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1. Introduction 

 

Self-assembly1, 2 is a fascinating natural phenomenon. Disordered components arrange to a 
more ordered system spontaneously, leading to an energetically more favorable one. A 
superior driving mechanism determines the molecular alignment with the environment. One 
of the prime examples of self-assembly are amphiphilic molecules.3, 4 For instance, lipids build 
vesicles or bilayers spontaneously, when dispersed in water.5 The driving mechanism is the 
hydrophobic effect.4, 6, 7 Consequently, hydrophobic and hydrophilic parts of the lipids are 
strictly separated from each other, giving the cell membrane its barrier function.8  

When lipids are spread on a water surface, a monolayer forms. Again, an ordering of the 
molecules takes place: The hydrophilic, polar head group points towards the water surface 
and the hydrophobic acyl chains are directed towards the air. Since a biological membrane can 
be considered as two weakly coupled monolayers, lipid monolayers have proven to be 
powerful model systems to study many aspects of membrane biophysics.9, 10 Dependent on the 
lateral pressure and temperature, these lipids exist in different phases.9, 11 A phase transition 
can be enforced by compressing the lipid monolayer. The most important transition is from 
the liquid expanded phase (LE-phase) to the liquid condensed phase (LC-phase).9, 11 From a 
biological perspective, the cell membranes need to preserve their fluidic state to maintain their 
function and interaction with their surroundings.12 Therefore, the cell has mechanisms to stay 
in the LE-phase.13, 14  

At the LC-phase, the lipids are packed denser, which allows the formation of two-dimensional 
structures, the so-called domains.15, 16 They originate from nuclides, which are caused by 
density fluctuations within the monolayer. The nuclides are stable and will not decay anymore 
as soon as the gained free enthalpy �ă (released either by latent heat or impurities) exceeds 
the energy loss of building a boundary by ordering the lipid molecules between the domains 
in the LC-phase and the LE-phase. Therefore, one can find a critical domain radius Ĉ from 
which the domain will start growing, provided that surfactant molecules (lipid or fatty acid 
molecules) will be transported towards its boundary.  

Usually, diffusion of the molecules in the LE-phase is the main transport mechanism, leading 
to circular or bean-shaped domains, respectively. The so gained boundary minimization is a 
consequence of the line tension ,17, 18 which pulls the molecules together at the domain edge. 
However, far from thermodynamic equilibrium, diffusion is not the only transport process. 
Hydrodynamic and surface flows respectively arise and lead to instabilities at the LE/LC 
boundary of the domain.19, 20 Such a rippled boundary eventually causes fractal growth.  

This work investigates several mechanisms of how material will be transported towards the 
lipid monolayer and the domains in particular and its consequences on the molecular structure 
and domain shape, respectively. Particularly suitable for these investigations is the 
combination of a Langmuir Blodgett trough11 with a Brewster angle microscope (BAM):21-23 
Once the lipids are spread on an aqueous (salt) solution in a Teflon trough, the lateral pressure 
 can be easily adjusted by compressing the film. 
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Dependent on the provided area, the lipids exist in the LE- or LC-phase, respectively. The 
phase behavior can be studied by recording an area vs. lateral pressure curve (2 ý plot) 
during compression at constant temperature, which is called an isotherm.11 Simultaneously, 
the film at the air-water interface is optically observed with a BAM. The recording of videos 
allows a time-resolved investigation of the formation and growth of the domains.  

The next sections of chapter 1 provide an overview of the issues addressed in this thesis. The 
achieved findings led to three publications (articles 1-3). Chapter 2 introduces the underlying 
theory to readers who are unfamiliar with hydrodynamics and Ivantsov theory. In chapter 3, 
I present the materials and methods I used for this thesis. Chapter 4 contains the conclusions 
of each article. Since not all the data is yet published, additional findings are presented and 
discussed in Chapter 5. Chapter 6 summarizes the achievements of the whole thesis. Chapters 
7-9 comprises the bibliography, a symbol directory and a summary of the introduced 
abbreviations. In chapters 10 and 11, I list the author contributions and my scientific 
achievements. Copies of the published articles can be found in chapter 12. Chapter 13 and 14 
contain the "Eigenständigkeitserklärung" and my curriculum vitae. Finally, I conclude my 
thesis with an acknowledgement to all the people who contributed to this work. 

 

1.1. Transport of reactive oxygen species from the subphase towards a lipid monolayer 

In article 1, vertical diffusion of reactive oxygen species24, 25 (ROS) in the subphase towards a 
phospholipid monolayer and its consequences on molecular structure was studied. This is of 
high biological relevance, since lipid oxidation26 alters physical properties of the membrane,27 
like fluidity28 or permeability29, 30 and ultimately may lead to cell death.31 Especially interesting 
is the question whether the ROS attack the lipid molecules at the head group or at the acyl 
chains, both of which can be the case.32-35 If the latter was the case, a subsequent question arises: 
what is the influence of the position and the number of the double bonds? To address this 
issue, I compared different phospholipids with a different number of double bonds at different 
positions at its acyl chains. 

In order to create the reactive hydroxyl (.OH) ions via the Fenton reaction,36, 37 iron had to be 
added to the subphase in earlier studies.38, 39  Unfortunately, the iron itself influences the lipids 
during peroxidation.40 Further, it is known that free iron ions are harmful for the cell.41-43 
Therefore, I have chosen another approach: I used a highly hydrogen peroxide (H2O2) enriched 
phosphate buffered saline (PBS) solution as a precursor for more reactive oxygen species.  

To facilitate the thus produced ROS to reach the lipid acyl chains, the lipid monolayer was 
expanded during H2O2 treatment time.44 Then, the lipids were compressed after a defined 
waiting time. This allowed me to study the pressure dependence of the lipid peroxidation in 
terms of the measured isotherms.  

Increased ROS concentrations disrupt cell signaling and may lead to cell- and DNA damage.45 
It was therefore important to make a prediction of the .OH concentration in the system. Since 
it was difficult to calculate the concentration of hydroxyl radicals present in the subphase 
directly, I found a way to estimate it indirectly: the relative molecular area increase observed 
in the isotherm46, 47 proved to be a suitable measure for oxidation. 
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I was also interested in the reaction kinetics. Is there a limiting factor, leading to a slowdown 
of the reaction? I addressed this question by varying the ROS treatment times of the lipids. 
From this, I was able to estimate time scales of diffusion. Inspired by a ROS study with lipid 
vesicles,48-50 I finally propose a model of how the lipid structure in monolayers alters after such 
a ROS attack. 
 

1.2. Transport of surfactant material in the LE-phase towards domain boundaries 

 
Article 2 and article 3 deal with lateral transport of surfactant material in the LE-phase towards 
the domain boundaries. Two-dimensional domain growth differs from three-dimensional 
crystal growth in many respects. The main difference is that in two-dimensional monolayers 
at the air-water interface, the latent heat can diffuse away vertically from the growing 
boundaries, since the Langmuir trough acts as a thermal reservoir.19 Consequently, the 
diffusion of heat and molecules, respectively, in Langmuir monolayers are completely 
decoupled.51 Hence, other transport mechanisms than the diffusion of the latent heat away 
from the domain boundary are responsible for fractal growth. Many important contributions 
to fractal and dendritic domain growth in Langmuir monolayers have been made in the last 
decades. The following sections give an overview of the discoveries and explanations of non-
equilibrium growth of such two-dimensional structures, on which this work is based: 

 

1.2.1. Non-equilibrium growth of two-dimensional lipid monolayer domains – a chronological 

overview of the findings from the past 

 

Pioneering work has been done by Miller, Knoll and Möhwald (1986):52 They observed fractal 
growth for a phospholipid monolayer (DMPE) with fluorescence microscopy, when the 
monolayers were exposed to non-equilibrium conditions. Jumps in lateral pressure 
(� ~ 0.5 ăā/ă) led to a sudden increase in supersaturation. In their experiment, the dye 
(fluorescent marker) served as surface-active impurity. Miller, Knoll and Möhwald showed 
that the phase transition pressure increased with the amount of dye. They concluded that 
domain growth is limited by diffusion of the dye away from the interface in the LE-phase: 
During growth, the dye squeezes out of the domain and accumulates at the phase boundary. 
This prevents further growth and eventually leads to a directional solidification. 

Miller and Möhwald (1987)51 later introduced the line tension  18 at the boundary of domains 
as a crucial element for domain shaping. Line tension is reduced with increasing impurity 
(dye) concentration. Consequently, considerably more critical nuclei were formed at higher 
dye content. The reason for this is the lowering of the free energy necessary for the formation 
of a critical nucleus when line tension is reduced. Concluding, since impurities cause a melting 
temperature reduction (or lateral pressure increase), their enrichment at the interface inhibits 
further crystal growth. The authors pointed out the completely decoupled diffusion of heat 
and molecules in Langmuir monolayers: Heat diffuses into the subphase, whereas molecular 
diffusion is strictly confined to two dimensions. Therefore, they assumed that structures as 
well as the determining transport process are two-dimensional. 
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Suresh, Nittmann and Rondelez (1988)53 confirmed the diffusive solidification process with 
experiments on myristic acid monolayers: They distinguished between two possible diffusion 
processes: Either thermal diffusion of the latent heat away from the phase boundary or mass 
transport in the presence of concentration gradients towards the phase boundary. The authors 
introduced the temperature dependence of the line tension, which is decreasing with 
increasing temperature.54 By varying the temperature, they could generate different domain 
patterns. Furthermore, in their experiments, they observed fractal structures even at very low 
dye concentrations (~ 0.05 %). Thus, they concluded that not the dye but the pure species itself 
undergoes Brownian diffusion within the monolayer.   

From three-dimensional growing alloys it is known, that the product of tip radius R and 
growth velocity ČāăĀĈą/  is a constant (ý2 ∙ ČāăĀĈą/ = ýąĄĉĊ., or ý ∙ ČāăĀĈą/ = ýąĄĉĊ., 
respectively).55 Akamatsu, Bouloussa, To and Rondelez (1992)56 proved that this is true also for 
two-dimensional monolayers. They introduced the subphase viscosity Ā, which scales as the 
inverse of the diffusion coefficient of the surfactant molecules in the LE-phase Ā�ā. Using 

water-glycerol mixtures (30-70 vol %) for the monolayer subphase, they were able to increase Ā by a factor of 2-100. They observed that all qualitative geometrical features of the LE/LC 
phase transition stayed the same as on pure water, but the tip velocity ČāăĀĈą/ and tip radius ý decreased by increasing Ā at a fixed compression speed Čÿ. To my knowledge, these authors 
were the first who pointed out the importance of hydrodynamic coupling between the 
amphiphilic motions within the monolayer and the bulk flow in the subphase: lateral diffusion 
therefore cannot be regarded as the only process enabling domain growth. 

Israelachvili (1994)16 mentioned that many 2 ý isotherms reproducibly show non-horizontal 
lines of the coexistence regime. These are inconsistent with a first-order phase transition or 
with the coexistence of two thermodynamic phases. The author of this story explained this 
behavior with the existence of small surface micelles or "hemimicelles" in the monolayers. 

Gehlert and Vollhardt (1997)57 generated a high supersaturation with a fast compression of the 
monolayer in 1-monopalmitoylrac-glycerol monolayers. Consequently, the degree of 
branching of the domains correlated with the supersaturation and compression speed, 
respectively. They also assigned the dendritic shaped domains to a growth anisotropy, which 
is due to the favored incorporation of molecules in the condensed phase in defined directions. 
When they stopped their compression, the domain shapes relaxed into circular equilibrium 
shape. This is indicative for the high line tension of their substance. A comparison of grazing 
incidence X-ray diffraction study (Weidemann, Gehlert and Vollhardt (1995))58 with their BAM 
pictures revealed that the arms of a dendrite are oriented parallel to the azimuthal chain tilt 
direction. They therefore concluded that the growth direction of dendrites is along the densest 
lattice rows. 
 
Iimura, Yamauchi, Tsuchiya, Kato and Suzuki (2001)59 observed a six-fold shape of the 
emerging domains of erucic acid monolayers (a fatty unsaturated acid with one double bond, 
adjacent to the 13th carbon atom of its acyl chain) which showed dendritic behavior for high 
supersaturations. Like Gehlert and Vollhardt (1997)57, they emphasized packing limitations 
due to the cis-double bond in the hydrocarbon chain: It prevents rotation of the two parts of 
the molecule, leading to a constrained packing into the two-dimensional crystal with a kink. 
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This kink in turn weakens the attractive interaction among the chains. Therefore, the 
incorporation rate is not only reduced, moreover the bent shape of the cis unsaturated chain 
restricts the movement and reorientation of already incorporated molecules to the boundary 
of the condensed phase to achieve minimum line tension.59 In their explanation, dendritic 
growth is therefore favored due to the low mobility of already incorporated molecules. 
 
Flores, Poiré, Garza and Castillo (2006)60 investigated monolayers of saturated lipids, namely 
dioctadecylamine, ethyl palmitate, and ethyl stearate. Their experiments started with round 
domains, followed by an abrupt lateral pressure jump caused by fast compression up to � ~ 5 ăā/ă. They observed a morphology transition from tip splitting to side branching 
with increasing height of the pressure jumps. In addition, they could see doublons, which were 
theoretically predicted by Ihle and Müller Krumb-Haar (1994).55, 61 They also mentioned the 
anisotropy as a requirement in the interfacial dynamics for dendritic growth. Bruinsma et al.19 
developed a theory, based on hydrodynamics, in order to describe growth instabilities, 
introducing the Marangoni flow. Flores, Poiré, Garza and Castillo referred to this theory and 
provided first experimental evidence. 
 
Gutierrez-Campos, Diaz-Leines and Castillo (2010)20 later stated that there is indeed 
hydrodynamic transport of amphiphiles, superimposing diffusion. By means of particle 
tracking of hydrophobized silica microspheres, they supplied evidence of the existence of 
Marangoni flow towards the domain boundaries, theoretically explained by Bruinsma et al.19: 
Differences in line tension , driven by concentration gradients within the monolayer and close 
to domains, generated a hydrodynamic flow. According to the theory of Bruinsma et al., the 
dominant growth regime is determined by surface or viscous dissipations. This classification 
is done by means of the Boussinesq number þć = ćÿ, whereby ć is a typical wavenumber of 
the system and ÿ = Āþ/Ā is the ratio of surface viscosity to bulk viscosity. They achieved values 
of the order of þć~0.1 2 0.5 which means that bulk viscous dissipation was the dominating 
effect in their experiments (þć < 1). Adding glycerol to the subphase increased the bulk 
viscosity, such that the measured flow was reduced. 
 
1.2.2. Non-equilibrium growth of two-dimensional lipid monolayer domains – what remains to be 

investigated  

 
In this work, I chose erucic acid monolayers as a representative system of lipids. It is well 
characterized both in the LE- and in the LC-phase62, 63 and its low line tension favors fractal 
growth. Even though this specific acid is not a constituent of the human cell membrane, the 
feature of low line tension turns it into a suitable model system. Thus, highly dynamic 
biological processes such as breathing64-66 and the formation of teardrops67  can be investigated 
in terms of domain shaping. I emulated these dynamic processes by a high, continuous 
compression speed Čÿ of the monolayer. The consequence of such a non-equilibrium process 
are different kinds of flows in and under the monolayer respectively, caused by hydrodynamic 
coupling of the monolayer to the subphase. I was interested in how these flows affect domain 
shape and whether there exist morphology transitions at a certain strength of flow. Recording 
BAM videos allowed me the time-resolved analysis of the evolution of domains.  
 
It is known from earlier experiments of slowly compressed lipid monolayers that the growth 
of the domains starts, when nucleation is completed. However, at fast compression speeds, I 
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noticed an unexpected continuous nucleation in the LE/LC coexistence regime for erucic acid 
monolayers. This feature would contribute to the anisotropy in the fluid phase. It was of 
particular interest to me to investigate the consequences of such an anisotropy, like the creation 
of superimposed surface flows and locally differing supersaturations. I am therefore 
emphasizing the importance of a clear definition of supersaturation, locally or 
macroscopically, since it can vary within the monolayer. In order to describe the evolving 
supersaturation in front of the tip of an growing domain, I applied Ivantsov68, 69 theory. The 
Ivantsov solution describes purely diffusive processes in either two or three dimensions. For 
a more realistic approach, I modified the Ivantsov parabola according to Cantor et al.70-72 in 
order to allow superimposed convective transport. 
 
Adding up these features of erucic acid monolayers, this work aims to clarify the impact of 
flows with respect to domain shaping and the classification in growth regimes, described by 
Bruinsma et al.19 The results may be precursors in the experimental study of non-equilibrium 
processes in Langmuir monolayers, including convective transport phenomena. 
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2. Theoretical background 

2.1. Monolayers at the air-water interface 

 

A profound theory of lipid bi- and monolayers was given by Cevc and Marsh (1987).73 For the 
underlying work, I will limit myself to explain the meaning of surface pressure and surface 
pressure-area isotherms. I therefore refer to chapter 12.73  

An air-water interface in the absence of a film possesses the surface free energy Ă0�. When a 
lipid monolayer is spread at this interface, the free energy of the film results as: 

 

 ĂĀÿýþ = Ă� 2 Ă0�, (1) 

with Ă�, the surface free energy in the presence of the film. 

By differentiating with respect to the surface area at constant temperature ÿ and pressure , 
we obtain: 

 �Ăÿÿýþ�ý = � 2 �0. (2) 

Here, � = (�Ă�/�ý)ÿ,� and �0 = (�Ă0�/�ý)ÿ,� are the surface tension in the presence of the film 
and the surface tension of pure water, respectively. From (2), the surface tension can be 
understood either in terms of energy or in terms of force. It is the ratio of the change in surface 
free energy of a liquid to the change in surface area of the liquid. It is also a force per unit 
length, acting within the surface. Its cause are imbalanced cohesive forces: in the liquid bulk, 
molecules are pulled together equally, due to cohesive forces arising from uniformly 
distributed neighboring molecules. However, a molecule, placed at the vicinity of the interface 
is surrounded by less neighboring molecules from the interfacial plane compared to the bulk 
side, which eventually leads to a net force, pulling the molecules inwards in the direction of 
the liquid bulk. 

Such a difference in surface tensions � and �0 cause a lateral, repulsive pressure , acting 
within the surface of the monolayer. It can be defined as: 

   

  = �0 2 � = 2(�Ăÿÿýþ�ý )ÿ,�. (3) 

 

Given the area per molecule ý, the monolayer surface pressure   is usually measured with a 
film balance (Wilhelmy plate) on a monolayer trough. Kinetic components, like the 
momentum transfer during collisions between the lipid molecules, as well as repulsive 
interactions, like steric, electrostatic and hydration forces between the lipid molecules 
contribute to .  
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In a Langmuir Blodgett trough, the surface pressure can be measured as a function of the 
monolayer area using the film balance. Being able to relate the surface pressure   to the area 
per molecule ý, gives rise to an equation of state for the monolayer. Such a surface pressure-
area isotherm (2 ý-isotherm) is the equivalent of a three-dimensional van der Waals gas, 
adapted to two-dimensional monolayers: 

 

 (+ �ý2) (ý 2 ýÿ) = āÿ, (4) 

 

with ýÿ the excluded area per molecule (ýÿ~ 40 Å2), a/ý2 a correction term containing the 
repulsive interactions between the molecules and ā the Boltzmann constant. 

Neglecting the attractive cohesion forces of the hydrophobic chain-chain interactions, the 
measured surface pressure corresponds essentially to the repulsive interactions between the 
lipid molecules, caused by steric, electrostatic or hydration forces. This makes the Langmuir 
Blodgett trough a powerful tool, since it allows the investigation of interactions between lipid 
molecules over a wide range of molecular areas without condensation of the film.  

 

2.2. Hydrodynamic classification of the erucic acid monolayers 

 

Bruinsma, Rondelez and Levine (2001)19 developed a theory, which explains the emergence of 
Marangoni flows in Langmuir monolayers. Simply put, differences in the line tension , driven 
by concentration gradients along the monolayer close to domains, generate flows.20 Their 
theory is based on the idea, that hydrodynamic coupling of the monolayer with the subphase 
can lead to growth instabilities: Viscous stress exerted by the subphase on the monolayer, acts 
as an externally applied stress and must therefore be balanced by a combination of a line 
tension gradient and surface viscous stress.19 Dependent on the individual contributions, they 
predict two growth regimes, which are characterized either by surface viscous losses or by 
bulk viscous losses. They showed that in both regimes Marangoni flow is possible. This 
chapter intends to classify my experiments according to this theory. Dependent on the 
compression speed Čÿ, I observed two different types of domain shapes: seaweed-like and 
dendritic shapes.62 I was interested whether they correlate with the regimes proposed by 
Bruinsma et al. Therefore, I calculated scaling lengths for exemplary domains of my 
experiments. The next section is an overview of the underlying theory, which is important to 
interpret the results of chapter 5.1. 
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Scheme 1. Left: Marangoni flow at the LE/LC boundary. The fluid velocity is indicated by the arrows, 
coming from positive ý-direction towards the interface at position ý = 0. Right: A modulated LE/LC 
interface leads to instabilities. Reprinted from Bruinsma et al.,19 Copyright (2001), with permission from 
Springer Nature. 

 

2.2.1. The Navier-Stokes equations - a brief overview 

 

Transport of surfactant material towards the domain boundaries can be described by applying 
the Navier-Stokes equations, on the assumption that subphase flow in the lipid monolayer 
behaves as a continuum at the scale of interest. The equations are based on the conservation 
of mass and momentum: 

Considering a fluid element with a density Ā, moving with velocity Č⃗, the conservation of 
mass can be described by the continuity equation: 

 þĀþą + ÿ⃗⃗  ∙ (ĀČ⃗) = 0. (5) 

The conservation of momentum can be understood as Newton’s second law, in terms of 
body forces instead of point forces: 

 Ā Āć⃗⃗Āą = ÿ⃗⃗ ∙  �⃡ + Ā⃗. (6) 

Herby, Āć⃗⃗Āą = þć⃗⃗þą + Č⃗ ∙ ÿ⃗⃗Č⃗  is the convective derivative, Ā is the diffusion coefficient of the fluid 

phase (LE-phase), �⃡ the stress tensor and Ā⃗ comprises additional body forces. The stress tensor �⃡ is of rank 2. Its covariant components �ÿĀ can be further decomposed as follows: 

 �ÿĀ= (�ĉĉ �ĉĊ �ĉċ�Ċĉ �ĊĊ �Ċċ�ċĉ �ċĊ �ċċ) = 2(Ć/ 0 00 Ć/ 00 0 Ć/) + (�ĉĉ + Ć/ �ĉĊ �ĉċ�Ċĉ �ĊĊ + Ć/ �Ċċ�ċĉ �ċĊ �ċċ + Ć/) = 2Ć/� + �⃡, 
such that �ÿ=Ā are the normal stress components, �ÿĀ the shear stress components, Ć/ = 1/3 ∙(�ĉĉ + �ĊĊ + �ċċ)  is the (negative) mean normal stress, � is the 3x3 identity matrix and �⃡ is the 
deviatoric stress tensor. In the case of lipid monolayers, Ć/ represents the hydrodynamic 
pressure. 

This leads to the most general formulation of the Navier-Stokes equations, which read:  
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 þĀþą + ÿ⃗⃗  ∙ (ĀČ⃗) = 0, (7a) 

 Ā Āć⃗⃗Āą = 2ÿ⃗⃗Ć/ + ÿ⃗⃗  ∙  �⃡ + Ā⃗. (7b) 

In order to adopt these equations to lipid monolayers, some further assumption have to be 
made: 

I. First approximation: the subphase flow behaves like a Newtonian fluid. 

This is valid, when the following applies: 

1. The stress tensor is a linear function of the strain rates: �ĉĊ = Āþ þćþþĊ , whereby the 

viscosity Āþ acts as a constant of proportionality between the viscous stress tensor �⃡ 
and the velocity gradient  þćÿþĉĀ. 

2. The fluid is isotropic. 
3. For a fluid at rest, ÿ⃗⃗  ∙  �⃡ must be zero, such that hydrostatic pressure results. 

 

This allows the formulation of �⃡  in terms of surface viscosity Āþ, the Kronecker delta ÿĀ and 
the bulk viscosity Ā: 

 �ÿĀ = Āþ (�ćÿ�ĉĀ + �ćĀ�ĉÿ) + ÿĀĀ ÿ⃗⃗ ∙  Č⃗,  (8) 

 which leads to the Navier-Stokes equation in the Newtonian-form: 

 Ā Āć⃗⃗Āą = 2ÿ⃗⃗Ć/ + ÿ⃗⃗ ∙ (Āþ  ∙ (ÿ⃗⃗Č⃗ + (ÿ⃗⃗Č⃗)�)) + ÿ⃗⃗ (Ā ÿ⃗⃗  ∙ Č⃗)+Ā⃗ (9) 

 

II. Second approximation: the fluid is incompressible. 

This requires:   

1. The viscosity Āþ is set a constant. 
2. Second viscosity effects (bulk effects) will be ignored: Ā=0. 
3. The mass continuity equation simplifies, since in the case of an incompressible fluid, Ā = ýąĄĉĊ.  

 
Then, (5) reduces to: 

  ÿ⃗⃗  ∙ (Č⃗) = 0 (10) 

and 

   ÿ⃗⃗  ∙ �⃡ =  ÿ⃗⃗ ∙ (Āþ  ∙ ( ÿ⃗⃗Č⃗  + (ÿ⃗⃗Č⃗)�)) + ÿ⃗⃗ (Ā ÿ⃗⃗  ∙ Č⃗)  (11) 

simplifies to: 

 ÿ⃗⃗  ∙ �⃡   = Āþ ÿ⃗⃗2Č⃗ = Āþ �Č⃗. (12) 
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Inserting this in the general Navier-Stokes equation, yields the formalism of an incompressible 
Newtonian fluid: 

 Ā Āć⃗⃗Āą = 2ÿ⃗⃗Ć/ + Āþ �Č⃗ + Ā⃗. (13) 

 

III. Third approximation: the flows are slow.   

A last simplification of (13) can be made, assuming that the timescales of flows are slow. This 
implies, that viscous transport dominates convective transport, such that Č⃗ ∙ ÿČ⃗   0. 

The Navier-Stokes equation reads now: 

 Ā Āć⃗⃗Āą = Ā(þć⃗⃗þą + Č⃗ ∙ ÿ⃗⃗Č⃗ÿ  0 ) = 2ÿ⃗⃗Ć/ + Āþ �Č⃗ + Ā⃗. (14) 

If one is only interested in the stationary solution (þć⃗⃗þą = 0) and no externally applied forces Ā⃗ 

are considered, (14) reduces finally to the stationary Navier-Stokes equations for 
incompressible fluids: 

 ÿ⃗⃗ ∙ (Č⃗) = 0, (15a) 

 Āþ�Č⃗ = ÿ⃗⃗Ć/. (15b) 

These are the fundamental equations, which Bruinsma et al. used to explain the formation of 
Marangoni flows. 

 

2.2.2. Preconditions for Marangoni flow 

 

During domain formation, liquid condensed domains (LC-phase) grow into the liquid 
expanded phase (LE-phase). Characteristics are the large difference in area density between 
LE- and LC-phase (> 50 %, denoted in Bruinsma et al. 19, ~ 30 % measured from our erucic acid 
isotherms) and the low line tension at the LE/LC boundary of the domains ( ~ 0.89 Ćā). The 
line tension   can be estimated by a rough calculation, using equation (26b) of Bruinsma et 
al.19: 

  = �ÿ�ý(ýĄ 2 ý0) þ�þý, (16) 

with: 

 ý = 1ý  [Å22], the surface concentration in inverse units of the molecular area. 

 �ÿ, a capillary length, defined by a typical mode ć of the investigated monolayers: 

 ć = 2
ü
= 12��, and ü~10 �ă, a characteristic length of the system, calculated from 

reference (62).62 
 ý0 = 1/27 Å22, a reduced concentration of the LE-phase, close to the domain boundary, 

in accordance with ý0 = ý∞ + Δý. 
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 ý∞~ 1/27.5 Å22, the concentration of the LE-phase, far away from the domain 
boundary, calculated from the isotherms of reference (62).62 

 Δý ~3 ∙ 1023 Å22, the supersaturation, calculated from reference (62).62 
 ýĄ~ 1/20 Å22, the concentration of the LC-phase, calculated at high pressure area from 

the isotherms of reference (62).62 

 þ�þý, the chemical potential gradient with respect to concentration. It can be estimated by 

using the isotherms of reference (62)62 again: 
 

 þ�þý = þþý �((ý), ÿ) = þ�þ þþý þýþý = ý∞ þþý 21c2 = 21c3 þþý, (17a) 

 ý∞ þÿþý = 27,5 ∙ 229,2227,8mNm = 39.3 mN/m, (17b) 

    = �ÿ�ý(ýĄ 2 ý0) þ�þý = ü4 ∙ Δýý0 ∙ (ýĀ2ý0)ý0 ∙ ý∞ þÿþý~ 0.89 Ćā. (18) 

 

Another indication of the low line tension  can be seen from Figure 1: When the monolayer 
compression has stopped, the domain shapes do not take on a circular shape. Instead, they 
dissolve and decay over time. 

 

Figure 1.  Time series of pictures, showing the decay of erucic acid domains, when the compression of 
the monolayer is stopped at low molecular area. 

 

Since the LC-phase is rigid such that no diffusion within the monolayer takes place (Ā�ÿ~0), 
the flows close to the domain boundaries are three-dimensional and extend into the trough (þ-

direction, see Scheme 1). These subphase flows exert a bulk viscous stress ÿ⃗⃗  ∙  �⃡ ~ Ā�ĊČ⃗(ý, þ =0, ÿ) on the monolayer, which has to be balanced by a combination of a line tension gradient  

 ÿ⃗⃗⊥Ă = (þĂþý) ÿ⃗⃗⊥ý  (19) 
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and surface viscous stress of the form  

 ÿ⃗⃗⊥ ∙ σ⃡, (20) 

with �ÿĀ = ĀĄ(�ÿČĀ(ý, þ = 0, ÿ) + (ÿ ↔ Ā)), the surface viscous stress tensor. 

Adding the two contributions, we obtain: 

 ĀĄ (�ĉ2 + �ċ2ÿ      � ) Č⃗(ý, þ = 0, ÿ) = |þĂþý| ÿ⃗⃗⊥ý 2  Ā�Ċ Č⃗(ý, þ = 0, ÿ)ÿ                   ÿ⃗⃗⃗ā/ . (21) 

 

From this, two growth regimes can be deduced. The distinction can be made by introducing 
the Boussinesq number þć: 

 þć = ć ∙ ÿ, (22) 

with: 

 ć = 1/ü, a typical Wavenumber of the investigated monolayers and ü, a mean distance 
between two side branches. 

 ÿ = ĀĄ/Ā, the ratio of surface to bulk viscosity. 

In the first case, ýÿ = ÿ ∙ � < Ā. This implies bulk viscous losses dominate over surface viscous 
losses: 

 Ā�ĊČ⃗(ý, þ = 0, ÿ) ≅ |þĂþý| ÿ⃗⃗⊥ý (23) 

 

In the second case, ýÿ = ÿ ∙ � > Ā. This implies surface viscous losses dominate over bulk 
viscous losses: 

 ĀĄ (�ĉ2 + �ċ2ÿ      � ) Č⃗(ý, þ = 0, ÿ) ≅ |þĂþý| ÿ⃗⃗⊥ý (24) 

Further, Bruinsma et al.19 introduced a cross-over length À to distinguish between diffusive 
and advective transport, defined as: 

 � = Ā�|þ�þý|ý∞, (25) 

with Ā, the diffusion coefficient of the fluid phase (LE-phase) and |þĂþý| ý∞, the compressional 

modulus of the LE-phase. � is a cross-over length, in the sense that the flow is advective, when 
the flow velocity varies over length scales large compared to � and it is diffusive vice versa. 
This will be important also in chapter 5.2.2., because this length can be understood as the size 
of the purely diffusive layer in front of the tip of the Ivantsov parabola: Assuming that Ā/ČāăĀĈą/ k  �, advective transport dominates over diffusion. 
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2.3. The (modified) Ivantsov solution 

 

In the second publication (article 2)62, I introduced a supersaturation �ý in dependence of the 
excess lateral pressure above the LE/LC phase transition at equilibrium conditions, � =
2 , in inverse units of the molecular area, Å22. I showed a linear behavior between �ý and �. Since � is obtained applying the compression modulus û, deduced from isotherms, it is 
therefore averaged over the whole monolayer area. Hence, �ý is a macroscopic quantity. 
However, because of the continuous nucleation, anisotropy occurs within the monolayer such 
that, locally, the supersaturation varies. In order to specify a local supersaturation, the 
Ivantsov theory has been applied, which enables to calculate a normalized supersaturation � 
in front of a dendritic tip of parabolic shape. The next section is a short derivation of the 
Ivantsov solution, intended for readers, who are unfamiliar with the Ivantsov theory, followed 
by a comparison of theory with my experimental results, presented and discussed in chapter 
5.2. My derivation of the Ivantsov solution refers to Langer (1980)69 and Ihle (1996).55 Since the 
Ivantsov solution is valid only for purely diffusive processes, I applied the proposed 
modifications of the Ivantsov parabola according to Cantor et al. (1977),70 Gandin et al. (2003)71 
and McFadden et al. (2012)72 in order to consider flows.  
 

2.3.1. Derivation of the local normalized supersaturation � according to Ivantsov 

 

Given an isothermal system, we can assume the temperature is constant in the whole subphase 
(solvent temperature ÿ = ÿ0). Let ý�ā,ÿĂ and ý�ÿ,ÿĂ be the solute concentrations in the fluid (LE-
phase) and the condensed phase (LC-phase), respectively, at two-phase equilibrium 
(standstill). At this state, ý�ā,ÿĂ exceeds ý�ÿ,ÿĂ. In order to derive a diffusion equation for the 
chemical case, the chemical potentials � and �� are introduced, whereby � is the chemical 
potential of the solute molecules relative to that of solvent and �� = � 2 ��ā,ÿĂ(ÿ0) the difference 
between � and its equilibrium value for two-phase coexistence at ÿ = ÿ0. Assuming only small 
deviations from equilibrium ��ā,ÿĂ(ÿ0), which can be therefore neglected, changes of �� are of 
the form: 

 ���ā = (���ý)|C=Ceq �ý. (26) 

�ý are local concentration deviations. A diffusion equation in terms of the chemical potential 
reads now: 

 ����ą = Āÿ    2��, (27) 

with Āÿ = Ā(��/�ý) the chemical diffusivity and Ā, the mobility of the molecules in the LE-
phase. This representation of the diffusion equation has the advantage, that the only condition 
for local equilibrium at the interface is, that �� must be continuous there together with the 
boundary condition: 

 �� =  2(Ă/�ý)�ÿ, (28) 
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which is the Gibbs-Thomson relation,60, 74 suited to the domain interface, with the line tension Ă, the curvature �ÿ and the equilibrium density difference between LE- and LC-phase �ý. At 
this point, it makes sense to proceed with an universally applicable, dimensionless diffusion 
field ċ, defined as: 
 
 ċ = ��

ý∙(���ý) (29a) 

   = ÿ2ÿ0�/ÿþ . (29b) 

 
It serves as a placeholder for the chemical (29a), as well as the thermal diffusion model (29b),69 
respectively, in order to treat diffusion independently of its physical origin. In the thermal 
case, ÿ0 is the temperature of the solute, ÿ the latent heat and ÿā the heat capacity. Suppose a 
planar interface growths with constant velocity, exactly the same amount of gained 
crystallization energy is either released as latent heat or rejected as excess solute molecules. 
Nevertheless, in both treatments it is diffusive. Then a dimensionless undercooling/ 
supersaturation can be defined in the form: 

 ċ != � = 1. (30) 

In this case, � is exactly unity. However, at a plane domain interface the excess solute 
molecules (latent heat) accumulate in front of the interface, since they are not conducted away 
efficiently. Consequently, the interface will stop growing at a certain point. Instead, it becomes 
unstable against perturbations at certain wavelengths (Mullins-Sekerka Instability).55, 75 In 
order to circumvent this problem, the solidification front is bent back, allowing the chemical 
flux (thermal flux) to diverge from the leading edge of the tip, where the excess solute 
concentration (the latent heat) is being generated.69 At dendritic growth, the generated excess 
solute concentration (latent heat) is bigger than the crystallization energy. Therefore, locally 
the excess concentration is increased (�ý > ý) and from (29) follows � < 1 (In the thermal 
case: ÿ > ÿ0). ċ is introduced, such that ċ = � at a plane interface. Mathematically, the growth 
of the domain branches into the LE-phase can be described as a two-dimensional diffusion 
equation of the fluid phase (in the x/y plane), whose coordinate system moves at the interface 
velocity in one direction (Here: ČÿÿąÿăĀ�ýÿ = ČĊ,āăĀĈą/). The diffusion of the condensed phase 
can be neglected, since the diffusion coefficient of the LC phase is approximately zero 

(Āÿ,�ÿ~0).  A diffusion equation can be set up in the form (with Āÿ,�ā != Ā): 

 �Ć�ą = Ā     2ċ + ČāăĀĈą/ �Ć�Ċ . (31) 

Thus, we are facing a moving boundary problem. Neglecting the time dependence, we can 
write (31) in the form: 

 0 = Ā    2ċ + 2ý �Ć�Ċ . (32) 

Here, we introduced Ă, the diffusion length, defined as: 
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 Ă = 2ĀćĀÿýýā/,  (33) 

where  Ā~ 10-8 cm2/s is the diffusion coefficient of the fluid phase76-78 and ČāăĀĈą/ the growth 

velocity of a main branch of the domain. For a plane interface and � = 1, the solution of (32) 

is:55, 69 

 ċ(þ) = {ÿ22ÿý , þ g 0 (ÿā 2 �/�ĉÿ)1, þ f 0 (ÿÿ 2 �/�ĉÿ), (34) 

with the phase boundary at þ = 0. For a supersaturation � < 1, the plane interface has no 
stationary solution. However, an analytic steady-state solution for paraboloids exists, namely 
the Invantsov-solution,68 provided line tension is ignored.55, 69 Therefore, we transform (32) into 
parabolic coordinates Ā and ā, (see Scheme 2) with: 

 
Ā= √þ2+ÿ2+ÿ�ā=√þ2+ÿ22ÿ�      (35) 

such that it reads: 

 2Ā �2Ć�Ā2 + (1 + 2Ć ∙ Ā) �Ć�Ā + 2ā �2Ć�ā2 + (1 2 2Ć ∙ ā) �Ć�ā = 0, (36) 

with ý, the tip radius of the main branches. Ć is the Péclet number, defined as 

 Ć = ýý = ý∙ćĀÿýýā/2Ā . (37) 

 

 

Scheme 2. Parabolic coordinates Ā and ā, used for stability analysis (two-dimensional). For the Ivantsov 
solution, only the Ā - coordinate is used, since branch growth is considered only in positive þ - direction. 
The definition of a tip radius is visualized in the dashed box at the right side. Adopted and modified 
from Langer et al.69 
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It scales with the product of tip radius ý and growth velocity ČāăĀĈą/. The tip radius ý of the 
interface parabola corresponds to the position Ā = 1. ċ is independent of ā, since locally, ċ =�. A solution of (36) can be expressed in the form: 

 ċ( Ā) = 2ÿā√Ć∫ ÿ2Ċ2√ā Ā þþ = ÿā√Ćÿ ∙ ÿĈĀý(√ĆĀ). (38) 

At Ā = 1, we find: 

 � = ÿā√Ć  ∙ ÿĈĀý(√Ć), (39) 

which is known as the Ivantsov solution,68 containing the complementary error function ÿĈĀý(ý) = 1 2 erf (ý). A detailed derivation of the Ivantsov solution can be found in: Ivantsov 
(1985),68 Langer (1980)69 or Ihle (1996).55  

 

2.3.2. The modified Ivantsov solution (diffusion plus convection) 

 

The results shown above are valid for purely diffusive transport. Since we assume volume 
flow as a requirement for dendritic growth, the Ivantsov parabola has to be adjusted. Cantor 
et al. (1977)70 proposed the introduction of a stagnant parabolic boundary layer , which forms 
ahead of the dendritic tip. (See Scheme 3). Within this layer, the transport of surfactants takes 
place only by diffusion. Outside, there is convective transport due to flow.70, 71 The thickness 
of   depends strongly on the intensity of the fluid flow: For purely diffusive transport,   is set 
to infinity (ČĂýĀĈ = 0). It decreases with increasing flow. Later, Gandin et al. (2003)71 correlated 
the size of   to Sherwood number and Schmidt number by introducing correlation coefficients. 
They also improved the theory considering flows, which are not directed frontally towards the 
tip of the dendrite. McFadden et al.(2012)72 picked up the idea and proposed a model, showing 
that once having measured the important parameters in front of the tip, will determine the 
operating conditions at the tip. They demonstrated the successful application for a binary (Al-
Ge) alloy. 
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Scheme 3. Schematic diagram of the solidifying paraboloidal dendrite with paraboloidal boundary 
layer (three-dimensional). The flow is directed frontally towards the tip in negative z-direction. The 
determination of the boundary layer  (green) is shown in the dashed box at the right side. Adopted 
and modified from Cantor et al.70 

In order to calculate such a modified supersaturation �þĀþ, the corresponding Ivantsov 
parabola (or paraboloid in three dimensions) has to be found. From Scheme 3, it can be seen 
that this is simply a parabola, which is shifted from Ā = 1 to Ā = Āþ (Please note the change in 
growth direction from þ-direction shown in Scheme 2 to ÿ-direction in Scheme 3). To calculate Āþ, paraboloidal coordinates are introduced. (They correspond to ā ≅ 0 in the two-
dimensional case): 

 ý = ýĀā cos ā (40a) 

 þ = ýĀā sin ā (40b) 

 ÿ = 12ý(Ā2 2 ā2) (40c) 

On the dendrite axis (growth in z-direction), ā = ā = 0, Ā = 1, such that ÿ = ýĀ2/2. Then, the 
parameter Āþ can be related to the boundary layer thickness   by: 

 ý/2 +  = RĀþ2/2, (41a) 

or 

 Āþ2 = 1 + 2ý . (41b) 

With this geometrical construction and using the analytical solution of the diffusion field 
within the stagnant film, one can describe a modified, dimensionless supersaturation �þĀþ: 

  �þĀþ = Ć ∙ exp (Ć) (ā1(Ć) 2 ā1 (Ć (1 + 2ý ))), (42a) 
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 with ā1(Ć) = ∫ exp (2�)�∞ā  þ� , (42b) 

the exponential integral function used in the original Ivantsov theory. 

This can be expressed in terms of the error function, similarly shown in the derivation of the 
Ivantsov solution, shown above: 

 �þĀþ = √Ć ∙ ÿā√ ∙ ( ÿĈĀý(√Ć)ÿ      þÿĀĀĆĄÿćÿ ā�ăą 2 ÿĈĀý (√Ć (1 + 2ý ))ÿ            ýĀÿćÿýąÿćÿ ýĀăăÿýąÿĀÿ ).  (43) 

From (43) it can be seen, that �þĀþ at the outer boundary of  is slightly weakened compared 
to � directly calculated at the tip. That means, when �þĀþ is translated either to a temperature 
field �ÿ, the temperature T is lower at the tip than at the outer boundary   and in the case of 
a chemical field �ý, the concentration ý is higher at the tip than at the position , as shown in 
Scheme 4. 

 

 

 

 

 

 

 

 

 

Scheme 4. Composition (top) and temperature (bottom) ahead of a three-dimensional dendrite tip. 
Reprinted from McFadden and Browne,72 Copyright (2012), with permission from Elsevier. 
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3. Materials and Methods 

3.1. Lipids and fatty acids 

 

Phospholipids are the major structural components of biological membranes.73 They are called 
amphiphilic,3, 4 because they consist of a hydrophilic as well as a hydrophobic part: firstly, a 
hydrophilic head group, which is a negatively charged phosphate group connected to an 
additional small group, which may also be charged or polar. Secondly, a hydrophobic part, 
usually consisting of two nonpolar hydrocarbon chains. These lipid acyl chains vary in length 
and number of double bonds.  

 
Table 1. List of the lipids used to study the oxidation of phospholipid monolayers. In each case, the 
position of the double bonds is marked in red.  

Abbreviation Name Structural formula * 

DMPC 

1,2-dimyristoyl-sn-
glycero-3- 

phosphocholine 
 

 

POPC 

1-palmitoyl-2-oleoyl-
glycero-3-

phosphocholine 
 

 

DOPC 

1,2-dioleoyl-sn- 
glycero-3- 

phosphocholine 
 

 

PLPC 

1-palmitoyl-2-linoleoyl-
sn-glycero-3-

phosphocholine 
 

 

- Erucic acid 

 

* The structural formulas are taken from: https://avantilipids.com 

The latter is described as the degree of unsaturation. A fat molecule is called monounsaturated 
if it contains one double bond and polyunsaturated if it contains more than one double bond. 
The cis-double bonds cause a "kink" in the acyl chain. Due to the kink, the contact area between 
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the molecules is decreased. This has an impact on the melting temperature, which is lowered, 
compared to saturated phospolipids.79 Further, a tight packing of the lipid molecules is 
hindered, allowing the membrane to maintain their fluid phase (LE-phase).13  

Where double bonds are formed, hydrogen atoms are eliminated. Therefore, lipids consisting 
of unsaturated acyl chains are more prone to a ROS attack (oxidation processes). In order to 
study the effect of position and number of double bonds on a radical attack, phospholipids 
with the same head group but differing acyl chains and number of double bonds have been 
selected. They are listed in Table 1. 

 

Further, we used erucic acid due to its property of forming fractal domains. It belongs to the 
fatty acids. Fatty acids consist of a carboxyl group, attached to one hydrocarbon chain, which 
is either saturated or unsaturated. In the case of erucic acid, it is monounsaturated, with the 
double bond adjacent to the 13th carbon atom of its acyl chain. The structural formula is shown 
in Table 1. Erucic acid can be gained from rapeseed.80 

 

 

3.2. Langmuir Blodgett trough and isotherms 

 

A suitable technique to study monolayers at the air-water interface is the Langmuir Blodgett 
trough.11 A Lipid film is spread on an aqueous salt solution (subphase) in a Teflon trough. 
Since small contaminations, like dust particles, accumulate at the water surface, the 
measurement would be distorted. Therefore, the trough is shielded by a Plexiglas hood. By 
compressing the film, enabled by two movable barriers, the surface pressure (lateral pressure) 
 can be adjusted. The surface pressure  is measured by a Wilhelmy plate. A water bath, 
surrounding the Teflon trough, stabilizes the temperature. The subphase can be adapted to the 
experimental requirements by varying the pH-value, salt concentration or type of ions.  

During compression, an area ý vs. surface pressure  plot is recorded, which is called an 
isotherm. Depending on the provided molecular area, lipids exist in different phases, and may 
undergo a phase transition from one phase to the next. Scheme 5 illustrates a typical monolayer 
compression in a Langmuir Blodgett trough at three different states. Added is the 
corresponding isotherm. 
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Scheme 5: Left: Depicted is a typical monolayer compression in a Langmuir Blodgett trough at three 

different states I-III. The surface pressure is sensed by a Wilhelmy plate (placed in the middle of the 
trough). Two mechanical barriers (dark red) enable the monolayer compression. Right: The 
corresponding isotherm is shown. Indicated is the onset of the LE/LC- phase transition pressure  at 
molecular area ý. I: Usually, the lipids (green) are spread at maximum trough area. The monolayer is 
in the gaseous phase, which is characterized by only weak interactions between the lipid molecules. II: 
For further compression of the monolayer, the barriers push the molecules closer together towards the 
liquid expanded phase (LE-phase) and the interactions between the molecules increase. II+III: 
Continuing the compression may lead to a phase transition from the LE-phase to the liquid condensed 
phase (LC-phase). This is the LE/LC coexistence region, where LC domains nucleate and grow. Here, 
the pressure increases only weakly at further decreasing monolayer area. III: Eventually, the ordering 
of the lipid molecules is completed and the LC-phase is reached. The surface pressure increases now 
steeply due to the low compressibility of the ordered LC-phase.   
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3.3. Brewster angle microscopy 

Brewster angle microscopy (BAM) is a microscopy technique, enabling the observation of 
ultrathin films (~ 1.5 nm) at the air-water interface. The BAM was introduced at the beginning 
of the 1990s (Hénon and Meunier (1991),21, 81 Hönig and Möbius (1991)23) and was principally 
developed to study Langmuir films. The mechanism is shown in Scheme 6. Hereby, two 
mediums or two phases of the same medium, respectively are in contact.22 They differ in the 
dielectric constants Ą1 and Ą2. When light is emitted towards such a surface, it will be partly 
transmitted and partly reflected. With regard to the reflectivity of light from a surface, its angle 
of incidence and its polarization are of crucial importance:21 using light, which is polarized in 
the plane of incidence (p-polarized), one can find an angle of incidence, for which the 
reflectivity vanishes for a Fresnel interface (an ideal interface between medium 1 and medium 
2, at which the refractive indices Ą1and Ą2 abruptly change). This is called the Brewster angle āþ. The phenomenon of blocking light propagation is a consequence of light-matter 
interaction: The electric field of the incident light wave induce dipole moments in the second 
medium Ą2. At the Brewster angle āþ, those dipole moments point exactly in the direction of 
the reflection. Since the dipoles cannot radiate in the direction of propagation of the reflected 
wave, the reflectivity vanishes.21 āþ can be calculated using the Snell’s Law, on the condition 
that the angle of reflection ā1 (or incidence) and the angle of refraction ā2 sum up to 90°:   

 tan āþ = ÿ2ÿ1. (44)  

An air-water interface (Ą1 = 1, Ą2 = 1.33) results in a Brewster angle of āþ j 53°.  
 
Since real interfaces have continuous transitions, the refractive index will not change abruptly 
from one medium to the next. Therefore, a perfect extinction of the p-polarized light is 
practically not possible. However, at a clean water surface, the reflectivity is still very low 
(1.2x10-8)21. Spreading a thin lipid film at the water surface will now change reflectivity 
strongly, since its refractive index differs from water or air. This is what the technique takes 
advantage of: the lateral morphology of the monolayer can be mapped at high contrast by the 
use of the reflected light. The method is especially powerful, when combined with a Langmuir 
trough. If the properties of the interface change, which happens while compressing the 
monolayer, the intensity of the reflection increases. Then, it can be used to relate the BAM 
images with characteristic phase transition points in a Langmuir isotherm. A nanofilm_ultrabam 
Brewster Angle Microscope (Accurion, Göttingen, Germany) was used to record real-time 
grayscale movies of the dendrite growth at 20 frames per second. Due to the implemented 
Scheimpflug optics, it is possible to generate an overall focused image. Each frame 
corresponds to an overall focused image of a surface area of about 0.24 ăă2 (1360 pixels × 
1024 pixels, spatial resolution of  2 �ă).  

https://link.springer.com/referenceworkentry/10.1007/978-3-642-35943-9_664-1#ref-CR3
https://link.springer.com/referenceworkentry/10.1007/978-3-642-35943-9_664-1#ref-CR4
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Scheme 6. Shown is the beam path of a Brewster angle microscope, which is positioned above the center 
of a Langmuir Blodgett trough. Monochromatic (red) light (� = 50 ă�, ü� = 658 Ąă) from a laser 
source (L) passes through a polarizer (P), enabling to adjust the polarization plane. The polarized light 
(p: parallel to the incident plane (IP), s: perpendicular to the incident plane (IP)) is then directed towards 
the air-water interface. Here, it will be partially refracted and partially reflected. According to Brewster's 
law, the p-polarized fraction of the light beam is suppressed in the reflected beam. Only the s-polarized 
fraction passes through an objective (O), which creates a real, enlarged image of the water surface on 
the CCD detector (CCD). An analyzer (A) allows to increase the contrast by tuning the polarization 
plane. The CCD detector serves as an input for recording videos. 

 

There are two key benefits of the BAM technology compared to a fluorescence microscope: In 
fluorescence microscopy experiments, the contrast in the pictures results from different 
densities of the fluorescent molecules in the different phases. In dense and well-ordered 
phases (LC-phase) the fluorescent molecules are almost squeezed out and hence poorly visible. 
Secondly, the dye acts as a surface-active impurity which itself will modify the systems 
behavior.  
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4. Conclusions 

4.1. Article 1: Oxidation of Unsaturated Phospholipids: A Monolayer Study 

 

The oxidation of phospholipid monolayers was studied at the air-water interface. Due to its 
high biological relevance, phosphatidylcholines with identical head groups but different 
saturated and unsaturated acyl chains were investigated. One aim of this work was to 
investigate how the number of double bonds and their location on one or two acyl chains 
influences lipid peroxidation.  
Riske et al.48 proposed a model of the structural changes on the molecular level by oxidation 
for vesicles. They observed that mainly the acyl chains are affected by ROS. In a first step, 
hydrogen is abstracted from a carbon atom adjacent to a double bond in the unsaturated acyl 
chain from a lipid. This is the preferred position for a radical attack, because the 
carbon−hydrogen bond is weakened by the neighboring, electron-rich double bond. The 
eventually added, more hydrophilic −OOH group is drawn to the hydrophilic head group of 
the lipid. This leads to a kink in the acyl chain, which increases the molecular area ý by ăý. 
The model of the area increase in vesicles could be adopted to monolayers: The relative 
molecular area increase ăý/ý between oxidized and non-oxidized monolayer along the 
isotherm served as a measure for oxidation.  
A highly concentrated hydrogen peroxide-enriched PBS buffer solution (∼1 M H2O2) was used 
as a precursor for higher reactive radicals, namely the hydroxyl radical ·OH, leading to 
concentrations of ý·OH ~ 50 nM. The lipids were in the gaseous phase (∼200 Å2/ molecule) at 
their first contact with the reactive oxygen species (ROS). Once generated, the hydroxyl 
radicals in the subphase of the trough were found to reach the lipid monolayer by diffusion 
from the subphase. Provided there is enough space between the lipid molecules of the 
monolayer, the ROS have easy access not only to the head group but also to the acyl chains. 
This is a monolayer advantage, compared to vesicles, were the lateral pressure is high 
(30 ăā/ă <  <  35 ăā/ă).82 After a defined waiting time (5-45 Min), the monolayer was 
compressed and the isotherm was recorded.  
4 different phospholipids were investigated: DMPC with no double bonds showed the 
weakest relative area increase, and PLPC with two double bonds on one acyl chain showed 
the strongest. Between those, lied DOPC, with one double bond at each acyl chain and POPC, 
with one saturated acyl chain and one monounsaturated acyl chain, respectively (ăý/ý is 4% 
for DMPC, 11% for DOPC, 12% for POPC, and 14% for PLPC). The similar relative area 
increase of DOPC and POPC indicated that the second double bond on the other acyl tail of 
DOPC was not accessible for the ROS attack in the monolayer. These results suggest that the 
area increase grows with the number of double bonds in one acyl chain. 
Further, as a measure of the lateral interaction between the lipid molecules, not only the 
isotherm but also the bulk modulus � was considered, which is the inverse of the area 
compressibility modulus.9 � was calculated from isotherm data of POPC. It increased linearly 
on decrease of the molecular area. I conclude that POPC was in the LE phase before and after 
exposure to ROS; the lateral interaction between the lipid molecules remained basically 
unchanged. 
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The calculated area increase ăý/ý was slightly lower than found for oxidized lipids in vesicles 
(∼15 3 20%), since the reaction kinetic was slow and saturation was not yet reached. The 
reaction kinetic could be estimated by a √Ċ dependence of the number surface density āĄĆăĀ�ýÿ, 
which is a measure of the number of ROS sticking on the monolayer. From this, the initial ROS 
concentration ý0 could be extrapolated (ý0~ 50 nM). 
The temperature behavior of the relative area increase should be in agreement with the 
Stokes−Einstein diffusion coefficient. Therefore, a normalized diffusion coefficient according 
to the Stokes−Einstein equation has been calculated and applied to the temperature 
dependence of the relative area increase. The result was consistent. 
I concluded that a pronounced area increase was only observed when the acyl chains were 
unsaturated. The largest effect was observed with two double bonds in one acyl chain. The 
relative area increase then was larger, which was attributed to a faster reaction rate. The results 
showed that lipid monolayers are suitable model systems for the study of the interaction 
between reactive oxygen species and membranes, because they provide insights into the 
molecular mechanisms and the time scale of lipid interaction with ROS. 
 

4.2. Article 2: Seaweed and Dendritic Growth in Unsaturated Fatty Acid Monolayers 

 

The lateral movement in lipid membranes depends on the diffusion constant of the membrane 
constituents within the membrane. However, when the flux of the subphase is high, the 
convective flow beneath the membrane also influences lipid movement and therefore has 
impact on domain growth. Supersaturation induces domain growth, which, depending on the 
experimental conditions, forms fractals, which are either seaweed-like or dendritic. I used 
uncharged monolayers of erucic acid to describe the different growth instability classes. 
Compared to other (phospho-)lipids, their line tension is lower and their nucleation phase is 
continuous. This led to domain shapes deviating from bean-/circular shaped boundaries. In 
the LE/LC coexistence region, the lateral pressure and, thus, the supersaturation increased. For 
these reasons, the selected system was especially suitable to investigate transport mechanisms 
influencing the domain formation. Theoretically, seaweed growth is predicted when lipid 
diffusion dominates, whereas dendritic growth is expected when adjunctive diffusion 
contributes to the lipid movement.19   

Lipid monolayers of an unsaturated fatty acid at the water3air interface were investigated with 
isotherms and Brewster angle microscopy (BAM). In our approach, the high supersaturation 
needed for dendritic growth was induced by a fast, constant compression speed of the 
monolayer. Compared to pressure jumps, often used in the past, our approach had the 
advantage of having well-defined hydrodynamic conditions. I studied the influence of the 
compression speeds Čÿ on the isotherms and the formation of domains in the LE/LC 
coexistence region. Dependent on the compression speed of the monolayer, I observed two 
growth regimes: At low compression speed, seaweed-like domains, at high compression 
speeds, the domains exhibited dendritic shape. 

For low compression speed, an equilibrium isotherm was recorded. The phase transition 
pressure was found to be  = 12.4 ăā/ă. With the increase in the compression speed, the 
LE/LC phase transition occured later, i.e., the lateral pressure ą is increased while the 
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molecular area ýą is decreased. The coexistence region was not flat, indicating a decreasing 
molecular area of the LE phase during compression. I observed that domain nucleation 
occurred at lateral pressures slightly above LE/LC phase transition  and continued within 
the coexistence region. The excess lateral pressure � =   2   was found to be a convenient 
parameter since it is proportional to the supersaturation �ý at low values of �. This 
macroscopic supersaturation concentration �ý in units of Å−2 was calculated from the area 
compressibility û of the LE phase. 
 
The dimension of the domains was fractal, and they grew with a constant growth velocity. 
Increasing the compression speed of the monolayer induced a transition from seaweed growth 
to dendritic growth.  

For a more quantitatively characterization of the two growth regimes, I introduced parameters 
such as tip radius, branch length, side branch separation and fractal dimension: Seaweed 
domains had broad tips and wide and variable side branch spacing. Only few domains 
nucleated. The diameter of the domain reached a few 100 �ă. In contrast, dendritic domains 
had a higher fractal dimension, narrower tips, and small, well-defined side branch spacing. 
They grew faster and the number of nuclides was higher. On further monolayer compression, 
the domains started to interact with each other, limiting their final size. The domains’ growth 
velocity increased and the tip radius decreased with increasing supersaturation �ý in the 
LE/LC coexistence region. The fractal dimension ĀĂ of the domains had been calculated for 
complete domain formation after nucleation. Therefore, a Matlab boxcount algorithm was 
adopted to calculate ĀĂ  for complete BAM movies. A considerably smaller fractal dimension 
of ĀĂ~1.6 has been calculated for seaweed-like domains than for dendrites, where I found 
values of around ĀĂ~1.8 21.9. The fractal dimension stayed constant after around 20 seconds 
within an error. 

I further compared the domains of monolayers compressed with the same compression 
velocity, but which nucleated at different degrees of supersaturation within the LE/LC 
coexistence regime. With increasing supersaturation (excess lateral pressure), the radii of the 
tips of the main branches decreased while their growth speed increased. The former feature 
has been predicted theoretically, the latter is new (to the best of our knowledge). In addition, 
the main branches of dendrites had a growth speed of about a factor of two greater than the 
main branches of seaweed domains. The faster growth speed is seen as evidence of adjunctive 
flow. 

 

4.3. Article 3: Influence of Surface Flows on the Shape of Fractal Domains 

 

The established system, I presented in article 2 showed a continuous nucleation in the LE/LC 
coexistence regime. It led to an anisotropy in the fluid phase, characterized by the occurrence 
of surface flows. Article 3 comprises my observations of the consequences of this anisotropy 
in terms of domain shaping. Furthermore, the arising surface flows allowed me to draw 
conclusions regarding dynamic processes within the lung: 
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The lung is a living system in contact with its surroundings. Air is inhaled and exhaled. Thus, 
the air-alveolus interface is subject to air flows during breathing. The alveolus surface is 
covered with a surfactant monolayer. Erucic acid monolayers at the air-water interface were 
compressed fast to model this highly dynamic exhalation process. The selected system 
exhibited fractal liquid-condensed (LC) domains due to its low line tension. Deformations 
could easily be resolved. Thereby, surface flows were induced, whose impact on domain shape 
was optically observed with Brewster angle microscopy (BAM). The influence of these drifts 
on the domain shape was investigated in terms of the magnitude, direction, and duration of 
the surface flow. Contrast-enhanced BAM pictures at different recording times were analyzed 
with 2-dimensional Fast Fourier transform spectra (FFT) and directionality histograms. The 
direction of this surface flow was arbitrary and changed from monolayer to monolayer. Only 
a weak correlation between compression speed and drift velocity was found.  
The domains grew and additionally moved within the field of view. The drift velocities ČĀ of 
the domains were calculated by dividing the displacement of the domain center by the time 
increment. Then, the 2-dimensional Fourier transform (FFT) spectrum was calculated. The 
FFTs showed point symmetry. Low flows led to a six-fold symmetry. At higher drift velocity ČĀ, the FFT exhibited incisions. With increasing drift velocity ČĀ, the calculated FFT spectra 
showed a two-fold symmetry and the incisions along the symmetry axis got deeper and wider, 
leading to a dumbbell shaped FFT spectrum. I concluded that the domains grew preferentially 
in the direction parallel to the incision. 
Directionality histograms were used to investigate the correlation between the direction of the 
symmetry axis and the flow direction; their minima correlated with the flow direction, 
provided the drift velocity was large (above 10 �ă/ĉ). The depth and width of the minima 
was a measure of the reduced domain growth parallel to the drift direction. They depended 
on the absolute value of the drift velocity. 
Perpendicular to the drift direction, domain growth was preferred as the FFT showed. 
Furthermore, downstream growth was preferred for short drift times. However, downstream 
and upstream growth were similar for long drift times (40 s to 80 s).  
Dendrites were formed when the compression speed Čÿ was high, while seaweed domains 
were formed when Čÿ was small. Since the monolayer compression took longer with low 
compression speeds, most dendrites were subject to short drift durations, however there were 
some exceptions. This led to the conclusion, that the domain distortion occurred the same way, 
independent if a dendrite or a seaweed domain was considered. 
I conclude further, that the hydrodynamic flows in the subphase and surface flows are 
superimposed. Both act on lipids in the LE phase. Hydrodynamic flows act on �ă scale and 
influence the domain morphology (distance between side branches and tip radius) and the 
growth speed of the main branches. Hydrodynamic flows are independent of surface flows. 
Surface flows act on the ăă to ýă scale, cause an anisotropic flow in the LE phase surrounding 
the domain, and thus affect the overall domain shape. At the air-alveolus interface, fast 
compression occurs during exhaling or coughing. The presented experiments suggest that the 
domains shapes are affected by the exhalation speed, but the processes at the �ă-level and 
below (lipid aggregation at the domain edge, local multilayer formation) are not affected. 
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5. Further investigations and outlook 

5.1. Comparison of hydrodynamic theory with results 

5.1.1. Boussinesq numbers 

 

Applying equation (22), I calculated þć, listed in Table 2 below: 

Table 2. Intermediate values and values of þć, calculated from exemplary seaweed and dendritic 
domains. 

Quantity Seaweed Dendritic ĀĄ [N.s/m] * 2.0 ∙ 10210 2.0 ∙ 10210 Ā [N.s/m2] (H20 at 10 °C) ** 1305.9 ∙ 1026 1305.9 ∙ 1026 ÿ = Āĉ/Ā 1.53 ∙ 1027 1.53 ∙ 1027 

ü [m] 12.5 ∙ 1026 5.2 ∙ 1026 ć = 2/ü [m-1] 0.5 ∙ 106 1.2 ∙ 106 ýÿ = ÿ ∙ � ÿ. ÿÿ ÿ. ĀĀ 
                                          * Wilke et al.83 
                                          ** Handbook of Chemistry and Physics, 95th edition, chapter 6, page 284 

 

Since the values of þć are smaller than one, bulk viscous dissipation is the dominating effect 
in the seaweed, as well as the dendritic regime. Dendritic domains showed a doubling of þć, 
compared to seaweed domains. A comparison with Gutierrez, Diaz-Leines and Castillo 
(2010),20 who obtained values of þć~0.1-0.5, showed that our results are of the same order, 
reinforcing our estimate. 

 

5.1.2. Cross-over length between diffusive and advective transport 

 

I calculated the cross-over length � as follows: 

 � = Ā�|þ�þý|ý∞ = Ā�|þþý|ý∞ = Ā�|þþ�|ý∞, (45) 

whereby κ= |þþý| ý∞ is the compressibility modulus, deduced from isotherms of reference (62):62 

 κ = ý∞ þÿþý = 27,5 ∙ 229,2227,8þýþ  = 39.3þýþ . (46) 

Ā j 1 ∙ 10212 m2s   is the diffusion coefficient76-78 of lipids in the fluid phase and Ā again the bulk 

viscosity of water.84 With that, I found �~ 3.3 ∙ 10214 ă =  3.3 ∙ 1028 �ă, which is indeed a 
little bit low: Bruinsma et al. proposed � to be a molecular length scale in the order of ~ 10 Å. 
A reason for the discrepancy in theoretically predicted � and calculated ones from 
experimental data could be the uncertainty of the diffusion coefficient Ā. I was not able to find 
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accurate lateral diffusion coefficients for erucic acid molecules in the fluid phase at 10 °C. 
Therefore, the real Ā could be slightly higher, resulting in a larger cross-over length �. 

5.2. Comparison of Ivantsov theory with results 

5.2.1. Classification of experimental results according to the Péclet numbers 

 

I calculated the normalized supersaturation Δ from experimentally obtained values, applying 
equation (39). Considered for the calculation were only main branches of the growing 
domains. The measuring procedure of the individual quantities is described in the second 
publication (article 2)62 in detail. Table 3 is a compilation of the results for three different 
compression speeds. 

 

Table 3: Measured paramaters and the resulting values of the Péclet number Ć according to equation 
(37) and the local, normalized supersaturation Δ according to equation (39), deduced from exemplary 
seaweed (s) and dendritic (d) domains at different compression speeds Čÿ . ÿþ 

 [Å2/(molecule ∙ min)] 
ÿýĀýĀ�þ  
[μm/s] 

�  
[μm] 

� = āÿ/ÿýĀýĀ�þ 
[μm] 

þ = �/� � 

1.2 (s) 3.05 2.46 0.66 3.59 0.90 

1.2 (s) 2.98 2.35 0.67 3.66 0.90 

1.2 (s) 2.09 2.72 0.96 2.85 0.88 

1.2 (s) 2.29 2.64 0.87 3.03 0.88 

2.3 (d) 10.18 1.23 0.20 6.23 0.93 

2.3 (d) 13.85 0.96 0.14 6.67 0.94 

2.3 (d) 13.13 1.16 0.15 7.60 0.94 

2.3 (d) 14.79 1.08 0.14 7.95 0.95 

2.3 (d) 24.75 0.91 0.08 11.28 0.96 

2.5 (d) 14.34 1.36 0.14 9.74 0.96 

2.5 (d) 11.28 1.12 0.18 6.31 0.93 

2.5 (d) 15.75 0.96 0.13 7.60 0.94 

2.5 (d) 16.86 0.96 0.12 8.12 0.95 

 

I obtained values of 0.88 f Δ f 0.90 for the seaweed regime and  0.93 f Δ f 0.96 for the 
dendritic regime. Figure 2 shows the dependency of the Ivantsov solution Δ on the Péclet 
number.  Indeed, the seaweed domains belong to lower Péclet numbers (Ć < 5) than the 
dendrites (Ć > 6).  

 



5 Further investigations and outlook 
 

- 31 - 
 

 

Figure 2. The local, normalized supersaturation Δ, in dependence on the Péclet number Ć. The dashed 
green line shows the general Ivantsov solution Δ, calculated using equation (39). The points indicate the 
experimental results listed in Table 3 for the compression speeds, specified in the Table. 

 

5.2.2. Determination of the diffusion zone 

 

The determination of   is difficult, since neither it can be measured directly nor calculated 
from measured quantities of the system. A first ansatz, proposed by Bruinsma et al.,19 was 

shown in chapter 2.2., equation (25): Assuming that � !=  j Ā/ČāăĀĈą/, advective transport 
dominates over diffusion. Using their approach, I found a thickness of  = �~ 3.3 ∙ 10214 ă = 3.3 ∙ 1028 �ă. This value is orders of magnitudes lower than the calculated diffusion lengths 
(Ă~0.1 �ă 2 1 �ă, see Table 3) for both, seaweed and dendritic growth and an 
underestimation of a real boundary layer. Further, it does not consider flow, since � is a fixed 
value. The boundary layer however, should be flexible, dependent on the intensity of the flow.  

Cantor et al.70 proposed such a variable diffusion zone , dependent on the Reynolds number ýÿ = Ć/þý, which reads: 

  = ý ∙ ýÿ21/2.  (47) 

It is composed of þý=¿/Ā, the Schmidt number, containing ¿, the kinematic viscosity of the 
flowing medium (ν�2þ[10°ÿ]: 1.3063 ∙ 10-6 ă2/s).84  

Figure 3 graphically illustrates the calculated values of  (dots in the plot), when equation (47) 
is applied to the Péclet numbers listed in Table 3. The curve progression is a best fit to the 
calculated values. It decays with ~ Ć21.4. Data from slow compressed monolayers (seaweed 
domains) correspond to small Péclet numbers and lead to a thicker diffusion layer, whereas 
the fast compressed monolayer (dendritic domains) shows bigger Péclet numbers, which 
reduced , as predicted from theory. Therefore, the curve progression shows exactly the 
behavior desired by the theory. Regarding the absolute values of , the scope lies between 
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300 �ă 3 1800 �ă. Comparing this with the size of a fully-grown domain,  would be of the 
same order, which is therefore a bit overestimated for a diffusion zone. 

 

 

Figure 3. The dependence of the thickness of the diffusion zone  on the Péclet number Ć. The points 
are calculations of the values, shown in Table 3 by applying equation (47). The green dashed line shows 
the best fit to the experimental data.   

The progression of   in dependence of Ć can be further improved, when equation (47) is 
modified to satisfy chemical diffusion:70 In this specific case,  is multiplied by the Schmidt 
number as follows: 

 

 ÿ =  ∙ 2 ∙ þý21/3 = 2ý ∙ þý21/3 ∙ ýÿ21/2. (48) 

ÿ corresponds now to a boundary layer, applied to chemical diffusion. Figure 4 shows the 
dependence of the diffusion zone ÿ on the Péclet number Ć. Again, ÿ  decreases with 
increasing amount of flow with ~ Ć21.4, but the absolute values are around two orders of 
magnitudes lower now: For seaweed domains between 25 �ă f ÿ  f  34 �ă and for 
dendritic domains 6 �ă f ÿ  f  14 �ă.  



5 Further investigations and outlook 
 

- 33 - 
 

 

Figure 4. The dependence of the diffusion zone ÿ  on the Péclet number Ć. The dots are calculations of 
the values, shown in Table 3 by applying equation (48). The green dashed line shows the best fit to the 
experimental data.   

The corrective term, �ýĀÿćÿýąÿćÿ = ÿĈĀý (√Ć (1 + 2ý )), or �ýĀÿćÿýąÿćÿ = ÿĈĀý (√Ć (1 + 2�ý )), 

respectively, could now be calculated by inserting the corresponding numbers of Ć,  (or ÿ) 
and ý in the complementary error function. However, for all numbers, the corrective term is 
almost zero, because the complementary error function ÿĈĀý(φ) converges to zero very 
quickly (rounded to two decimal places): 

 ÿĈĀý(0.1) = 0.89 
 ÿĈĀý(0.5) = 0.48 
 ÿĈĀý(1) = 0.16 
 ÿĈĀý(5) = 1.54 ∙ 10212 
 ÿĈĀý(10) = 2.09 ∙ 10245 

From all the values shown in Figure 3 and Figure 4, the smallest argument φ =√Ć(1 + 2�ý )~8.57, corresponding to ÿĈĀý(φ) = 8.35 ∙ 10234, which is close to zero and 

therefore negligible in equation (43). A correction in this sense makes therefore only sense for 
diffusion layers in the range of Å. Based on the present theory, I was not able to give a more 
accurate estimation of . Therefore, �, depicted in Figure 1 is the most accurate result of a local, 
normalized supersaturation I was able to give. Nevertheless, the progression of the diffusion 
zone, shown in Figure 3 and Figure 4 is plausible. 

 

 

 

 



5 Further investigations and outlook 
 

- 34 - 
 

5.3. The big picture 

 

A key question this thesis aimed to answer was how the two growth regimes, namely the 
seaweed regime and the dendritic regime differ. I reported distinctive features of the two 
observed growth morphologies, depending on the compression speed Čÿ of the monolayer: 
For slow compression speeds, I observed seaweed-like domains, whereas at fast compression 
speed I saw dendritic domains. Compared to seaweed domains, dendritic domains exhibit a 
higher fractal dimension ĀĂ, higher growth velocities of the main branches ČāăĀĈą/, smaller tip 
radii ý, a more pronounced side branch-separation ü. Both showed a continuous domain 
nucleation during monolayer compression. These are all descriptive features. At this point it 
would be interesting to know, whether there exists a decisive criterion for the formation of 
either seaweed or dendritic domains. It is evident, that the supersaturation, induced by high 
compression speeds plays an important in that respect. I could distinguish between two 
differently defined supersaturations: 

Firstly the macroscopic, mean supersaturation �ý, which is assumed to be constant over the 
whole surface of the Langmuir Blodgett trough and expressed in units of the inverse of the 
molecular area Å22. It has its origin in the high compression speed Čÿ of the monolayer, which 
leads to an increased molecular concentration ý + �ý in the LE-phase. It is calculated from 
isotherm data.62 The averaged supersaturation increases linearly with increasing lateral excess 
pressure �ý = Ā�ÿ with Ā derived from the compressibility at the onset of the phase transition Ā = þýþÿ = 1ý2 þýþÿ  and �ÿ = ÿ 2 ÿ, where ÿ is the actual lateral pressure and ÿ is the 

equilibrium phase transition pressure.  

Secondly, I defined a local normalized supersaturation �, in the vicinity of the diffusion zone 
of the growing domains. It could be determined by measuring growth velocities ČāăĀĈą/, tip 
radii ý, and diffusion lengths Ă of the analyzed domains, which are derived from microscopic 
observations. 

Since both supersaturations are available now, it is obvious to connect the two approaches. In 
order to get some insight in the growth behavior, the link was the lateral excess pressure �ÿ. 
This is shown in Figure 5 below.  
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Figure 5. The dependency of the local supersaturation � on the lateral excess pressure and mean 
supersaturation of seaweed domains (blue) and dendritic domains (red and black). Circles, triangles 
and squares are calculated values, applying equation (39). The lines are linear fits with slope 
0.0022  m/mN (blue) and 0.0175  m/mN (red), respectively.  

Figure 5 clearly shows a differing behavior between the two growth morphologies. The local 
normalized supersaturation � of seaweed growth seems to be quite stable for a further increase 
of the lateral excess pressure �ÿ. Here, the compression speed of the monolayer is simply too 
slow in order to induce a locally increased supersaturation on further compression. 
Thermodynamically speaking, the LE-phase and the LC-phase stay in equilibrium. The 
situation is different for the dendritic morphology. Now, the local normalized supersaturation 
reacts quite sensitively on further compression: An increase of �ÿ = 2.8 ăā/ă leads to a rise 
in � of roughly 5.5 %. This is clearly an indication that we are in a non-equilibrium regime, 
which is caused by a strong coupling to the subphase. It therefore reinforces the thesis of 
Marangoni flows,19, 62 leading to a dendritic shape of the domains. 

To my knowledge, my colleagues and me were one of the first who did such a profound 
analysis of non-equilibrium Langmuir monolayers. One key finding is therefore, that a 
qualitative characterization of such a system is possible, however when it comes to 
quantification, existing theory fails. A reason is the lack of reliable quantities, such as diffusion 
coefficients of very specific lipids at specific temperatures. The same is true for surface 
viscosities. Therefore, there was always an uncertainty in our calculations. Another reason is 
that such two-dimensional systems differ in many ways from their three-dimensional 
counterparts, which are relatively well explored - theoretically, as well as experimentally. (For 
example, dendritic growth in alloys).  

In this sense, I hope to have contributed to the pioneering work of understanding non-linear 
growth phenomena in Langmuir monolayers with the present thesis.
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6. Summary 

 

Langmuir Blodgett troughs have been used for thirteen decades.9, 11, 85, 86 It is probably the most 
known and proven method to investigate lipid monolayers, based on a very simple technique: 
lipid monolayers are laterally compressed with mechanical barriers. Especially, when 
combined with a microscope, it makes it a powerful tool. It is therefore always fascinating to 
see even today the abundance of topics which are investigated and the associated fruitful 
results, simply by compressing (or expanding) such a lipid film. In this work, I could 
contribute a little to this successful life story of Langmuir Blodgett troughs. I hope that my 
results are a further proof that this method should not be written off just yet.  

In this thesis, I was able to provide answers to transport processes in lipid monolayers, which 
are ultimately, all of biological relevance. In particular, I was interested in lipid oxidation and 
dynamic compression/expansion processes of surfactant monolayers at the air-water interface:  

Lipid oxidation was shown to be a consequence of the formation of a high concentration of 
reactive oxygen species (ROS) during cell respiration, which finally can lead to severe cell 
damage. It is not yet understood clearly, which part of the lipid molecules is especially prone 
to a ROS attack. I was particularly interested in the role of the double bonds of the acyl chains 
of the lipid molecules during oxidation. Further, I wanted to know the time scales of lipid 
interaction with the ROS.  

Compared to lipid vesicles, lipid monolayers have the advantage that many parameters of the 
system can be adjusted easily. In our system, I made use of this by setting the lateral pressure 
to low values during H2O2 treatment, which facilitated the ROS to reach the double bonds in 
the acyl chains.  

A prime example of biological systems out of thermal equilibrium was given in the alveolus 
surface, which is covered with a surfactant monolayer. During breathing, these monolayers 
undergo such a highly dynamic compression and expansion. Arising flows from breathing 
could disrupt a film and consequently, it would lose its protective role. One of my goals was 
to understand flows and their influence on domain shape. Dependent on the strength of the 
flows, I expected different growth regimes, with differing prevailing transport processes. Once 
understanding the underlying mechanisms in domain shaping would allow me to draw 
conclusions on biological systems.  

In order to address these questions, I established two systems, both based on the compression 
of lipid monolayers. I used isotherms to study the phase behavior of the lipids:9 During 
compression, the lipids can undergo phase transitions from the gaseous phase to the liquid 
expanded phase (LE-phase) and further from the LE-phase to the liquid condensed phase (LC-
phase). A coexistence regime is observed in between the LE-phase and the LC-phase, 
characterized by a flat increase of lateral pressure with decreasing molecular area. Some lipids 
exhibited LC-phase domains. These were further investigated with Brewster angle microscopy 
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(BAM). The used BAM was equipped with an integrated Scheimpflug optics, enabling an 
overall focused image plane. Furthermore, time-resolved observation of the growth of the 
domains was possible by recording videos (20 frames per seconds).   

The first system enabled the investigation of lipid peroxidation, when the lipids were exposed 
to ROS. I chose DMPC, POPC, DOPC and PLPC, since these are phospholipids differing in the 
number and position of double bonds in acyl chains, but not in the head group. I used a H2O2 
enriched phosphate buffered saline (PBS) solution, which served as a precursor for more 
reactive ROS, like hydroxyls (.OH). PBS was chosen, since it resembles the cell environment 
best. During defined waiting times of H2O2 treatment, the ROS diffused vertically from the 
subphase towards the monolayer. The lipid molecules were in the LE-phase, which facilitated 
the ROS molecules to reach also the double bonds of the acyl chains. The oxidized monolayers 
were then compressed at constant compression speed. Since the corresponding isotherms 
could be measured with high precision, the relative area increase ăý/ý between oxidized and 
non-oxidized monolayer along the isotherm proved to be a good measure for lipid 
peroxidation. The area increase ăý in the molecular area of the oxidized molecules was 
explained by the eventually added, more hydrophilic −OOH group at the position of a carbon 
atom adjacent to a double bond in the unsaturated acyl chain. The −OOH group is drawn to 
the hydrophilic head group of the lipid. This leads to a kink in the acyl chain, which increases 
the molecular area ý by ăý. A model, which explained this peroxidation process in lipid 
vesicles,48 could be adopted to monolayers. 

I compared the oxidation of phospholipids, differing in the number and position of the double 
bonds of their acyl chains. I found that ăý/ý increased with the growing number of double 
bonds in one acyl chain. However, a comparison of DOPC with POPC also showed the 
importance of the position of the acyl chain. I determined a slow reaction kinetic. It could be 
estimated by a √Ċ  dependence of the number density āĄĆăĀ�ýÿ, which denominates the ROS 
sticking on the monolayer. The transport of ROS towards the monolayer was found to be 
diffusive, because it was the slowest process in the reaction. This interpretation was reinforced 
by a comparison of the temperature dependence of the relative area increase ăý/ý with the 
Stokes-Einstein diffusion coefficient of water molecules. The initial ROS concentration ý0 in 
the trough could be traced back (ý0~ 50 ĄĀ), which is indeed a realistic value found in human 
cells.  

Concluding, our results can be understood as a feasibility study. The complexity of the 
monolayer can be arbitrarily increased, for example by the addition of proteins, allowing the 
investigation of other oxidative processes occurring in the cell membrane.  

The second system allowed the investigation of growth of LC domains during fast 
compression processes of monolayers. I chose erucic acid monolayers, due to its low line 
tension and a continuous nucleation phase, enabling the formation of fractal domains. The 
monolayers were investigated with isotherms and BAM videos. Since Čÿ (compression speed 
of the monolayer) was continuous over the whole compression time, I had a system with well-
defined hydrodynamic conditions. This allowed me a complete analysis of the system, starting 
with descriptive features of the observed domains to a classification of the observed growth 
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regimes by means of hydrodynamic theory, through to the distinction and quantification of 
different kind of flows and supersaturations, involving Ivantsov theory:55, 68, 69 

Dependent on the compression speed Čÿ, I observed seaweed or dendritic domains. The LE/LC 
phase transition pressure ą was slightly increased compared to  of the equilibrium 
isotherm. A high compression speed Čÿ induced a supersaturation �ý. I introduced the excess 
lateral pressure � = 2   as an appropriate quantity to describe the supersaturation �ý. I 
showed a linear behavior of �ý on �. �ý is a macroscopic quantity since it is averaged over 
the whole monolayer area. I characterized the domains of the seaweed and dendritic regime 
with respect to tip radii, branch lengths, side branch separations and fractal dimensions. I 
calculated the growth speed of the main branches. A roughly doubling of the growth speed of 
dendritic domains, compared to seaweed domains was observed. This was an evidence of 
adjunctive (Marangoni) flow in the subphase.  

For each monolayer, I observed drifts during domain growth, which I explained by an 
anisotropy in the LE-phase, caused by the continuous nucleation of the domains. These kind 
of surface flows were superimposed to bulk flows in the subphase. Since I had a well 
established system, I could analyze the influence of these surface flows on domain shape, in 
terms of magnitude, direction and duration of the surface flows. I therefore used FFT spectra 
and directionality histograms. At low flows, the FFT showed six-fold symmetry. Higher drifts 
exhibited incisions in the FFT, eventually leading to dumbbell shaped FFTs at very high drifts. 
The domains grew preferentially in the direction parallel to the incision.  

I used directionality histograms to analyze the angular distribution of the growing domains. 
They showed that the drift direction always correlated with a minimum in the histogram. In 
order to analyze drift duration, I split the domain in downstream and upstream side. I could 
show that for small drift durations, downstream growth was preferred. However, for longer 
drift durations, the flows got more isotropic and consequently growth was more balanced 
then. 

I could observe only a weak correlation between drift velocity ČĀ and compression speed Čÿ. 
However, dendrites were formed when the compression speed Čÿ was high, while seaweed 
domains were formed when Čÿ was small. Domain distortion occurred in the same way, 
independent if seaweed or dendritic domains were considered. I further showed that 
hydrodynamic flows in the subphase and surface flows are superimposed and scale 
differently. Consequently, they have different impact on domain shape: hydrodynamic flows 
act on �ă scale and influence the domain morphology (distance between side branches, and 
tip radius) and the growth speed of the main branches. Surface flows act on the ăă to ýă 
scale, cause an anisotropic flow in the LE phase surrounding the domain, and thus affect the 
overall domain shape.  

The anisotropy in the LE-phase led to a locally different degree of supersaturation. To take this 
into account, I introduced a local normalized supersaturation �, based on the Ivantsov 
solution.55, 68 Therefore, I calculated Péclet numbers Ć of measured quantities of the system. I 
obtained values of 0.88 f � f 0.90 for the seaweed regime (Ć < 5) and 0.93 f � f 0.96 for the 
dendritic regime (Ć > 6). Since the Ivantsov solution can only be applied for purely diffusive 
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processes, I applied a modified Ivantsov solution �þĀþ,70, 72 which calculates � at a distance ă 
ahead of the dendrite tip. I was able to determine the progression of the diffusive layer ă, 
however a quantitative determination failed. 

Applying hydrodynamic theory allowed me to classify the two growth regimes with respect 
to the Boussinesq number þć. Since for both growth regimes, I achieved values of þć < 1, bulk 
viscous losses dominated over surface viscous losses. Further, a cross-over length � was 

calculated, from which one can distinguish, whether advective transport dominates over 
diffusion.  

I further connected the two defined supersaturations � and �ý via the excess lateral pressure �. From this, I saw differences in the seaweed and dendritic growth regimes: The local 
normalized supersaturation � of seaweed growth seemed to be quite stable for a further 
increase of the lateral excess pressure �ÿ, whereas it reacted quite sensitive in the dendritic 
regime. This was found to be an indication of a non-equilibrium regime, caused by the strong 
coupling of the monolayer to the subphase. It reinforces therefore the theory of Marangoni-
flow.19 

The findings of this thesis emphasize the importance of understanding highly dynamic 
compression/expansion processes arising in surfactant monolayers. Using the example of the 
compression of the alveolus surface, it can be seen that a more realistic model of the pulmonary 
alveolus is not only enabled by increasing the complexity of the surfactant monolayer (e.g. by 
adding specific proteins or lipid mixtures to the monolayer). Equally important is the 
understanding in transport processes and the consequences for the monolayer structure. By 
the analysis of domain shapes, I presented a method, which is suitable for such a study. 
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8. Symbol directory 

 ý  (molecular) area ý∞  molecular area at the phase transition pressure þć  Boussinesq number ý  surface concentration in inverse units of the molecular area ý�ÿ,ÿĂ   surface solute concentrations the condensed phase (LC-phase) ý�ā,ÿĂ   surface solute concentrations in the fluid phase (LE-phase)  ý∞  surface concentration of amphiphiles in the LE-phase, in the phase transition 
region, far away from a domain boundary, calculated from the equilibrium 
isotherms ýĄ  surface concentration of amphiphiles in the LC-phase, calculated at high 
pressure area from the isotherms ý0  increased surface concentration of the LE-phase, close to the domain boundary, 
in accordance with ý0 = ý∞ + Δý ÿā  heat capacity Ā  diffusion coefficient: if not further specified, of the LE-phase Āÿ  chemical diffusity ĀĂ  fractal dimension Ā⃗  body forces Ă  Surface free energy �  unit matrix: if not further specified, three-dimensional ā  Boltzmann constant ÿ  latent heat Ă  diffusion length Ā  mobility Ć  Péclet number  Ć/  hydrodynamic pressure ć  wavenumber   
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ý  tip radius ýÿ  Reynolds number þý  Schmidt number Ċ  time ÿ  temperature ÿ0  constant temperature at isothermal conditions ċ  dimensionless diffusion field Č⃗  velocity Čÿ  compression speed ČāăĀĈą/  growth speed (of the main domain branches) ý  cartesian  coordinate  þ  cartesian coordinate  ÿ  cartesian coordinate 222222222222222222222222222222222222222222 Ā  parabolic/ paraboloidal coordinate Āþ  parabola/ paraboloid at the diffusion zone ă ā  parabolic/ paraboloidal coordinate 

   line tension  ă  diffusion layer 

ÿ    diffusion layer, applied to chemical diffusion 

ÿĀ  Kronecker delta �  dimensionless supersaturation, corresponding to the Ivantsov solution �ý  supersaturation �ýĀÿćÿýąÿćÿ  convective correction term of � �þĀþ   modified dimensionless supersaturation ahead of the dendrite tip, 
corresponding to the Ivantsov solution at the outer boundary of the diffusion 
layer ă  �  excess lateral pressure above the LE/LC phase transition at equilibrium 
conditions ÿ  ratio of surface viscosity to bulk viscosity 



8 Symbol directory 
 

- 47 - 
 

Ā  bulk viscosity Āþ  surface viscosity ā  paraboloidal coordinate �  compressibility modulus �ÿ  radius of curvature 

ü   mean distance between two side branches of a fractal domain �  chemical potential ��ā,ÿĂ(ÿ0)  equilibrium chemical potential in the LE-phase ��  difference between � and its equilibrium value ��ā,ÿĂ(ÿ0) for two-phase 
coexistence at ÿ = ÿ0 

¿  kinematic viscosity 

À  cross-over length between diffusive and advective transport �ÿ  capillary length 

  lateral pressure 

0  surface tension of pure water  

∞  phase transition pressure at equilibrium conditions Ā   mass density �  surface tension �0  surface tension of pure water �⃡  stress tensor �⃡   shear stress tensor φ  argument of the complementary error function errfc(φ)  
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9. Abbreviations 

 

BAM  Brewster angle microscope 

DMPC  1,2-dimyristoyl-sn-glycero-3-phosphocholine 

DOPC  1,2-dioleoyl-sn-glycero-3-phosphocholine 

errf  error function 

errfc   complementary error function 

FFT  Fast Fourier Transformation 

LC-phase  liquid condensed phase 

LE-phase  liquid expanded phase  

·OH  hydroxyl radical 

PLPC  1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphocholine 

POPC  1-palmitoyl-2-oleoyl-glycero-3-phosphocholine 

ROS  reactive oxygen species 
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