 hence

does not alter the elasticity and viscosity of the DPPC monolayer in the mea-

sured frequency and amplitude regime and the viscoelastic behavior of the mixed

F8H16/DPPC monolayer is dominated by the mechanics of the pure DPPC mono-

layer.

In the next step, the nonlinearity of the response function was assessed. For the

mixed F8H16/DPPC monolayer at the amplitude u0 = 0.02, the Fourier spectra

indicate a behavior similar to the one observed for the pure semi�uorinated alkane

monolayers: In addition to the �rst mode, a signal at the third mode is visible

(Figure A.12). In order to get a better understanding of the contributions of the

higher Fourier modes, the ratios of the higher modes compared to the �rst mode

πk/π1 are plotted versus the frequency in Figure 8.9a. The higher mode amplitudes

are independent of the frequency. The third mode shows the highest contribution

(π3/π1 ≈ 0.05). The contributions of the other modes are within the resolution limit

of the system and can hence be neglected.
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F8H16/DPPC
u0 = 0.02

F8H16/DPPC
u0 = 0.05

DPPC
u0 = 0.05

F8H16
u0 = 0.01

THD (5.8± 0.6) % (8.2± 0.6) % (12.5± 3.8) % (10.7± 0.9) %

Table 8.1.: THD values averaged over the measured frequency regime of a F8H16/DPPC
monolayer at u0 = 0.02 and u0 = 0.05, a pure DPPC monolayer at u0 = 0.05
and a pure F8H16 monolayer at u0 = 0.01.

This behavior is di�erent compared to the behavior at the amplitude u0 = 0.05

(Figure 8.9b). Here, the second mode has the highest contribution with π2/π1 ≈ 0.07

and slightly increases with the frequency. The second highest contribution of the

Fourier modes has the third mode, with π3/π1 ≈ 0.05, slightly decreasing with the

frequency. The higher modes are within the noise level.

The pure DPPC monolayer shows a nonlinear behavior similar to the mixed

F8H16/DPPC monolayer at the amplitude u0 = 0.05 (Figure 8.9c): The second

Fourier mode has the highest contribution which increases with frequency from

π2/π1,5mHz = (0.06 ± 0.04) to π2/π1,50mHz = (0.16 ± 0.03). The third mode on

the other hand remains almost constant over the measured frequency regime with

π3/π1 ≈ 0.05.

As expected, the nonlinear contribution hence increases with strain amplitude as

re�ected by the THD values which are lower for the smaller oscillation amplitude

(Table 8.1). As the THD does not change with frequency it was averaged over the

whole frequency regime. The THD of the pure DPPC monolayer is in the same range

as the THD of the pure F8H16 monolayer. However, we have to keep in mind that

for the F8H16 monolayer, a lower amplitude was used (u0 = 0.01). At similar high

98



8.3. Dilational Rheology

amplitudes, the nonlinearity of the pure F8H16 monolayer would hence probably

be higher than the nonlinearity of the pure DPPC monolayer. Interestingly the

mixed F8H16/DPPC has the lowest nonlinear contribution in the response signal,

independent from the applied amplitude.

For all three systems containing DPPC and for all strain amplitudes measured,

the nonlinear contribution of the third mode is the same (π3/π1 ≈ 0.05) which

is lower than the contribution of the third mode for the pure F8H16 monolayer

(π3/π1 ≈ 0.09, see Section 5.2). The nonlinearity of the pure F8H16 monolayer

results mainly from the elastic part of the system and could be attributed to the phase

transition of the surface micelles. As the elastic response of the mixed F8H16/DPPC

monolayer and the pure DPPC monolayer is lower, it is not surprising that also the

nonlinearity of the elastic part of the system (which is mainly described by the third

mode) is reduced.

For the higher strain amplitude, an emergence of the second Fourier mode was

observed which increases with frequency. This can be attributed to an increased

nonlinear viscous contribution. As elaborated in Section 2.3.5, both, the existence

of increased even modes as well as the frequency-dependency of the higher Fourier

modes are indicators for nonlinear viscous stress responses. Interestingly, in contrast

to the higher Fourier modes, the linear part of the viscous response (E′′1 ) seems

independent of the strain amplitude.

Previous studies also showed a nonlinear response in the pure DPPC monolayers

which was not further discussed and interpreted. [33,63] As the measurements were

performed close to the LE/LC transition, the nonlinear response can be attributed

to the phase transition of the lipids in the monolayer. In case of the mixed mono-

layer, this phase transition is strongly altered as observed by �uorescence microscopy

(Section 8.2). Compared to the pure F8H16, the mixed monolayer is expected to

have less defects since the free spaces between the F8H16 surface micelles are �lled

with the DPPC lipids.

These results are highly promising for the application of the mixed F8H16/DPPC

monolayer as shell for the microbubbles since a predominantly elastic response with a

low nonlinear contribution is favorable. However, further measurements are necessary

in order to fully understand the interactions between the lipids and the F8H16 sur-

face micelles. For example GISAXS measurements would reveal information about

the lateral ordering and would especially help to unravel the origin of the additional

phase transition observed in the π/A-isotherms.
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This thesis demonstrates that the self-assembly of semi�uorinated alkanes into mono-

layers of well-ordered circular shaped surface micelles at the air/water interface reg-

ulates the interfacial viscoelastic properties. The viscoelastic properties were inves-

tigated using interfacial shear and dilational rheology and were correlated with the

structure and form factors determined by grazing-incidence small-angle X-ray scat-

tering. Towards potential biomedical applications of semi�uorinated alkanes as the

stabilizer for microbubbles used for sonographic imaging, the structure and mechan-

ics of FnHm diblock monolayers in a PFH-enriched atmosphere were studied and

mixed monolayers of lipids and F8H16 surface micelles were investigated.

9.1. Conclusions

In Chapter 4, interfacial shear rheology measurements of semi�uorinated alkane

monolayers at the air/water interface are presented. The viscoelastic properties

were investigated by systematically varying the amplitude and frequency of the ap-

plied shear stress while remaining in the linear response regime. The combination

of the shear rheometer with a Langmuir �lm balance allowed to measure the elastic

and viscous moduli with respect to the surface pressure of the monolayer as well.

The obtained results indicate that the monolayers behave as predominantly elastic

physical gels even at 0 mN m−1 surface pressure. The frequency-dependent elastic

and viscous moduli could be well �tted using a Kelvin-Voigt model. This �nding

suggests that the surface micelles repel each other due to the repulsive interactions

between dipoles arising from the CF3 termini and the CH2 − CF2 junction of the

molecules. The interfacial shear rheology measurements imply that subtle changes

in the ratio between the �uorocarbon and hydrocarbon chains modulate the elastic

and viscous moduli. This creates promising new perspectives for the fabrication of

2D gels with de�ned viscoelastic properties.

Complementary to the interfacial shear rheology, interfacial dilational rheology

was applied on semi�uorinated alkane monolayers. These results are presented in
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Chapter 5. The stress response of both FnHm and di(FnHm) monolayers was

recorded under oscillatory changes in the surface area and exhibited a clear non-

linearity. Therefore, the viscoelastic response functions were �tted by a Fourier

series expansion. In a �rst step, the �rst mode was analyzed and used to calcu-

late the elastic and viscous moduli which demonstrated that the monolayers behave

predominantly elastic. The frequency-dependent data �t well to the simple linear

Kelvin-Voigt model which reveals that the systems show a strong elastic response in

combination with very low interfacial viscosities. Whereas the former is a result of

the repulsive dipole interactions of the surface micelles, the latter can be attributed

to the strong hydrophobicity of the molecules which lead to very low frictional forces

between the monolayer and the water subphase.

The degree of nonlinearity was assessed by the total harmonic distortion which is in

the range of 10− 13 %. Interestingly, the nonlinear signal arises mostly from uneven

modes, especially the third mode, which one can hence attribute to the elastic part

of the system due to mirror symmetry. Within the framework of Landau theory, the

emergence of the uneven modes can be explained by a �rst order phase transition

of the surface micelles under oscillatory strain. Using this approach, the viscoelastic

response of semi�uorinated alkane monolayers could be described by an extended

Kelvin-Voigt model with a high spring constant (g = 120 − 160 mN m−1), a small

interfacial viscosity (η = 20 − 60 µN m s−1) and a nonlinear term in the third order

in the elasticity term with the proportionality factor g′ ≈ 0.1g.

To understand the origin of the unique viscoelastic properties of semi�uorinated

alkane monolayers, it is essential to unravel how they self-assemble at the air/water

interface and how strongly they laterally correlate with each other. To this end,

GISAXS was employed which allows to quantify the size, shape and correlation

of the semi�uorinated alkane surface micelles by �tting the intensity signal using a

suitable form factor and structure factor. The results of this strategy are presented in

Chapter 6. In case of the di(F10Hm) tetrablock surface micelles, the combination of

a form factor describing oblate hemiellipsoids with a structure factor that represents

a 2D orthorhombic lattice was found to �t the scattering data best. Both axes Dx

and Dy and therefore the size of the domains increase with the molecular length

from Dx,di(F10H16) = (27 ± 2) nm and Dy,di(F10H16) = (31 ± 1) nm for di(F10H16)

to Dx,di(F10H20) = (42± 2) nm and Dy,di(F10H20) = (37± 2) nm for the di(F10H20)

surface micelles. Furthermore the width of the �rst peak of the structure factor

allowed the calculation of the correlation length which was measured to be 8 −
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14 times longer than the size of one surface micelle. The correlation length also

increases with the size of the molecules which can by attributed to stronger repulsive

interactions between the larger surface micelles. Interestingly, whereas at low surface

pressures, the surface micelles have an almost circular shape, they deform to an

elliptical shape with increasing surface pressure according to the direction of the

compression of the monolayer.

In contrast, the GISAXS data recorded for the FnHm diblock monolayers at

the air/water interface revealed that they self-assemble into well-de�ned circular

shaped surface micelles arranged in a hexagonal lattice which have similar sizes as

the tetrablock molecules. The diameters of these domains as well as their correlation

length where shown to increase both with hydrocarbon and �uorocarbon segment

length.

Chapter 7 presents how a PFH-enriched atmosphere in�uences the structure and

mechanics of FnHm diblock monolayers on water. A signi�cant change in the com-

pressibility of FnHmmonolayers was observed (κFnHm,air = 7−8 m N, κFnHm,PFH =

9−12 m N). Also, the elastic modulus, measured by dilational rheology, is reduced by

∼ 25 %. Interestingly, the shape, size and correlation of the surface micelles measured

with GISAXS show no di�erence between air and the PFH-enriched atmosphere. It

can therefore be concluded that a small number of PFH molecules adsorbs to the

air/water interface between the surface micelles which has only minor e�ects on the

static behavior of the monolayer whereas the elastic response is altered.

Studies on mixed monolayers of F8H16 and the lipid DPPC are presented in Chap-

ter 8. The mixed monolayers behave very similarly to pure DPPC monolayers but

very di�erently from pure F8H16 monolayers: Both the DPPC monolayer and the

F8H16/DPPC monolayer undergo a phase transition upon isothermal compression

at a surface pressure of 5 mN m−1 which can be attributed to the phase transition of

DPPC from the LE to the LC phase. Fluorescence microscopy revealed that F8H16

hinders the growth of the LC-rich DPPC domains during compression by reducing

the line tension.

The dilational viscoelasticity at small surface pressures (4 mN m−1) is very similar

to that of the pure DPPC monolayer. All monolayers measured exhibit a nonlin-

ear response. Both the dilational elastic modulus E′1 and the viscous modulus E′′1
calculated from the �rst modes are independent of the frequency in the measured

regime with E′1 ≈ 24 mN m−1 and E′′1 ≈ 0.7 mN m−1. These values are strongly

103



9. CONCLUSION AND OUTLOOK

reduced compared to the pure F8H16 monolayer. This suggests that DPPC screens

the repulsive interactions of the F8H16 surface micelles. Interestingly, the degree of

nonlinearity of the mixed F8H16/DPPC monolayer is lower compared to the pure

monolayers of DPPC and F8H16. The increase of the second Fourier mode at higher

strain amplitudes suggests that the contribution of the nonlinear viscous response

is increased compared to small amplitudes. The viscoelastic response of the mixed

monolayer is hence dominated by the viscoelastic properties of the DPPC monolayer.

9.2. Outlook

The results of this thesis are highly promising for the application of semi�uorinated

alkanes as microbubbles used for sonographic imaging which are �lled with PFH

vapor in order to gain further stability. The data presented in Chapter 7 show

that PFH only merely in�uences the behavior of semi�uorinated alkane monolayers

on water. This suggests that the PFH would stay inside the microbubble without

destroying the shell composed of the self-assembled semi�uorinated alkanes. Com-

bining the semi�uorinated alkanes with lipids is another very promising approach

as lipid microbubbles form easily and the semi�uorinated alkanes could extend their

lifetime with their hydrophobic nature. Therefore, it is interesting to see that the

semi�uorinated alkanes do not in�uence the viscoelastic behavior of the lipid �lm

in the LE phase. Indeed, it is very favorable for the application that they even de-

crease the nonlinearity of the response function. Of course all measurements were

only performed on model systems of 2D �lms. After the successful formation of mi-

crobubbles, it is necessary to perform thorough investigations on these 3D systems

to learn more about their mechanics and especially their behavior under ultrasonic

stress.

Apart from this, investigations on the behavior of 2D �lms that self-assemble into

ordered domains is very interesting from a physical point of view since the physical

interactions regulating the viscoelastic properties are governed by two factors: the

intermolecular interactions between single molecules and the macroscopic interac-

tions between individual domains. This thesis shows that the mechanical properties

of FnHm and di(FnHm) monolayers are governed by the surface micelles which in-

teract in a repulsive manner. So far, there are only few studies about the viscoelastic

behavior of nanodomains at the air/water interface and it is still mostly unclear to

what extent the existence of nanodomains in�uences the viscoelastic properties of

interfaces. Li Destri et al. for example studied the rheology of monolayers composed
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of copolymer molecules that form circular or worm-like micelles at the air/water in-

terface. [20] They found that the circular pattern results in a predominantly elastic

response whereas an entanglement of the micelles leads to a rather viscous behavior.

It can be assumed that the stronger elastic response of the circular domains originates

from the weaker attractive interactions between the domains compared to elongated

structures. This is in line with our system of semi�uorinated alkanes which show a

strong elastic response which can be attributed to the repulsive behavior of circular

shaped surface micelles. The interaction between the surface micelles is strongly

altered by mixing the semi�uorinated alkanes with lipids. This thesis shows that

the elastic and viscous moduli of a 1:1 mixture of DPPC and F8H16 is strongly

decreased compared to the pure F8H16 monolayer. Most probably, the concentra-

tion of the lipid can hence act as a parameter to systematically tune the elastic and

viscous moduli. Monolayers of FnHm with and without lipids could hence act as

an easily controllable model system of organized systems on a mesoscopic scale.
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Figure A.1.: Shear elastic and viscous moduli G′ and G′′ with respect to the frequency
for all FnHm diblocks measured at the frequency f = 3Hz and amplitude
γ = 1.5mrad.
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Figure A.2.: Interfacial shear rheology of a F12H16 monolayer at f = 3Hz and γ = 1.5mrad
(a) and f = 5Hz and γ = 3mrad (b).
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Figure A.3.: Shear elastic and viscous moduli G′ and G′′ of a di(F10H18) monolayer at
π = 1 mN m−1 (a) and π = 5 mN m−1 (b). The measurements were performed
at f = 3Hz and γ = 1.5mrad. It was not possible to reach equilibrium even
after 180 s, also at other frequency / amplitude conditions. Also, at surface
pressures π > 1 mN m−1, the �lm was too sti� and the values of G′ exceeded
the sensitivity of the rheometer (∼ 26 mN m−1).
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Figure A.4.: In�uence of the amount of di(F10H16) molecules (1mM) spread on the
air/water interface on the phase separation ϕ between stress and strain.

0.25

0.20

0.15

0.10

0.05

0.00

A
m

pl
itu

de
 [m

N
 m

-1
]

140120100806040200
Frequency [mHz]

0.25

0.20

0.15

0.10

0.05A
m

pl
itu

de
 [m

N
 m

-1
]

140120100806040200
Frequency [mHz]

di(F10H18) di(F10H20)
a b

 2  5
 3  6
 4  7

Figure A.5.: Amplitudes of the higher Fourier modes of di(F10H18) (a) and di(F10H20)
(b) with respect to the frequency.
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Figure A.6.: In�uence of the strain amplitude on the dilational rheology of a di(F10H16)
monolayer at π = 5 mN m−1 and f = 10mHz. a) u0 = 0.005, b) u0 = 0.01, c)
u0 = 0.02. d) Fractions of the higher mode amplitudes plotted as a function of
the strain amplitude showing the emergence of the second mode at u0 = 0.02.
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Figure A.7.: Dilational elastic and viscous moduli for F8H16 (a), F8H18 (b), F12H16 (c)
and F8H20 (d) monolayers.
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Molecule
Diameter D [nm] Correlation Length ξ [nm]
air PFH air PFH

F8H16 29.08± 0.51 29.44± 0.64 350 330
F10H16 30.36± 0.32 29.06± 0.64 505 605
F12H16 33.16± 0.88 32.09± 0.62 870 750
F8H18 31.99± 0.72 31.63± 0.81 585 680
F8H20 35.46± 0.26 34.19± 0.55 1000 880

Table A.1.: GISAXS data in air and in PFH-enriched atmosphere for all measured FnHm
monolayers.

111



A. SUPPLEMENTARY INFORMATION
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Figure A.8.: E′1 and E
′′
1 vs. frequency for the F10H16, F12H16, F8H18 and F8H20 mono-

layers in a PFH-enriched atmosphere.
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Figure A.9.: Dilational rheology of F8Hm monolayers in air and in PFH-enriched atmo-
sphere. a) Diameter obtained from GISAXS with respect to the hydrocarbon
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Figure A.10.: Surface pressure response of interfacial dilational rheology of the mixed
F8H16/DPPC monolayer at π0 = 7 mN m−1
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Figure A.11.: Phase separation vs. Frequency for a F8H16/DPPCmonolayer with u0 = 0.02
(a) and a DPPC monolayer with u0 = 0.05 (b).
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Figure A.12.: Fourier Spectra of a F8H16/DPPC monolayer (u0 = 0.02) (a) and a DPPC
monolayer (u0 = 0.05) (b) recorded at f = 0.05.
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