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1. Introduction

Interfaces are subject to many investigations as they hold inteesting characteristics which are
important for fundamental research and applications alike. An interface always de nes the bor-
der between two particular phases with different properties. Chemical and physical processes
are in uenced by the properties of the two phases and can alter sgni cantly from the corre-
sponding process in the bulk of the media. At the liquid-air interface, e.g., adsorption processes
occur due to the interaction of the liquid phase with molecules from the gas phase. Such events
result in the formation of thin Ims at the interface and can effe ct the interfacial roughness.[1]
Furthermore, the presence of surfactants might decrease the w@wface tension of a liquid-air in-
terface.

X-ray re ectivity (XRR) and grazing incidence diffraction (G ID) are well established tools for
the investigation of interfaces and allow to monitor in-situ chang es in the interfacial structure
with Angstrom resolution.[2] With these techniques, detailed information on the lateral and
vertical structure can be obtained and a comprehensive picture ofthe interface structure may
be drawn. Further X-ray absorption spectroscopy (XAS) in a surface ensitive way allow to gain
information on inter-atomic structural properties of interfaces. [3] This technique is sensitive
to the local ordering of the probed atoms and gives insight into the structure of samples lack-
ing long range order. By the combination of these techniques diffeent length scales can be
addressed yielding information on the long range structure, vertical Im thickness, and short
range arrangement of the interface under consideration.

An advantage of these techniques is the possibility to examine pocesses at interfaces in-
situ. Oftentimes, experiments can only be performed ex-situ. Exsitu experiments, however,
can be problematic as it cannot be ruled out that sample treatment, sich as drying, can have
signi cant in uence on the samples' structure. If samples are removed from their "natural”
aqueous environment, conditions are altered and further changes are possible. This uncertainty
renders in-situ experiments essential.

In this thesis, research on the structure of thin Ims at the liq uid-air interface by in-situ X-ray
scattering techniques is presented. The growth of thin Ims was studied using solutions of two
different types of iron salts and the formation process and ordering of the structure of these
Ims was investigated. Furthermore, the formation of thin Ims by adsorption of nanoparticles
to the interface was examined.

This thesis is structured in the following way. The theoretical framework of nucleation and
adsorption processes along with chemical aspects important witlin the scope of this work are
given in chapter 2. Here, also the description of the theoretical background of the usal X-ray
scattering methods is summarized.
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Chapter 3 describes the experimental procedures and details used. A shodescription of the
beamline end-stations as well as the data handling is given.

Examinations of interfaces modi ed with surfactants are presented in chapter 4. Special
attention is payed to the in uence of the pH value on the interfaci al structure. Surfactants
can have a tremendous effect on the interfacial structure whid in turn governs e.g. structural
or diffusional properties. For example, the presence of these Ims can inhibit the diffusion of
molecules between the neighboring phases or can enhance the concération of ions in the in-
terfacial region. Surfactants forming Ims of molecular thickne ss can be composed of single
molecules joined by either van der Waals forces or by covalent bonds. Té properties of these
Ims depend strongly on these joining forces which in uence the e lastic properties and the lat-
eral homogeneity. This chapter is a basis for the investigation rgorted in the following chapter.

The subsequentchapter 5 deals with the formation of inorganic thin Ims from solutions
containing iron chloride salts investigating the in uence of di fferent interfacial compositions on
the formation process. These investigations tend to explore them uence of such modi ed inter-
faces on the thin Im formation process in natural systems. During the evolution organisms were
caught in the cross re of in uences which continuously required signi cant development and
change in their habit and survival strategies.[4] For protection or stabilization, rigid structures
with high durability are needed but cannot be provided by organic tissue alone. Therefore, or-
ganisms had to develop strategies to form resistant structure by the incorporation of inorganic
parts. One prominent structure which was developed by nature isthe human bone. This mineral
structure is ve times stronger than steel and has a tensile loal two times bigger than that of
concrete. By further comparing the arti cially constructed ma terials with the ones by nature,
more advantages of the natural materials can be found. Bone not only earranges during the
lifetime to account for varying exposures, but also self-healing ocurs in these entities. In these
days, a further point of view is the low amount of energy and CO, emission which is needed
for the growth of biominerals. These highly robust structures are formed under ambient con-
ditions in aqueous environments where no high temperatures or toxc reagents are employed.
The mimicking of these processes could, thus, help to develop low casand ef cient materials,
which in the case of iron could have magnetic properties or high durability.

The fundamentals which direct the nucleation can be identied as a templating effect by
membranes of vesicles or cells containing proteins.[5] Secondly,the shape, phase and texture
of the inorganic compounds is a function of ions and organic molecules n the growth environ-
ment. The growth is managed in intracellular spaces or organic €affolds.[5] The self-assembly
processes, which are the key mechanisms for the nucleating minels, are controlled on a molec-
ular level. This allows to control the habit, shape, size and polymomh of the forming crystals
precisely. The access to the in uence of organic molecules on thegrowth process is therefore
crucial as these interactions determine the basic in uences ofmembranes and proteins on the
growth process.

As the experiments are conducted under a biomimetic point of view, meaning that processes
in nature are tried to emulate, templates are necessary in orar to investigate their in uence on
the biomineralization and to explore the different factors. The i deal template, which can be used




to investigate the mineralization process at the solution-air interface are Langmuir layers. These
mono molecular Ims represent one half of a cellular membrane's bilayer.[6] Furthermore, dif-
ferent molecules can be used which allow tweaking of the interfacial properties. Such a sample
system gives valuable insight into processes taking place at orgdc interfaces. The investigation
of the Langmuir layer composition upon Im formation of iron compounds are performed in
order to explore the responsible factors for the nucleation at membrane structures. Langmuir
layers with different functional groups were employed to probe the effect of the chemical nature
and interface charge on the formation process. Furthermore, the dfect of the oxidation state of
iron ions in solution and the concentration is questioned in the course of the study.

The study of the formation of inorganic thin Ims from solution contain ing nanoparticles is
summarized in chapter 6. Nanoparticles are used in many applications, e.g. in sun protetion
and food purposes, and hold promising properties for future task.[7] Because of their small
size these particles exhibit different properties compared to their bulk counterparts showing
higher chemical reactivity, smaller in uence of mass forces for the benet of surface forces,
special optical characteristics, increased importance of thesurface potential and thermodynamic
properties.

The stabilization of foam or emulsions e.g. pickering emulsion, can beperformed by nanopar-
ticles which adsorb at the interface.[8] The adsorption properties depend on the wettability,
the size and the material. However, the wettability properties can be changed using surfactants
which adsorb to interfaces. The structure of such composite surfictant nanoparticle Ims was
investigated to gain information on the vertical structure of th e forming Ims. For this, solutions
combining nanometer sized particles of different surface potenials with different surfactants
of varied composition were investigated. The adsorption process wa investigated for different
evolution times by XRR experiments in order to get access to the weical Im structure.

The chapter 7 gives a summary and outlook of this thesis.

The last chapter 8 is dedicated to projects which were performed collaterally to the here
presented experiments.







2. Theory

In-situ investigations with Angstrom resolution can be performed with X-ray scattering tech-
niques. These allow for instance the investigation of buried interfaces and matter under extreme
conditions without disturbing the sample itself.[9, 10] Other m ethods need vacuum conditions,
like scanning electron microscopy (SEM), or have no resolution on subnanometer length-scales,
like atomic force microscopy (AFM) and Brewster angle microscopy (BAM). X-ray techniques
like X-ray re ectivity (XRR) and grazing incidence diffracti on (GID) allow to address questions
regarding the interface structure and adsorption processes on 8b nanometer length scales.

Amorphous as well as periodic structures are present at liquid-a& interfaces. Thus, the use of
different techniques is necessary to draw a comprehensive giture of the events taking place. In
the case of samples exhibiting long range order X-ray diffraction £chniques were used, which
give information on the periodic arrangement within the sample. Other techniques like X-ray ab-
sorption spectroscopy were used to explore the short range order of arorphous samples present
at the interface.

A further challenge was the sample system itself as the chemisy of iron ions in aqueous solu-
tions is very complex. The growth of thin inorganic Ims was invest igated under biomimetic as-
pects where special interest lies on the interaction of inorganc ions and amphiphilic molecules.
This includes crystal nucleation and growth from solutions and the modi cation due to the
presence of organic molecules forming so called Langmuir layers.

This chapter is subdivided in different sections describing rst the principles of biomineral-
ization (see chapter 2.1) and the nucleation of minerals from solutions (see chapter 2.2). The
adsorption of nanoparticles to interfaces is described in chapte 2.3 and the iron species forming
in solution are mentioned in chapter 2.4. Further, Langmuir layers are described in chapter 2.5
which organize in two-dimensional periodic structures. These were used as organic templates
as they can mimic biological membranes. In the end of this chapter,the X-ray techniques are
described which were used to study the interface and the adsorgion processes.

2.1. Biomineralization

During evolution living organisms have developed composite materals with fascinating prop-
erties. Such composite materials are composed of organic and inorgaic components which
are structured on the nanometer length scale.[11, 12] By this composites are obtained with
high hardness and advanced elastic behavior or reduced crack mpagation properties compared
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to single component systems.[11] Nature controls the production of these materials by self-
organization. For this purpose the control of the nucleation and growth conditions of crystals is
an essential step in order to reach the desired composite.[5, 13 The minerals forming the inor-
ganic part vary from calcium carbonate, iron oxide, silica to apatite depending on the requested
properties.[13—16] The composition and shape are adapted for functions like stabilization in the
case of bones, storage of iron in the protein ferritin, sensing of the magnetic eld in magnetotac-
tic bacteria or in the avian magnetometer system of birds.[16—25] Even speci c types of bacteria
are capable of nucleating ice with the aid of specialized proteirs.[26]

Figure 2.1.: Left: Mature portion of the radula of chiton. Rows of teeth ar e visible. Right: Fractured
cross section of an individual mineralized tooth. The images are taken from [20].

Iron is used in nature for different aspects from which one example is the radula of the teeth
of chiton which are shown in gure 2.1. These structures are extremely resistant against abra-
sion allowing these mollusks to erode rock on which they reside.[27] These teeth have the
largest hardness and stiffness of any biomineral reported on. Ths property is the consequence
of an anisotropic construction organized by specially distinct organic and inorganic phases. The
immature teeth only consist of a few ferric compounds which undergo a transformation to mag-
netite in the mature teeth.[28]

Another example is bacterial magnetite which is composed of well odered single domain
particles with a morphology connected to a hexagonal prism with truncated (011) faces by low
index planes.[24] The crystallization seems to start from an amorphous phase composed of
hydrated iron(lll) oxide.

The iron storage protein ferritin, which is composed of 24 apoferritin subunits forming the
outer shell of the protein, is capable of performing site speci ¢ catalytic oxidation of Fe(ll) and
the accumulation of Fe(lll) in the inner core which is composed of ferrihydrite.[19] A modi ca-
tion of ferritin also results in the controlled growth of magnetite in the inner core.[21]

The generation of such composite structures is guided on a moleculalevel by complex com-
binations of different macromolecules like proteins, or interfaces directing the structure and
composition of the particles.[5, 29-31] The in uence of the control mechanism can be very
speci c. For example, only the growth of aragonite or calcite from supersaturated calcium hy-
drogen carbonate solution was reported when using proteins extraced from organisms forming
either aragonite or calcite, respectively.[32, 33] Structur ed organic interfaces are examined in
detail as they are thought to be one important aspect for matrix mediated crystal growth. At
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Figure 2.2.: SEM images from different structures made of ACC: a) Body spmiules from pyura pachyder-
matina. b) Cross section of a broken tunic spicule from pyurapachydermatina. c) Cystolith from leaves
of cus microarpa. d) Granule from storage structures of orchestia cavimana. The image is taken from
[57].

such interfaces the nucleation of particular crystal faces or tre nucleation of certain polymorphs
may be promoted by interfacial recognition.[30]

It was shown that inorganic ions tend to accumulate at charged interfaces increasing the
interfacial concentration by a factor of two over the bulk concentration as well as a lateral or-
dering might appear at structured organic interfaces.[34-37] Studies reported on complex for-
mation and strong bindings between the inorganic ions and the functional motif of a Langmuir
layer.[38, 39] The growth of oriented crystals under Langmuir laye rs was explained by the match
between the inorganic crystal lattice and the lateral order of the organic boundary.[40, 41] From
this an epitaxial growth mechanism was proposed.[4, 30, 41-47] However, this process is highly
disputed in literature. Another proposed growth mechanism in biol ogical tissue is stereochem-
ical matching controlling the nature of the crystals.[48] This g rowth mechanism requires rigid
and highly speci c interaction sides with a complementary periodic arrangement of the organic
interface with an array of ions in the crystal lattice.[5, 13, 49 ] Further a stereochemical cor-
respondence between the organic interface and the crystal is reqgired e.g. a correspondence
between a carboxylate group of an organic motif and a carbonate group of a cé&ium car-
bonate crystal.[5, 13, 49] In contradiction to this, recent studi es report on the dominance of
electrostatic interactions in uencing the crystallization by w hich periodic arrangement can be
neglected.[50, 51] These studies show mainly the interaction of acidic residues of proteins with
the crystal faces.[52] The interacting residues lack a periodc arrangements and, thus, the in-
teraction with the crystals occurs due to unspeci c and exible sites. The mineral phase may
be controlled by the surface charge density.[53] Also experimerts report on the stabilization of
different polymorphs depending on the surface pressure of Langmir layers which is directly
linked to the surface charge density.[45, 54-56]

The observations made regarding the surface charge are in accoahce with reports from the




2. Theory

appearance of amorphous particles providing the rst nucleation step for biomineralization in bi-
ological samples as well as in in-vitro investigations.[43, 55, 56, 58—61] A well studied example
is amorphous calcium carbonate (ACC). Different structures whid are composed of (ACC) are
shown in gure 2.2. Clusters of ACC nucleate and are transformedsubsequently into crystalline
material. However, the stabilization of the amorphous phase and the transformation towards
a crystalline polymorph are subject of different investigations.[57, 62—-64] These studies show
the existence of various biogenic ACC which offer a different ordeing in the near structure. It
could be shown that the transformation of this ACC can be in uenced by the surface pressure of
Langmuir layers, the pH value, or magnesium ions.[64] The formation of ACC happens at phos-
pholipid monolayers which subsequently cause the transformation b calcite via vaterite where
the stability of the metastable vaterite was in uenced by the surface pressure.[54, 65] High sur-
face pressure inhibits the transformation thus stabilizing vaterite. Similar observations could be
made for macromolecules like ovalbumine where rst ACC was stabilized which transformed to
vaterite and calcite.[66] However, the stability of the vateri te phase was also increased as the
ovalbumine concentration increased hinting a stabilizing effect. By combining soluble process-
directing agents and a Langmuir monolayer the growth of tablets of aragonite at the interface
could be induced.[67]

2.2. Nucleation and growth

The nucleation of minerals from solution can be described by a spontaneus formation of small

seeds throughout the solution with size-dependent free energied68-71] These seeds dissolve
again if the condition for a stable cluster is not ful lled. The nuc leation process is induced if
a two phase system is energetically more favorable than a sole sing phase system. The free
Gibbs energy G of such seeds is composed of the strain energy Ggs of the cluster per unit

volume and the free energy Gy of the cluster per unit volume. The initial seeds are stable
if the decrease in energy by creating the bulk volume overcomes theenergy increase due to
interfacial free energy. From this condition the critical radi us rs can be derived which de nes a

stable cluster

rs = ﬁ: (2.2)
The interfacial tension of the cluster is described by and the difference of the Gibbs free
energies by Gy Gs. |If the radius of the cluster is bigger than this critical radius the
clusters are stable and continue to grow whereas for smaller vales the seeds dissolve again.
This radius depends on the temperature, the level of supersatuation, and the energy of the
accruing interfaces of the two phase system.

The mentioned situation accounts for homogeneous nucleation, meamg the spontaneous
nucleation in solutions by statistically controlled fusion of small seeds. If the nucleation takes
place at an interface, a so called heterogeneous nucleation ocaws. If the interaction between the
seed and the interface lowers the Gibbs free energy, the criticaradius for a cluster is lowered. It
can happen that the concentration is high enough to achieve a suprsaturation at the interface
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and only the heterogeneous nucleation sets in, as the limit for homogneous nucleation is not
surpassed. However, by ongoing mineralization the saturation lewel decreases again stopping
the Im growth process. The heterogeneous nucleation mostly resuls in the formation of thin
Ims.

The nal morphology of the crystals can be understood in the framework of thermodynamical
and kinetic growth mechanism. Regarding the thermodynamic picture of thef crystal growth
process, the difference of the surface energy and the growth enivonment is in uencing the
forming structure. The evolution from the initial seed to the na | crystalline phase proceeds by
a single step. The nal shape can be described by the rule of Wulff which states that the equilib-
rium morphology is determined by the minimum of the sum of the product s of all exposed faces
with the relative surface energies.[72] Fast growing faces have a high surface energy whereas
slow growing faces have a low one. By this, the slow growing faces dedrmine the shape of the
crystal. The thermodynamic treatment can not always predict the nal morphology as defect
structures and kinetic aspects have to be considered, too. Howevelit can be used as a basis
for the explanation of additive mediated crystal growth. These additives are composed of ions,
polymers, and proteins which in uence the surface energy of a crydal face.[73—80] Thereby the
surface energy of the according face is changed, thus, in uening the growth speed of the crys-
tal face and with this the overall shape.[5] The formation of anis otropic structures like needles,
spheres, or tubes can be explained by this route.

The kinetic controlled growth relies on the modi cation of activation energy barriers of
metastable states of the nucleation cluster.[5] The crystallization proceeds by a step by step
process via metastable phases until a stable polymorph is reachedl'his mechanism includes the
modi cation of the composition and the crystal structure by kinetic ef fective reaction pathways.
The phase transformation normally proceeds by a dissolution-recrystllization process. The sta-
bility of each metastable state is a function of the solubility of the present phase and activation
energy for a further transformation step. These transformationscan be described by the Oswald
rule.[81] However, the stability of each metastable state can be danged by additives as the
transformation mainly relies on recrystallization of the interme diate phase.

In biomineralization processes a high relevance is allocated to he evolution of amorphous
pre-cursor phases. These phases allow an effective material &ansport but also enable the gener-
ation of complex structures like the skeletal of corals.[5, 28, 82—86] The concentration needed
for the formation of amorphous phases is low compared to a direct nucleation of a crystal.[5]
The transformation process is speculated to proceed by a solid stattransformation of the amor-
phous structure resulting in a crystalline ordered compound and not via an anew solution and
recrystallization process.[87]

The crystallization in organisms will not only proceed by one single mechanism but rather
all different ways might be present in order to achieve the best result. At organic interfaces,
for which Langmuir layers are used in the following studies, the crystallization can proceed via
different ways. A sketch of the different mechanisms is depictal in gure 2.3. A templating
effect could be exerted by the regular arrangement of a Langmuir Byer as single ions accu-
mulate at the functional group of the mono molecular Im.[41] As th is layer mimics a regular
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Figure 2.3.: Crystallization pathways at an organic interface. A) Cluster formation directly occurs at the
monolayer. B) Cluster form in the solution and enrich at the interface. C) Amorphous pre-cursor form.
The scheme was adapted from [88].

arrangement similar to a crystal lattice an ordered growth might occur. Also the homogeneous
nucleation of small crystallites could occur which subsequently alsorb to the interface with a

certain orientation. This would induce the growth of a crystalline layer with preferred crystal

orientation.[5, 13] A further pathway includes amorphous pre-cu rsors. Such structures might
be formed in the bulk solution or at an interface. In all of these processes the Langmuir layer
can in uence the inorganic Im but also the ongoing mineralizati on could induce changes in the
organic matrix itself as such systems are not rigid and exhibit sone exibility.

2.3. Nanoparticle adsorption

Particles are able to adsorb to an interface dividing hydrophilic and hydrophobic media. If the
particles are regarded as single spheres the adsorption behaor is determined by the surface
tension and the contact angle of the particle to the interface. From this it follows that particles
with a nite contact angle and suf cient small mass can adsorb to an interface.[89, 90] If the
contact angle is equal to 90 the particles are preferred to be at the interface whereas for a
contact angle which is smaller than 90 the particles are favored to be present in the hydrophilic
phase. If the contact angle is bigger than90 the particles like to be in the hydrophobic phase.
However, the bulk concentration seems to have also a signi cant n uence as an adsorption was
observed if the particle concentrations in the solution was raisedto higher concentrations.[91]

2.4. lron species in aqueous solution

The chemical compounds which are encountered in an aqueous solutin containing iron species
can differ signi cantly. The Fe(lll) ion has sixfold coordinati on and a strong tendency for
hydrolysation in aqueous media which is the source for a variety of different iron species
e.g. (Fe(OH)? Yoy 4) and dimers with the composition Fez(OH)‘z1+ under strong acidic
conditions.[92, 93] Further, compounds may be observed if other ions are present in the so-
lution. For example at elevated chlorine concentration chloro-complexes like [FeCl(H,O)s]?*
may be present as well.[94] Table 2.1 renders an overview of the diferent species of Fe(lll) in




2.4. Iron species in aqueous solution

% Fe(lll) species

Fe(OH)y(aq)

pH

Figure 2.4.: Speciation of iron(lll) as function of the pH value at an iron concentration of totality
c(Fe)=10 mol. The graph is taken from [92].

aqueous solutions along with the hydrolysis constants. Figure 2.4 sbws a graph depicting the
fraction of different iron(lll) species in an aqueous solution as function of the pH value.[92] It is
obvious that depending on the pH value a distinct compound is dominating. Thus, the observa-
tions which are made for iron(lll) chloride solutions and Langmuir layers cannot be explained
by sole interactions of iron(lll) ions with the monolayer Im.

A hydrolysis reaction can be formulated as
Fe** + H,O  [FeOH]?" + H*: (2.2)

This balance can be characterized by the hydrolysis constant

K = c[FeOH2+]c[H+]: 2.3)

c[Fe3*]

For solutions containing iron(ll) species the situation is much simpler as only the compounds
FeOH", Fe(OH),, and FeCl" can be present. The hydrolysis constants are summarized in ta-
ble 2.2. The amount of each compound was calculated for different intial iron(ll) chloride
concentration and is given in table 2.3.

The calculated values show that mainly iron(ll) ions are present and the contribution from
other iron compounds can be neglected in contrast to iron(lll) chlori de solutions.

The formation of insoluble iron hydroxides or iron oxides is a process depending on different
factors like the pH value, the temperature, or the presence of diferent ions, organic molecules
and oxidation agents.[99] Different nucleation and growth steps occur from soluble iron species
towards a solid state material. On the addition of iron salts to aqueous solutions small colloidal
particles form by the aggregation of pre-cursors composed of aqueous KOH) g;(aq) species.[100-
102] The colloidal particles formed by the fusion of monomeric Fe(OH) 3 subsequently transform

11
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species log(K) reference
[FeCl(H,0)s]** 1.16 0.20 [94, 95]
[FeCly(H20)4]* 1.28 0.25 [94, 96]
[FeCl3(H20)] (aq)/ [FECl3(H20)2] aqy 0.77 0.25  [94, 95]
FeCl, -1.26  0.45 [94]
Fe(OH)?* -2.19 [92, 97]
Fe(OH); -5.76 [92, 97]
Fe(OH)3 -11.8 [92, 97]
Fe(OH), -21.8 [97]
Fe(OH) 5" -2.92 [97]

Table 2.1.: Hydrolysis constant of different ion complexes formed by iron(lll) agueous species.

species  log(K)

Fe(OH)" 4.5
Fe(OH), -6.5
FeCl 1.5

Table 2.2.: Stability constant of different iron species formed by iron(ll) aqueous species.[98]

species concentration [mmol=L] concentration [ mmol=L]

FeChb 0.1 100

c(Fe) 0.61 95
c(FeOH") 0.039 3.9
c(FeCl)* 10 10 4
c(Fe(OH),) 10 16 10 10

Table 2.3.: Speciation of iron(ll) for different iron(ll) chloride con centration values calculated by the
stability product.

to crystalline material.[102] The following transformation rout e can be established [100, 101]
Fe* | Fe* | Fe(OH)2 "! amorphous particles! crystalline phase (2.4)

The rate of crystallization strongly depends on the solution condition and can be very slow last-
ing months.[99] However, the initial formation of the amorphous coll oidal particles proceeds
very quickly.[100, 102] After this rst step the formation of crys talline species proceeds by a
transformation reaction yielding e.g. goethite ( -FeOOH) or maghemite (F&03).[101] The last
step is a precipitation reaction where the insoluble species aredropped out. This can also be
described by a stability constantK . However, the determination of K is extremely dif cult.
Factors like the composition, pH value, and temperature are in uencing the equilibrium. For the
experiments presented here, the equilibrium is shifted by a ctange of the pH value in the inter-
facial region. By this the precipitation reaction is triggered and unsoluble products are formed.
The different formation and transformation pathways are depicted in gure 2.5 showing the
complexity of the system.




2.4. Iron species in aqueous solution
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Figure 2.5.: Transformation and formation pathways of iron compounds. The graph is adapted from

[103].
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2.5. Langmuir layers

This section describes the structure and properties of mono moleclar Ims of amphiphilic
molecules called Langmuir layers. First, the effects which dive the formation of a Langmuir
layer will be discussed. Then, the structural phase transitiors will be shortly outlined together
with a description of the surface pressure-area isotherms. The dferent amphiphiles will be
speci ed in the end.

Langmuir layers are mono molecular Ims composed of amphiphilic molecules which are
oriented at speci ¢ interfaces, e.g. the water-air interface. These molecules are composed
of hydrophilic (polar) and hydrophobic (non-polar) parts. The polar part is denoted as the
headgroup and the unpolar alkyl chain as the tailgroup. Amphiphilic molecules vary in the
headgroup composition having e.g. carboxylate or amide headgroups. #so0, the tailgroup varies
as the length of the alkyl chain or the number of chains can differ. Thus, Langmuir layers have
diverse properties with respect to the observable phases they fan.

suf ciently low, the formation of a monolayer at the interface is fav orable compared to the
formation of such complex structures. A further impact on the formation of a monolayer comes
from the hydrophobicity of the single amphiphiles, which is directly in uenced by the length
of the alkyl chain.For chains shorter than 12 carbon atoms mostly water soluble micelles are
formed. However, if the carbon group is too long no monolayer can be formed dther because
crystallization occurs.

Normally, Langmuir layers are formed by solving the amphiphiles in unpolar volatile solvents
like tert-butyl-methyl ether (TBME) or trichlormethan (chloroform). | f such a solution is spread
on the water subphase, the solvent evaporates leaving the amphibilic molecules at the inter-
face and a monolayer is formed. The amphiphiles orient themselveswith the polar headgroup
towards the water subphase, whereas the tailgroup is oriented towards the air.

Tint + Trhyd

Figure 2.6.: Langmuir trough with compressed Langmuir layer. The surfae pressure of the pure water
surface and with lipid layer is represented by o and , respectively. The lateral pressure oy is exerted
by the surface barrier with counter force i + nyq.[6]

Figure 2.6 depicts a Langmuir layer at a water-air interface. The Im is compressed by a
surface barrier with the pressure ey to a smaller area. The Imis strained and aforce jnt+ pyqg
exerts on the surface barrier and the surface pressure increases to

= 0 . (25)

The surface pressure can be calculated by considering the freerergy Fn, of a monolayer at a
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water interface by [6]

Fm = Nm[ hyd(Am)+  int(Am)+  mu(Am)l: (2.6)

The number of molecules in the Im is denoted by np, and the area occupied by each molecule as

Am. The hydration of the headgroup, the interaction of the molecules between each other, and

the interaction between the hydrocarbon chains with the atmosphere are denoted by pyq(Am),
int(Am) and  mu(Am).

The surface pressure results from the derivative of the free errgy with respect to the area A

Fm

m(Am) = A

nt (Am)+  nyd(Am)  Su(Am): (2.7)
Nm
The lastterm 9,_,(Am) can be neglected as the interaction between the air and the carbon bain
is weak. In case of the derivative of the free energy for a double layerit can be shown that the
mono and double layers are in a corresponding state as the moleculesdopt the same areaAn,
and the surface pressure of the monolayer corresponds to the densyt of the hydrophobic free
energy of a double layer.[6] Monolayers can, thus, be regarded as good moel system for lipid
double layers of biomembranes.

The surface pressure of a Langmuir layer can be measured using a Wilhelmy balance. Sucl
Wilhelmy balance consist of a test pad, called Wilhelmy plate, and a force sensor. The Wilhelmy
plate is dipped into the water surface and a force pulls on this pad proportional to the surface
tension. The force Fy which is observed by the force sensor can be calculated as [104]

The rst term describes the otation of the Wilhelmy plate which d epends on the volume
of the plate, given by the length |, width W, and thicknesst,, the height being immersed in
the water subphaseh, and the density of the plate and water subphase , and ¢, respectively.
The second term describes the force due to wetting of the plate as dunction of the surface

|

a) b)

Balance with
Barrier Wilhelmy plate  gaper

/7 )

/ I
W/ compression////
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front view side view

Figure 2.7.: a) Langmuir trough with two adjustable barriers for compres sion of the Langmuir layer. b)
Front and side view of the Wilhelmy plate. The picture was taken from [105]
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Figure 2.8.: Top: Compressed Langmuir layer. Bottom: Sketch of a -A isotherm of a Langmuir layer
and a scheme showing the structure of the amphiphiles in the orresponding phase.[106]

tension and the contact angle g. Wilhelmy plates with high surface energies, like platinum or

iridium, have contact angles of 0 and the force depends linearly on the surface tension. Thus,
the difference of the force exerted by a pure water subphase and a sbphase with Langmuir

layer on the Wilhelmy plate gives information on the surface presaire yielding

Fw

Langmuir Ims exhibit different phases which depend on the tem perature of the subphase
and surface pressure.[106] The compression of a Langmuir layer byreducing the accessible
area at constant temperature yields a surface pressure-area (-A) isotherm. A sketch of such an
isotherm is shown in gure 2.8. For a large area per molecule, a huge space is available for every
molecule and the monolayer is in a gaseous state. The interactions bveen the lipids are low
and the Langmuir layer can be regarded as an ideal two-dimensionalgas. The surface pressure
can be approximated by [107]

kgT
= K: (2.10)
If the Im is compressed, a transition to the liquid expanded ph ase can be observed. This phase
can be described by the van der Waals equation for a non-ideal gas [6]

Aint

o (Am Ao = keT (2.11)
m
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lipid molecular formula  headgroup l¢  Nehain Mw [gmol 1
DPPC GoHgoNOgP zwitter-ionic Cig 2 734
DPPA GsHesNOgPNa anionic Gs 2 670.9
EPC GoHgsNOgPCI cationic Cs 2 797.5
stearic acid GigHz607 anionic Cis 1 284.4
stearyl amide CigH370N non-ionic Cis 1 283.50
stearyl alcohol CigH3zs0 non-ionic Cis 1 270.49

Table 2.4.: Summarized properties of the used amphiphiles in the presered studies. The number of the
alkyl chains is denoted by N.y,in @and the length of this chain by I in terms of carbon atoms.

A repulsion correction is accounted by A, and the area A¢ which is excluded by amphiphiles
itself. The single lipids start to interact but still no long ra nge ordering occurs. This region
is followed by a coexistence region of the condensed and liquid expaded phase. The liquid
expanded phase normally exhibits a phase transition of rst order with a horizontal curve in the
isotherm. Most systems show a positive slope which can be attributeda impurities. The Gibb's
phase rule allows the coexistence of two phases for the increasedumber of components over
a larger surface pressure range.[108] Upon further compresson, the so called tilted condensed
phase is reached. In this phase, the headgroups are arrangedgularly and the tailgroup exhibits
a tilt with respect to the interface. This tilt reduces as the surface area is decreased further until
all tailgroups are in the upright position and the untilted conde nsed phase is obtained. Further
compression results in a collapse of the Im structure. The tilted and untilted condensed phase
both exhibit a lateral periodic arrangement.[106]

Langmuir layers form well ordered lateral structures with crystalline domains which can be
investigated by X-ray diffraction experiments. In the investigations performed in the framework
of this study six different amphiphiles varying in the headgroup composition and the length and
number of the hydrocarbon chains were used. The amphiphiles along wih their properties are
listed in table 2.4. The phospholipids consist of a glycerol backbone whch links the headgroup
with the two alkyl chains each consisting of 16 carbon atoms. Stock soldions with a concen-
tration of 0:5 mmol=L were prepared by using chloroform. Anionic, cationic, and zwitter-ionic
molecules were used in order to change the charge properties of tk interface systematically.
The second class of amphiphiles has an alkyl chain with a length of 8 carbon atoms. However,
these amphiphiles only have a single chain. Two of the used headroups were non-ionic and
one was anionic, being a carbonyl-, an amide- and a carboxylate headgrouprespectively. For
these amphiphiles, stock solutions with a higher concentration of 1 mmol=L were used. In or-
der to control the surface pressure with good accuracy while sprading the amphiphiles at the
interface, these different concentration had to be used.

2.6. X-ray scattering from interfaces

In the framework of this thesis, experiments utilizing differ ent X-ray techniques were employed
in order to investigate adsorption processes at interfaces. In he following chapter the meth-
ods of X-ray re ectivity (XRR), grazing incidence diffraction ( GID), and X-ray absorption spec-
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Figure 2.9.: Sketch of the in-plane and out-of-plane scattering geomety

troscopy (XAS) are described brie y. The mentioned techniques conplement each other and,
thus, allow to draw a comprehensive picture of the sample system under investigation.

2.6.1. Scattering geometry

The following paragraph deals with the geometry of X-ray scattering experiments in general. A
sketch of the scattering layout is shown in gure 2.9. The X-ray beam hits the sample under an
angle denoted ; and is scattered under an angle ; into the space above the sample surface. A
part of the incoming X-ray beam is refracted into the medium under the angle ;. The so called
in-plane geometry is de ned by the plane which is oriented perpendicular to the sample surface
and which accommodates the incoming and the re ected beam. A further out-of-plane angle 2
has to be de ned if scattering contributions are investigated which lie outside of this plane.

The incoming and scattered X-rays are described by plane wavegi([fi), Ef(ﬁ«), and Et(ﬁ)
with the wave vectors kj, ki and k;, respectively. In the following only elastic scattering is
considered and the wavelength of the photons is preserved. In X-ray scattering experiments
the intensity is monitored as function of the wave vector transfer ﬁ = [?f [f, The correlation
of the wave vector transfer to the incident angle and the scatteing angle can be deduced from
the sketched geometry depicted in gure 2.9 as

0 COS §COS2 COS |
ﬁ= ﬁf ﬁi=jﬁij%) sin ¢sin2 X: (2.12)

sin ¢+sin

X-ray re ectivity measurements investigate the specular reected intensity and with this, the
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incident and exit angle are equal ( = fand 2 =0). Insofar, the expression simpli es to
0 1 0 1 0 1
0 0 0
t=Bok=iKi® o %=28 o X: (2.13)
(0% 2sin sin

In XRR measurements, only a wave vector transfer perpendiculato the sample surface occurs.
Consequently, such experiments only give information on the lateally averaged vertical struc-
ture of the sample.

A further special case is a so called out-of-plane measurement;n these measurements, the

experimental conditions are chosen to be: f Oand 2 6 0. By this, the wave vector
transfer only has lateral components
0 1 0 1
Ok cos(2) 1
4=Bq x=28 sne) % (2.14)
0 0

Thus, these measurements supply only information on the lateralstructure of the sample surface.
The lateral componentjﬁjjj is given by

q
jﬁjjj:jkij 1+cos®> ¢ 2cos ¢ cos2 2ksin27: (2.15)

It is obvious that, depending on the kind of information which is of inte rest, the optimal
scattering geometry has to be used.

2.6.2. X-ray re ectivity from smooth surfaces

The following section brie y describes the theory of X-ray re ectivi ty measurements in terms of
optics at smooth interfaces. For a detailed description the reade is referred to [109].

One relevant parameter in an X-ray re ectivity measurement is the index of refraction n of
the sample. Under the assumption thatN atoms per unit volume can be described by harmonic
oscillators with the respective resonance frequencied ; the index of refraction can be expressed
as [109]

e X fi

2 -
n“(r)y=1+ N -
(") 0 91:1!12 12 2

; (2.16)

where ! is the frequency of an electromagnetic wave propagating throughthe medium, e the
elementary charge, me the electron mass and ¢ the electrical eld constant. The factors f;
denote the forced oscillation strength of each single atom and ; are damping factors. The
oscillation strength f; is, in general, a complex number:

fj =2+ 620 )+if 2 ): 2.17)
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Dispersion and absorption corrections are taken into account byfjo(! ) and fjo?! ). If the oscil-
lation frequency of the electromagnetic wave eld is much higher than optical frequencies and
far away from resonance frequencies of inner atomic shells, equion 2.16 simpli es to

n=1 +1i; (2.18)
with = 2—2re being the dispersion, wherer, is the classical electron radius and the electron
density, and the absorption = ;- , where represents the linear absorption coef cient.[2]

Scattering at smooth surfaces can be described by the Fresnel formas® which are given by

[110]

r = I(i;z kt;z_
ki;z + kt;z ’
2Ki-,

t=—"2
ki;z + ki;z

(2.19)

where the index z denotes the z component of the corresponding wave vector.

Since the real part <(n) is always smaller than one in matter, vacuum is the medium with
the higher optical density. The consequence is the occurrence offotal external re ection. As the
incident angle of the X-rays gets smaller than the critical ange , the X-rays are totally re ected.
The value of the critical angle . can be deduced from Snell's law and it follows = 2 .

For smaller angles ; < . the wave eld can no longer penetrate the sample and an evanes-
cence wave propagates parallel to the interface.

This wave eld in ltrates the medium with a penetration depth  [109]

o 1 .
et (2.20)

As the incident angle tends to zero, the penetration depth getsindependent of the wavelength
yielding = 9411,:&-[109] For most materials, a penetration depth of 50 A exists which
shows that for very shallow angles the scattering mainly originates from the near surface region.
As the angle j is increased, the penetration depth increases rapidly and ighen only limited by
the absorption of the material.

The square of the transmission functionjtj? = T and re ection function jrj? = Rg (called the
Fresnel re ectivity) are depicted in gures 2.10 and 2.11. Th e incidentangle ;is normalized by
the critical angle .. The transmission function shows a maximum for ; = . which originates
from a constructive interference of the re ected and transmitt ed waves increasing the intensity
by a factor of two.[109] As the angle . is passedT tends to unity. This angle dependence of
the transmission coef cient may result in the observation of the so called Vineyard peak.[111]

YIn case of X-rays the Fresnel formulas for p-polarized and polarized waves are practically the same. Hence, for
simpli cation only the s-polarized waves are considered.
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Figure 2.10.: Fresnel re ectivity Rg as func-
tion of the incident angle ; normalized by the
critical angle .

Figure 2.11.: T as function of the incident an-
gle j normalized by the critical angle ..

Figure 2.10 shows that the re ected signal Rg = jr?j is unity as the incident angle is smaller
then . and exhibits a strong decay as this angle is passed.

In case of strati ed media with j layers where every layer has a different refractive index n;
multiple re ections occur at the interfaces. The electromagnetic waves interfere with each other
and a modulation of the re ected signal is observed. This can be desdbed by the recursive
approach of Parratt [112]

Fijsr + Xjr1 €Xp(2Kzj+1 Z)
1+ 11 Xjr1 eXp(2Kzj+1 Z)

Xj = RjZTj = exp( 2ikzijj) (2.21)

where Xj;1 denotes the ratio of Rj;; and Tj:+1 in the j-th layer. The Fresnel-coef cient rjj,1 is
de ned as

kz,j kz,j+1
Kzj+ Kzjr1

Mij+1 = (2.22)

with kzj = k(n? cos {)'* being the z-component in the j-th layer. The substrate is in general
much thicker than the penetration depth of the X-rays and no re ection from the substrate
occurs. This condition serves as a starting point for the recursion The re ected intensity is thus

given as

1 . .
Rj+1 = T Tjrj+1yj exp( |(kz,j+1 + kzyj)Zj)'i' Rjexp( |(kz,j+1 kz,j)zj) (2.23)
J+1,)

1 ) .
Tj+1 = T Tj eXp(I(kZ'j.,.l kz‘j)Zj)'i' Rjrj+1,j eXp(I(kZJ.‘.l + kz,j)zj) (2.24)
1+1)

with the Fresnel coef cient tj.1; =1+ rjiq.
Real interfaces are not perfectly smooth and offer always roughnes. Due to this the specular
re ected intensity is damped compared to the Fresnel re ectivity. The interface of such a system

is no longer sharp and has to be replaced by a continuous variation of he laterally averaged
refractive index n;(z). If the variation between two media can be described by an error fundion
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pro le new Fresnel-coef cients are obtained

Fjrn = T XP( 2Kz jKzjrr ) (2.25)
G = g XP((Kzj  Kzjur)® £=2) (2.26)

where is root-mean-square (rms) roughness of the interface.

Figure 2.12 shows the calculated re ectivity of a single layer system. The gure also shows
the Fresnel re ectivity from the bare substrate. Due to the presence of the layer, oscillation
occur, the so called Kiessing fringes.[113] These fringes omjinate from interference of the X-
rays scattered at the interface.s The thickness of the layer can beleduced from the period of
the oscillation by | =2 = @, where ¢, is the difference of two subsequent minima. The gure
also shows the increased decay of the re ectivity induced by theroughness.

Figure 2.12.: Calculated re ectivity of a silicon wafer covered by a 400A thick polystyrene layer for a
wavelength of 8 keV. Also the Fresnel re ectivity from a smooth silicon substrate without layer is shown.
In case of a strati ed sample Kiessing fringes can be seen.

2.6.3. Diffraction experiments

The following section illustrates the grazing incidence diffr action (GID) technique which probes
the long range order of the sample's interface under consideraton. The scattering geometry
is described in chapter 2.6.1. Here, a general description of difraction experiments is given
at rst. Then the conditions of grazing incidence diffraction ex periments are discussed more
closely. Furthermore, theoretical considerations important for scattering from two-dimensional
systems such as Langmuir layers are made.

Crystals are composed of a periodic arrangement of atoms or moleculesTherefore, a crystal
can be de ned by a combination of a point lattice and a basis, which resides on the lattice points.
The unit cell of a crystal contents information on the structure and symmetry. It is completely
de ned in three dimensions by the length of the translation vector sa; (i = 1;2; 3) and the angles
and between them. If these lattice vectors are chosen in a way, that he unit cell has the
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smallest possible volume this cell is called primitive. In three dimensions 14 Bravais lattices with
230 space groups describing the symmetry of the crystal structurs exist. This number reduces
for a two-dimensional system to 5 Bravais lattices with 14 space goups.[114]

The point lattice of a crystal can be described by a set of translation ectors
X
Bo= ' n&; (2.27)

with n 2 Z, the lattice vectors 3. and the dimension N of the periodic structure.[2]

The basis is described by the translation vectorﬁi and the position of the k constituents of
the basis in real space are given by

X
ﬁ] = Xi;j ﬁf j=1;k (2.28)
i=1
with xi; 6 1. This crystal lattice is further connected to an equivalent lattice in the recipro-
cal space via a Fourier transformation. The translation vectors ofthe reciprocal lattice can be
calculated from the lattice vectors via

by = 2 52 %3 (2.29)

by = 2 53 gl (2.30)
2 %1 %z

bs = i (2.31)

Wy denotes the volume of the unit cell. Thus, every point in the reciprocal lattice can be reached
by the vector

Ehm :(h%1+ k%2+ Iitﬁ)g); h;k;l 2 Z: (2.32)

In the framework of the rst-order Born approximation, the scatteri ng amplitude, which is
generated by the interaction of the X-rays with matter, can be descibed by [2]

z
A= re (F)dt Ter (2.33)

\%

where (jf"t) describes the electron distribution in the media and r¢ the classical electron radiu#?.
By using = ﬁn + ﬁ] + ¥9t0 describe the position of every electron at the relative position r°
in the electronic shell of the atoms, it follows for the scattering amplitude of periodic structures
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A®) 1 Fse(9 G(8) (2.34)
with
N W W
G(ﬁ) - el Rn)
n1=0 n2=0 n3=0
= SNl(q al)SNz(q aQ)SNs(q a?:) (235)
and
X .
Fsu(8) = fi(geld ™), (2.36)
7,
f(8) = (Foet oo (2.37)
1

The scattering amplitude can be split into parts: the structure factor Fstr(ﬁ) and the lattice sum
G(ﬁ). The structure factor Fg,(€) describes the scattering originating from each unit cell and
depends on the atoms in it. The summation is performed over all atomsN residing in the unit
cell. Further, the atomic form factor f; (ﬁ) is included which represents the scattering amplitude
of a single atom and is de ned as the Fourier transformation of the electron distribution (#fb
of the electron shell. However, this term might be altered if the X-ray energy is in the range of
an absorption edge. Then, the effect of the dispersion correction anl resonant scattering has to
be taken into account. The lattice sum G accounts for required phase factors and between the
scattered waves. This term only depends on the translation vears de ning the crystal lattice
and the wave vector transfer. By summing up this term, the interference functions Sy, are
obtained. These functions have a maximum at the positionjﬁj = J%I&J and their width correlates
with the number of unit cells as

1
FWHM s (2.38)

N;’
and, thus, with the size of the crystalline structure. As the size of the crystal tends to in nity
(Nj ' 1 ), the interference function transforms into a -distribution. A scattering signal can
only be observed if the conditions

4§ &=2n (2.39)
4 &=2x (2.40)
G &=2 (2.41)

are ful lled s#multaneously. In this case the lattice sum G has a maximum value. Using the
relation & bj = 2 ; it follows that this occurs if the wave vector transfer is equal to a
reciprocal lattice vector

6= & (2.42)
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thus, resulting in a constructive interference of the scattered waves. This equation, also known
as the Laue condition, represents the scattering condition in the reciprocal space. An equivalent
equation to this is the Bragg condition

n =2dsin( ): (2.43)

Here denotesd the distance between two lattice planes in real space and the observed angular
position of the Bragg re ection. The order of the integer n is equal to the length of Gy divided
by the shortest reciprocal lattice vector parallel to Gy .

Hence, the total differential cross section g— which is de ned as the square of the scattering
amplitude per solid angled , is

= 1P LiFsui®MVy (§ éhkl); (2.44)

diffraction

D_‘O.

for a diffraction experiment at a three-dimensional periodic structure. Here rg denotes the
Thompson scattering length, P the polarization factor, L the Lorentz factor and M the number
of unit cells.[2] For small deviations from the scattering condit ions, also scattered intensity can
be observed which is accounted by the Lorentz factor.

In case of a lower dimensional system, e.g. two-dimensions, the lafice sum can only converge
in two directions, and the total differential cross section changes to
2 1 o8

= rSPijijNXNyA_USinZ & (2.45)

D_‘Q_

diffraction,2D

with a modi ed Lorentz factor which is in the case of powder diffrac tion given as
L= —+—[2]

sin2 sin
As shown by equation (2.38) the widths of the diffraction maxima ar e in uenced by the
number of unit cell and the size of the crystal, respectively. However, if the line broadening
is mainly due to size effects of the crystallites, their size ca be estimated using the Scherrer
formula [115]

K

I cos(2:2): (2.46)

FWHM =
The scattering angle of the observed peak is denoted as, the length of crystal is marked with
| and the full width at half maximum of the diffraction peak by FwHM. The constantK is
a factor which includes different contributions and can vary between 0:7 and 1:2.[116] For a
crystal with a cubic lattice the factor was calculated to 0:94.[117]

A two-dimensional system is a special case of a three-dimensional sticture having only peri-
odicity in the g; direction. For a two-dimensional array of point-like scatterers a so called Bragg
rod would develop at Gpk which is extended in nitely perpendicular to the lattice pl ane. In real
systems, atoms or molecules with nite extension are present and boad maxima are obtained
in the direction perpendicular to the restricted plane. These rods have no uniform intensity
distribution as the form factor of the unit cell induces a modulation of the intensity. This will be
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described later in more detail.

If the diffraction pattern of a single crystal is inspected, isolated maxima can be observed,
each of which corresponding to a single reciprocal lattice vector If diffraction experiments are
performed on powder samples, this assignment changes showing a aximum in the scattered
intensity as the magnitude of the wave vector transfer is equalto the magnitude of a reciprocal
lattice vector. In powders, small crystals are present with the crystal axis orientated randomly.
The diffraction patterns for all possible orientations of a single crystal are obtained simultane-
ously. In two-dimensional powder samples, the crystallites are al oriented randomly in one
single plane. This is equivalent to a single crystal which is ptated in the plane around one
crystal axis.

2.6.4. Grazing incidence diffraction

In grazing incidence diffraction (GID) measurements, the incoming X-ray beam is adjusted to
hit the sample under a shallow angle ;4. This angle is in the range of 60%-80% of the value
of the critical angle . for total external re ection (see chapter 2.6.2). Thus, an evanescence
wave propagates along the interface. This wave has a penetratin depth of roughly 50 A and
therefore the wave is scattered predominantly from the interfacial region.[109] The direction of
the incident beam is xed in experiments investigating Langmuir layers as the Bragg condition
is always ful lled since the samples form two-dimensional powders at the interface. For these
measurements usually a position sensitive detector is employed.This detector is oriented per-
pendicular to the sample surface and is rotated by the angle2 around the sample. By using this
setup, a two-dimensional scattering map is obtained. This map hasa lateral and vertical wave
vector transfer component. In case of lipids, information about the orientation can be obtained
from the Bragg rods.

The combined scattering amplitudes of a Langmuir Im and forming crystals below are not
superimposed coherently, as the crystalline domains of the amphphiles and crystals have a
random orientation with respect to each other. Thus, the different scattering signals can be
treated independently and the observed signal can be just desdbed by a summation of the
scattered intensity.

In GID patterns the formation of the Vineyard peak can be observed. Forshallow angles the
approximations which are made in the Born approximation are not valid anymore, as multiple
scattering has to be considered. Here the distorted wave Born apmximation (DWBA) has to be
used. If the diffusely scattered intensity is calculated oneobtains [109]

it 0iPF&@it ()i (2.47)

As the incident angle ; or the exit angle ¢ are close to the critical angle . maxima are ob-
served. These maxima are caused by the transmission functionig( ;) andt;( ¢) of the incoming
and outgoing X-ray beam. For GID scans the incident angle is kept xal, thus, ti( ) reducesto
a constant and the transmission functiont;( ;) leads to the observation of the Vineyard peak.
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2.6.5. The two-dimensional unit cell of a Langmuir layer

Langmuir monolayers at liquid interfaces form a two-dimensional periodic structure where every
lattice point hosts one amphiphilic molecule. The observed diffraction pattern originates from
the periodic arrangement of the tailgroups; no diffraction patt ern from the headgroup itself has
been observed so far.[108] The structure factorFstr(ﬁ) bears the information on the composition
of the amphiphilic molecules and thus determines the intensity of the diffraction pattern. For
diffraction experiments on Langmuir layers usually only the lowest order peaks can be observed.
Anyhow, the two-dimensional structure can be extracted from the postion of the out-of-plane
Bragg peaks by taking geometric considerations into account.

The structure factor (see equation (2.36)) can be separated in tvo parts

X .
Fau(B) =~ €8 Ti£0(8)eu s = Fy(l)Fmo(aigp); (2.48)
j
yielding the structure factor Fp(ﬁﬂ-) and the molecular form factor Fp,q(d; g;). Due to this, the
lattice structure and the alignment of the molecules in the unit cell can be regarded indepen-
dently for a Langmuir layer.

For a closely packed two-dimensional lattice, each molecule is sumunded by six neighboring
molecules. This limits the number of two-dimensional unit cells which can be formed. The
possible unit cells differ further in the number of lattice spacings dnx, which are directly related
to the wave vector transfer g; via

dhk = 2—: (2.49)

Gi

The symmetry of the unit cell has an in uence on the number of detectable Bragg re ections. A
sketch of an oblique unit cell, which has the lowest symmetry, is shown in gure 2.13. For this
lattice type, three different spacings can be observed. If the symmetry of the lattice increases
and the lattice spacings become equal, the unit cell changes t@ (centered) rectangular geom-
etry with two degenerated lattice spacings and to a hexagonalone if all lattice spacings are
degenerated. 2 The rectangular, the oblique and hexagonal lattice are primitive ones, only the
centered rectangular is not primitive.

A sketch of the different lattice types is shown in gure 2.14. For the oblique lattice, the
low order re ections are the (0;1),(0;1) (rst re ection), (1;0),(1;0) (second re ection) and
(1;1),(1; 1) (third re ection) re ections. A centered rectangular and a re ctangular lattice ex-
hibits two Bragg re ections, being the (11) (rst re ection) and (02) (second re ection) re ec-
tion. For this type of lattice extinction occurs and only peaks with (k + h = 2n) are observ-
able. In the hexagonal lattice all spacings are degenerated ad the rst re ection is indexed as
(0;1); (1;0);(1;1);(1;1); (1;0); (0; 1).

The unit cell construction is normally carried out by constructing the reciprocal lattice via
equation 2.49. However, a consequence of the limited number of latice types is the ability to

2The cubic lattice is not mentioned, but it is the fth lattice type. Is is also a primitive lattice.
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Figure 2.13.: a) Primitive unit cell of an oblique lattice. The sketch shows the heights, sides, and angles
of the cell. b) Non-primitive unit cell of an orthorhombic la ttice. Heights and sides are marked. The
picture was adapted from [105].
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Figure 2.14.: Scheme of two-dimensional unit cells. The sequence of the cés from left to right is as
followed: hexagonal, centered rectangular, rectangular, oblique.
calculate the parameters of the unit cell by the lowest order Bragy peak positions alone.
The heights of an oblique unit cell (see gure 2.13) can be calculated by equation 2.49 to
2

ha;b;ab = —abab’ (2.50)
Bj

where the crystallographic convention is madeqﬂ?‘ qj*J? qﬂ?‘b. The important correlation for the
angles of an oblique lattice are

- hap _ hp
= = —" 2 1
sin p b (2.51)
: hab ha
= - = —" 2 2
sin p= 2= & (2.52)
sin p = Mo _ E: (2.53)
b
The heights and sides are related by
ha
ab= —a; (254)
hab
ha
b= —a; (2.55)
hp
ha
a= —b: (2.56)
hp

by using equation egs. (2.53) to (2.56) in combination with the law of cosines the angle p can
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be calculated to

hb ha hahb

= arccos — + — 2.57
D 2ha  2h, 2h2 (2.57)
#
Further are the angles between the vectors and b connected by
= p+ p =180 D- (258)

2.6.6. Intensity distribution along a single Bragg rod

In a two-dimensional crystal system, the appearance of a Bragg rod ca observed. This Bragg
rod is a direct consequence of the nite crystalline size perpendcular to the crystal axis. As
molecules are placed on the point lattice a modulation of the rod occurs due to the form factor
of these molecules. The intensity distribution along the Bragg rodat the position ¢; = Gpk is a
function of g, and is determined by the mentioned form factor as shown by the decompogion

in equation (2.48). Thus, an analysis of the intensity distribution along the Bragg rod yields
information on the structure of the unit cell.

The primitive unit cell resides one molecule which is titled wi th respect to the water phase by
an angle . The angle describes the angle between the projection of the tailgroup onto the
lattice plane and the lattice vector, see gure 2.15. If the ti It angle is zero, the maxima of the
Bragg peaks lie in the horizontal plane. As a tilt angle 6 0 is realized, the maximum moves
out of this plane and has aqg, 6 0 component. Hence, the content of the unit cell does not
change the position of the Bragg peak with respect tog; but changes the position with respect
to ¢.. It has to be noted that the peaks are not only shifting to a positive g cell of position but
also a shift to negative g, position may occur. As a consequence, some peaks lie beneath the
horizontal scattering plane and can no longer be observed. For a hexgonal structure the (1;1)
and (1;1) re ections would remain in the horizontal plane as the hydrocarbon gr oups are titled.
The (0,1) and (1,0) re ections shift to a position with ¢, > 0 and the (0; 1) and (1; 0) re ections
to a position with g, < 0. A scheme showing the tilt of the alkyl chains towards the nearest
neighbor (NN) and next nearest neighbors (NNN) is shown in gure 2. 16.

A coordinate system can be chosen where the hydrocarbon groups are not tiéd. The tilt
direction is chosen to be along the g axis. By this new coordinatesqf and q‘j’ can be obtained
which are connected to the laboratory system via [118]

4°9=(qcos qcos(=2 )8 (2.59)

I = qcos gsin (2.60)

ﬁj(j) =(gecos + qcos(=2 )80+ qy%?, (2.61)
I g = | o7+ (g cos + g sin )% (2.62)
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Figure 2.15.: Scheme of a two-dimensional lipid network. The lipids are titled by the angle from the
surface normal in the unit cell. The angle between the lattice vector and the projection m is denoted by

G— G— d & calicl
G- G- & d & & calcaicm
G— G— 4 & calicml

Figure 2.16.: Scheme for the tilt along different directions.

By this, the components of the in-plane wave vector transfer can be alculated as

Ok = Ghk COS (2.63)
and
dy = Ghk Sin py; (2.64)

respectively. The magnitude of the reciprocal lattice vector of the Bragg re ection is denoted
as Gpk and the angle between the reciprocal lattice vector and tilt direction as . If the tilt
direction of the chains is chosen as the reference point for the deomposition of the wave vector
transfer the derived components are valid independently of the chosen lattice.

The construction of the alkyl chain by a molecular model is too static ase.g. for phospholipids
a free rotator phase can be assumed, which introduces a degree of @éedom.[119, 120] A better
model allowing rotation of the lipids around their longitudinal axi s is the approximation of the
chain by a stiff cylinder.[118, 121, 122] The model assumes a free rotation of the lipid chain
which results in a smearing of the electron density over the shel of the cylinder. The diameter
of the cylinder can be estimated by the length of the CH-CH, bond distance of 1:54 A and the
angle between the single CH groups which is 110, yielding a radius of 0:44 A. The length L
of the cylinder can be calculated in a similar way under the assunption that the chain is in the
all-trans con guration using the number ncy, of CHy groupsto L = (ncy + g) 1:265A. The
second term in the bracket takes into account the slightly longer mehyl (CH 3) group at the end
of the chain. The form factor can then be expressed as

Z
Foo(8) = 0(6)  dvcos@ ¥); (2.65)
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where the integration is performed over the volume of the lipid chain. This form factor can be
further split into

Z L=2 Al 0
1
S(cP) = dzcos@ 2) :2%0%); (2.66)
L=2 0z
and
Z2 ZR R 3R ¢)
R(HY,) = R drhrcos@Q, ¥)igg=2 ———2 (2.67)

1

with J; being the rst order Bessel function. The prime indicates that the actual coordinate
system is titled by the angle with respect to the sample surface. Thus, the Bragg rod for a
given Bragg re ection is in uenced by the tilt angle  and the angle ,, of the lipid chains.

By this, the intensity along a Bragg rod as a function ofq, is given by

1 (%) = iFipial® it (G)i* A+ b: (2.68)

Here, A is a scaling amplitude which accounts for the fact, that neither the calculations nor the
measurements are performed using absolute intensities. The fetor b is a constant background
and t; (g;) describes the transmission function which de nes the Vineyard peak, see equation
2.47.

The tilt direction in reciprocal space and the tilt angle can be computed if the g, and g
values of the maxima are known. By using the relationg, = g;cos tan a set of equations is
obtained for an oblique lattice [118, 123, 124]

07 = gicos ,tan ; (2.69)
¢ = fcos ,tan ; (2.70)
€= ¢°cos gtan ; (2.71)

with the boundary condition ¢ = 2 + 2.

For the angle |, one obtains ( see [105])

b
(oo
, = arctan oS b bq; (2.72)
no %Y
By the combination of equation 2.69 and 2.70 the angle _, can be computed to
!
g cos
p=arccos ———— (2.73)
h cbag®
Using the relation , = + , all angles between the reciprocal lattice vectors are known
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along with the tilt direction. Finally the tilt angle  can be calculated via
I
o

i .
g cos |

= arctan ;1 = a;b;ab: (2.74)

The angles of the reciprocal lattice are linked to the angle of thetilt directions by

b= a =2 (2.75)
a= pt = , =2+ (2.76)
ab= bt d= a D (2.77)

with = D-

2.6.7. X-ray absorption spectroscopy

In the following section the X-ray absorption spectroscopy (XAS) method will be outlined. So
far, X-ray techniques were discussed with the constrain for preservation of the value of the
X-ray energy (elastic scattering). The scattered intensityin these experiments was monitored
as function of the wave vector transfer. However, in XAS experimets the absorption coef cient

(E) is the guantity to be measured as a function of the X-ray energy. Tle technique is described
brie y and the interested reader is directed to the book of Koningsberger.[3]

The intensity of X-rays is attenuated when passing matter. Thisprocess is represented by the
law of Lambert-Beer [2]

| =19 e (B): (2.78)

The intensity of the incoming X-ray beam with an energy E is denoted with |, the energy de-
pended absorption coef cient is given by (E), the sample thickness byd and the transmitted
intensity by | . The absorption coef cient of a speci ¢ element shows a strong modulation if the
X-ray energy is in the range of the binding energy of core-electrons.The reason is a successful
removal of a core electron from the inner shell resulting in a sudden increase in the absorption,
the so called absorption edge. This energy dependent modulation othe absorption coef cient,
called the X-ray absorption ne structure (XAFS), yields information on the physical and chem-
ical properties of the absorbing atom. Informations like the coordination number, oxidation
state, the distance and type of next neighbor atoms can be obtained on orstalline as well as on
amorphous or distorted structures. This technique is sensitiveto the local environment of the
absorbing atom.[125]

If strongly bound core electrons from K and L shells are investigatel which require X-ray
energies betweenl keV and 10 keV this technique is highly sensitive to bulk material as a strong
penetration depth exists in this energy range. Furthermore amre these absorption edges well
separated and the signal of interest can be extracted because noverlap from other edges occur.

If the X-ray energy E of the incoming photons is larger than the binding energy E, of the
core electron the photons excite a core electron to an unoccupied stge. This process, called
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photoabsorption, is accompanied by other mechanisms such as elast&cattering (e.g. Thompson
scattering) and inelastic scattering (e.g. Compton scatterng). Nevertheless, these processes can
be neglected for the used energies in the presented experimerst. The scattering contributions
have only weak energy dependence and can be regarded as a constaackground. So far
photoabsorption alone has to be accounted.

If the X-ray energy is far away from an absorption edge, the absorptioncoef cient can be
described by the Victoreen polynomial

z c b

B)= % =5 s (2.79)

where Z is the atomic number of the element, the particle density, A the atomic mass, C

and D element speci ¢ factors.[126] If the energy of the photons is smaller than the binding

energy of the core electrons, no excitation can occur. As the energ of the X-rays is equal to the
binding energy E, the absorption suddenly increases as the electrons are now able togach an
unoccupied state. Above this absorption edge the difference of the poton energy E and the

binding Energy E,, is carried away as kinetic energyE,;, by the photoelectron. The absorber
atom is afterwards in an excited state composed of an atom having a ore hole. Because the
electron hole left behind belongs to a strongly bound state, the atom rdaxes during a short
period of time. This can proceed by the emission of a photon which is caled uorescence or

by the radiation free emission of a weakly bound electron called AugerEffect. This last process
is dominant at photon energies of the incoming beam lower than 1 keV and can therefore be
neglected for the experiments which will be presented.[2]

For samples which allow the transmission of the X-ray's the experinents can be performed
by monitoring the incident X-ray intensity |o and the transmitted intensity |. The absorption
coef cient is received by calculating the logarithm of the ratio of the intensities and by dividing
it by the sample thicknessd

(E)=In
lo

Many experiments and also the experiments presented hereirdo not allow this geometry. In

Figure 2.17.. Sketch of a destructive and constructive interference of a fhotoelectron wave after
backscattering from the neighboring atoms. The sketch was dapted from [127].
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order to achieve surface sensitivity the samples were illumnhated in the total external re ection
mode. The X-rays hit the sample under a grazing angle which is smber than the angle of total
external re ection. Thus, the penetration depth is lowered to a pproximately 50 A. This sample
geometry allows one to monitor two different signals which give in formation on the absorption
coef cient. The rst one is the totally re ected beam. If the ener gy is increased to the energy
of the absorption edge, the intensity of the re ected beam decreases due to absorption. The
second signal, which can be used is the uorescence emission. Thadvantage of this signal is
that no smooth surface is needed. The absorption coef cient is detemined by the ratio of the
uorescence and the incident intensity

(E) / 'I—f: (2.81)

As mentioned in the beginning of this section the modulation in the absorption edge depends
strongly on the local environment of the absorbing atom. This can be undestood by quantum
mechanical interference effects. If an atom is excited a photoéectron with the impulse p is
emitted, which can be described by a spherical wave with the wavdength ( = h=p), where h
is the Planck constant, see gure 2.17. This spherical wave isscattered back to the emitting
atom along different scattering paths by the surrounding atoms. During this process, the pho-
toelectron suffers a phase shift. The backscattered wave intedres with the spherical wave of
the photoelectron as a function of the photoelectron wavelength and the surrounding geometry.
By this, the probability for photoabsorption is modi ed and, thus, the a bsorption coef cient is
modulated.

The absorption edge can be divided into two parts, the so called X-ay absorption near edge
structure (XANES) and the extended X-ray absorption ne structure (EXAFS). Figure 2.18 de-
picts the absorption K-edge of goethite. The XANES and EXAFS regiorreasketched for clarity.
The boundary between these regions is usually chosen to be approximtaly 40 eV above the
absorption edge. The segmentation is reasonable because the regiortiffer in the analysis pro-
cedure and in the information which can be gained. In the XANES ragion the photoelectron is
subject to strong interaction with the surrounding which result s in multiple scattering. Due to
this, an analytical calculation is dif cult because not all effe cts which modulate the structure of
the absorption edge can be described successfully.[125] Often, ANES spectra are simulated by
ab-initio calculations, which rely on multiple scattering appr oaches e.g. FEFF, and are compared
to the measured data.[125] Other approaches for data analysis tse experimentally obtained ref-
erence spectra or combination of references which are tted to the spectra. By this, information
on the radial distribution of the neighboring atoms, interatomic dis tances or the electronic struc-
ture like the oxidation state can be deduced.

For some elements, a so called pre-peak can be observed at energieshigh are below the
energy of the absorption edge. Such pre-peaks originate by a transitin of a core-electron into
a weakly bounded state. The pre-peak gives information on the oxidatbn state and the coordi-
nation to the next neighborhood. In the energy range of the absorption edge such transitions to
unoccupied states are also possible. If the density of these stas is bigger than the density of
the unbound states the height of the absorption edge can be enhancedurther.
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Figure 2.18.: Experimentally obtained absorption spectrum (E) of iron K-edge in goethite. The onset of
the absorption edge can clearly be seen a?:112 keV. The spectrum is divided into two parts the XANES
and the EXAFS region.

A change in the charge distribution around the absorbing atom has an mpact on the position
of the absorption edge. If, for example, the oxidation state of the certral atom changes the
position of the absorption edge shifts. The lack of a valence electrondecreases the screening
of the core potential thus increasing the binding strength of the core-electron and with this the
absorption edge shifts to higher energies.[125]

In the EXAFS region, photoelectrons with a higher kinetic energy ae generated which are not
subject to strong interactions with the surrounding atomic potentials. A theoretical treatment
is possible as only single scattering events have to be consideredAs a result, only information
on the geometrical properties around the absorbing atoms can be obtained The oscillatory part

(E) of the absorption coef cient (E) is extracted by subtracting the absorption coef cient
o(E) of an isolated atom and is normalized by this

(E)  of).

5 (2.82)

(E) =
Here, an isolated atom is to be understood as an atom in the same elecbnic environment which
is not in uenced by the back scattered photoelectron wave. Based on he dif culty to calculate
o(E) , this absorption coef cient is mostly approximated by a spline or polynomial . This
approximated absorption coef cient (E) is subtracted and the data is normalized by a value
of the absorption coef cient (E) at a constant energyE;.[125] FurtheH‘nore, the energy range
is normally converted to the wave number k of the photoelectron: k= w
A semi-phenomenological expression for the EXAFS oscillation at th&-edge is given by [127—
129]
Mo

X 2
(k) = > )2 Nisg

t (2 0
I(R.Z)e 2k? i2e 2Ri= (k) Sln(Zkri + |(k)) (283)

The summation is performed over all neighboring atoms in the same coodination shell with the
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Figure 2.19.: The Fourier transformed (R) of the EXAFS oscillations. The (k) is shown in the inset.
The data was extracted from the spectrum of goethite shown in gure 2.18.

mean distanceR; to the absorbing atom. The backscattering amplitude is denoted byt; (2k) and
the lifetime of a photoelectron by e 2Ri= (k) with the energy dependent mean free path (k). The
coef cient accounts for structural and thermal disorder and N; describes the number of the
same atoms in the coordination shell. The factors3 accounts for the reduction in the oscillations
due to many-body effects. For a calculation of (k), the backscattering amplitude t;(2k), the
mean free path (k), and the phase shift ;(k), which is experienced by the photoelectron wave
due to the potential of the absorbing atom and the backscattering at the neighboring atoms,
must be known. Because (k) depend on (k) and Ri2 only the local environment up to a
distance of approximately 10 A can be investigated.[125]

As a result every coordination shell generates a frequency in te EXAFS signal which depends
on its distance. In order to get information about the distances of the coordination shells, the
k-weighted EXAFS signal is Fourier transformed:

1 Z Kmax ]
(R)= FT( (k) = p? ) K" (k)& R dk: (2.84)
The applied power of the k value depends on the atomic humber and varies between one and
three. The (R) of the goethite sample is shown in gure 2.19. The result is a radial distribution
of atoms from which the distances of the coordination shells can be extacted after performing
a phase correction.

The EXAFS signal gives information on the distances of the coordinion shells, the disorder
around the absorbing atom, and coordination number N;.




3. Experimental setup

In the framework of this thesis, experiments were performed at different synchrotron radiation

facilities and experimental end-stations. In this chapter, these end-stations will be specied. A
description of the sample system and data handling will be given. The chapter starts with the
characterization of the sample system and will carry on with the requirements needed for the
investigation of liquid interfaces in general. The different end-stations will be sketched brie y
in the following. This chapter ends with a description of the general data handling.

3.1. Sample system

The sample system, which is utilized, consists of a pure water or a aqueous solution containing
either iron chloride salts or nanoparticles with different conce ntrations. On top of the aqueous
surface different Langmuir layers were placed in order to in u ence interfacial properties. A
sketch of the sample system is shown in gure 3.1. As described in chpter 2.4 the formation of
insoluble precipitates is induced by a change in the pH value of tke solution. As a part of this
study aims for the investigation of the growth of inorganic thin Im s at the liquid air interface,

the interfacial pH value was controlled in the regarding experiments using gaseous ammonia.

For this purpose, vials containing ammonia solution were placed irside the sample trough in
order to generate an ammonia containing atmosphere. The ammonia dffuses rst into the air
volume in the sample cell and then, into the interfacial region of the sample.

fesiey

Figure 3.1.. Sketch of the investigated sample system. On top of the iron alt containing subphase
(yellow) the Langmuir monolayer is spread. Small particles start to nucleate as ammonia diffuses from
the gas phase into the interfacial region.
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Figure 3.2.: Sketch of a typically used sample cell. The sample cell contims a Langmuir trough and
a Wilhelmy balance. The surface pressure is adjusted by comblling the surface area via a computer
controlled surface barrier. Vials with an ammonia solution were distributed around the trough.

3.2. General setup

For the experiments, a Langmuir trough made of te on (PTFE) equipped with a Wilhelmy bal-
ance and a computer controlled surface barrier was used. A sketch o typically used sample
cell is shown in gure 3.2. The surface pressure of the sample sytem can be altered by adjust-
ing the geometrical area of the trough. For this, the surface barrier is moved to decrease the
accessible area for the amphiphiles. The single amphiphiles wre pushed closer together, thus,
increasing the surface pressure. In the trough itself the ag®eous subphase is lled. This assembly
is enclosed by a sample cell providing a controllable air phase abovehe sample. The sample
cell possesses windows made of kapton which can be passed by the X-raysttva low amount
of absorption. Air scattering was reduced by ushing the cell with helium. This setup also al-
lowed to generate an ammonia containing atmosphere above the samm@ surface in a controlled
way. The extrusion of air was monitored by an oxygen sensor and the ammoim content was
measured by diffusion tubes (ISO 9001, Drager). Because the cona#rations of ammonia were
only in the ppm regime no suitable electronic device which is sersitive to the concentrations and
small enough to be mounted on the inside of the cell, could be found.

As already mentioned in chapter 2.6, the experiments had to be grformed under a grazing
angle for the incoming X-rays in order to achieve surface sensitiity.[130, 131] For uid sam-
ples, the beam has to be bent down on the sample surface, which makeshe use of additional
optical elements necessary. A sketch of a typical beamline setupsishown in gure 3.3. The
beamlines used for the experiments were equipped with de ection stages for beam tilting or
have specialized monochromators capable of changing the incidentangle. For XAS and GID
measurements, a constant incident angle is utilized, wherea for XRR measurements the angle
has to be changed continuously in order to ful Il the condition for sp ecular re ection.

For detecting the X-rays, point detectors, one dimensionally sengive detectors (PSD) and
uorescence detectors were employed in the different experiments. The point detectors were
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Figure 3.3.: Sketch of a typical experimental setup used for the experimats, showing the most important
components.

used for re ectivity measurements where the resolution is de n ed by a slit system in front of

the detector and the size of the X-ray beam. The GID measurementsobk advantage of a PSD
detector in combination with a soller slit. Depending on the orientat ion of the soller slit, the

resolution along a distinct direction is enhanced. The loss of intensity for a soller slit is much

smaller than for a single slit. This makes it favorable for GID expeaiments in order to detect also

scattering contributions with weak intensity. Energy dispersive detectors were used in the XAS
experiments to measure the uorescence signal emitted by the ample.

3.3. Beamline BW1, DORIS Il

XRR and GID measurements were performed at the beamline BW1 of th synchrotron light
source DORIS Ill, HASYLAB, Hamburg. In the experimental hutcha liquid surface diffractome-
ter with a custom made Langmuir trough is available. The white beam emitted by a wiggler
is monochromized by a beryllium crystal which is also responsible for agusting the incident
angle.[132] The beamline utilizes an X-ray energy of 9:51 keV or a wavelength of = 1:297A,
respectively. The size of the incident X-ray beam was adjusted by slit system to a size of 0:2 x
2) mm? (v h). For the GID experiments the incident angle of the X-ray beam wa adjusted to
0:1 which is 85 % of the critical angle of water. A typical XRR experiment was performed up
to a wave vector transfer of ¢, = 0:8 A l. GID measurements were performed in the angular
regime of 2 = 15 to 2 = 20 in order to detect the scattering re ection from Langmuir layers .
This range was extended when scattering signals from crystalhe minerals were sought.
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3.4. Beamline A1, DORIS Il

At the beamline Al of the synchrotron radiation source DORIS lll, HASY.AB, Hamburg, XAFS
experiments were performed. The beamline uses X-rays emitted by @&ending magnet with
accessible X-ray energies from2:4 keV up to 8:3 keV by using a silicon (111) double crystal
monochromator.[133] Furthermore, the beamline is equipped with a toroidal mirror to focus the
incident beam. In fact, the beamline is not designed for probing liquid samples and an additional
mirror for manipulating the X-ray beam had to be mounted. The incident angle was adjusted
to 0:1 by a silicon mirror of 20 cm length using total external re ection for de ection of the
primary beam. A KSV mini trough along with a sample cell was instdled into the experimental
end-station. In these experiments, an energy dispersive X-raydetector was used in order to
observe the uorescence signal emitted by the sample. The size oftie incident X-ray beam was
de ned by a slit system to a size of (0:8 x 3) mm? (v h). The energy range from 7:05 keV
to 7:21 keV was scanned for XANES spectra. For EXAFS measurements, theeegy range was
extended from 6:9 keV up to 7:6 keV. For each sample several scans were recorded which were
summed up afterwards.

3.5. Beamline ID10B, ESRF

Experiments were further performed at the beamline ID10B of the European synchrotron radi-

ation facility (ESRF), Grenoble, France. The end-station is degjned for surface diffraction on

liquid and solid interfaces.[134] The beamline is capable of performing GID, XRR and grazing
incidence small angle X-ray scattering (GiSAXS) experimerd. The energy of the incoming X-rays
can be changed between8 keV to 22 keV using diamond crystal monochromators. The beam-
line is equipped with a de ection mirror made of a germanium cryst al for tilting the X-ray beam.

The XRR and GID experiments were performed using an energy o022 keV with a beam size of
(0:025 x @6) mm? (v h). For the GID experiments, an incident angle of0:045 was used. The
custom made Langmuir trough of the beamline ID10B was used during he experiments. The
X-ray re ectivity measurements were performed up to a wave vedor transfer of g,= 0:8 A ! and

the GID experiments were performed in the angular regime from2 =7 to2 = 9.

3.6. Beamline BL9, DELTA

The beamline BL9 is located at the synchrotron radiation source DELTADortmund, using syn-
chrotron radiation emitted from a superconducting asymmetric wig gler.[135] At the experimen-

tal end-station, GID experiments on the solution-air interface were performed. The beamline is
equipped with a silicon (311) double crystal monochromator providing an energy range from 5
keV up to 30 keV. For measurements at liquid interfaces, an addiional silicon mirror is mounted

into the beam path utilizing total external re ection for the beam de ection. The experiments
were carried out using a two-dimensional MAR345 detector with a sample to detector distance
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of 350 mm[136] An X-ray energy of 13 keV was used for the GID experiments. he incident an-
gle of the X-ray beam was xed to 0:076 and a beam size of 0:2x2) mm? (v h) was chosen.
A sample cell containing a KSV mini trough was installed to the experimental end-station. An
angular regime from 2 = 2 to 2 = 30 was accessible by these experimental conditions.

3.7. Beamline BL8, DELTA

At the beamline BL8 of the synchrotron radiation source DELTA, Dortmund XAS experiments
were performed. The beamline uses the synchrotron radiation emitied by the same supercon-
ducting wiggler as beamline BL9. The beamline is equipped with different monochromator
crystals allowing an accessible energy range fronil keV up to 30 keV. Because the iron K-edge
onset lies at an energy of 7.112 keV, the Si(111) double crystal monoclomator was used. The
beam was bent down by a mirror. The X-ray beam was adjusted to hit the saple under an
angle of 0:1 . The size of the incident X-ray beam was de ned by slits to a size of (. x 3) mm?

(v h). The energy range from 7:05 keV to 7:21 keV was scanned for XANES spectra. EXAFS
measurements were performed in the energy range 0%6:9 keV to 7:6 keV.

3.8. Laboratory diffractometer D8

Two different laboratory diffractometers D8 Advanced built by Bruker AXS were employed dur-

ing the experiments. The diffractometers are differing in optical components and available

detectors. Both diffractometers use the radiation emitted by a coper anode resulting in an X-

ray wavelength of = 1:54 A. Whereas one diffractometer is optimized for XRR measurements
the other one is optimal for diffraction experiments.

The XRR setup utilizes a Gdbel mirror for beam monochromatization and mrallelization.
The beam is further de ned by a slit system to a spot size of 0:1 x 10) mm? (v h). The
diffractometer is equipped with a single point detector with an vertical opening of 0.2 mm.

The second diffractometer utilizes a so called “Montel Optic* focusing the X-rays horizontally
and vertically to a single spot. The beam size is de ned by a slit ystem to an area of (1 x
1) mm? (v h) and the scattered intensity is monitored by a PSD detector.

3.9. Sample system and preparation

Liquid solutions were prepared by using ultra pure water ( =182 =m, specic resistivity)
right before the measurements. The Langmuir trough was cleanedwith chloroform and ultra
pure water in order to remove organic and water soluble deposits. A snall stripe of Iter paper
was used as Wilhelmy plate. For every sample a new stripe was @pared. In the following,
the balance was calibrated and amphiphilic molecules dissolvedin chloroform were spread by
gently dropping the solution with a syringe over the subphase. The ample cell was closed and
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Figure 3.4.: Sketch of an electron density originating from a Langmuir layer on a subphase. Region |
denotes the subphase containing different ions. The headgoup of the Langmuir layer is present in region
I whereas the alkyl group is in region lIl.

the Ims were left for 20 minutes to allow evaporation of chloroform. A fterwards, the Ims were
compressed to the target pressure by using a surface barrier sl of 4 mm=min. After the initial
state was monitored, the sample cell was opened and 4 vials with a3 wt% ammonia solution
were placed inside to trigger the formation process. These vias were equally distributed in the
sample cell around the Langmuir trough and the sample cell was galed again. The ammonia
diffused from the gas phase into the interfacial region thus increasing the pH value. By this, the
precipitation reaction was induced in the interfacial region.

It has to be mentioned that a critical point in these experiments is the determination of the
surface pressure. As solid material forms at the interface, tle surface pressure has to be reviewed
with precaution. Under this condition not only the surface pressure has an in uence on the
balance also the solid material exerting an additional weight due to gravitational forces might
virtually increase the value recorded by the balance.

3.10. Data handling

The analysis of the obtained data is similar throughout the thesis. Therefore, a short description
of the general data handling will be given here.

XRR data For measurements at the laboratory diffractometer and the beamline ID10B the
diffusely scattered background was obtained by tilting the detector by 0:1 from the specular
condition and recording the longitudinal diffusely scattered i ntensity. This scan was afterwards
subtracted from the XRR data. All re ectivity curves which wil | be shown in this thesis are
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water carbon (graphite) iron gold
formula H,O(T=0) C Fe Au
density [g=cm °] 0.998 2.26 7.874 19.32
dispersion 10° 4,55 5.06 16.75 33.36
absorpton 10° 3.72 10 4 557 103 159 2.65

Table 3.1.: Constants of different materials at an X-ray energy of9:5 keV. The dispersion and absorption
values were calculated via [137]

normalized by the Fresnel re ectivity. By this, the strong decay in the intensity is accounted
for and also slight changes in the obtained data are visible. For tle analysis of the XRR data,
the recursive Parratt algorithm along with the effective density model to account for interfacial
roughness was used.[109, 112] For Langmuir layers, it is suf cient to use a model consisting
of two layers. Thereby one layer represents the headgroup and the otkr one the tailgroup. A
sketch of the electron density pro le, originating from a Langmuir monolayer, is shown in gure
3.4. If the data showed the growth of a layer at the interface, additional layers were added. The
absorption and dispersion values of different elements are givenin table 3.1. It can be seen that
for water or carbon the absorption is low. This changes for metals with alarge atomic number
Z. Thus, the absorption is in the same regime as the dispersion anaan no longer neglected. In
a rst step the layer thickness and dispersion of the layers were adusted. This was necessary as
the dispersion is a function of the electron density at the interface and the value is proportional
to the amount of adsorbed material. The formation of a not fully closed layer results in an
effective decrease of the layer dispersion. After these factorsvere adjusted, the roughness and
the absorption parameters of the layer system were optimized.

GID data  The GID patterns were collected by a PSD which was oriented perpedicular to
the scan direction. By this, two dimensional scattering patterns were obtained. The data was
summed up along the vertical scattering direction yielding one dimensional scattering curves as
function of the lateral wave vector transfer g;. The data was corrected for the background by
using an area of the two dimensional map where no re ection was observed. For some cases,
this was not possible. Here, a polynomial was tted to the data and was subtracted afterwards.
All diffraction patterns were normalized by the intensity of the incoming X-rays. For a qual-
itative analysis, Voigt pro les were tted to the Bragg re ecti ons. Voigt pro les are obtained
by a convolution of a Gaussian function and a Lorentzian function. In Xray scattering experi-
ments, peak broadening has different origins. Broadening due toexperimental resolution has
a Gaussian character whereas peak broadening due to crystallia size effects has a Lorentzian
shape.[138] By applying this function, peak broadening due to the experimental resolution and
size effects can be considered. For the Voigt pro le, no analyticalexpression exists which made
the use of numerical approximations necessary.[139] At the beghning of the experiments, the
primary beam was scanned in the direction parallel to the interface and a Gaussian function was
tted to it in order to estimate peak broadening due to resolution. This width was used for the
Voigt pro les in the data analysis throughout one experimental run . By this, only the width of
the Lorentzian part had to be adjusted.

From the lateral position g; the distance of the lattice planesdnx can be calculated via equation
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lattice type hexagonal centered rectangular  oblique
unit cell size Ayy aZsin(%) ab a bsin g4
molecules per unit cell 1 2 1
area per moleculeAgp Axy Axy=2 Axy
' 2
lattice constant a f-d dy il dio
3 dll b2
lattice constant b 2 do do1

Table 3.2.: Formulas used to calculate the unit cell size and molecular aeas of the amphiphiles.

(2.49). If these d-spacings are known the lattice constants and wit cell area can be calculated.
The formulas for the relevant lattice types are summarized in table 3.2.

A two dimensional diffraction pattern of a DPPC monolayer is shown in gure 3.5a. Figure
3.5b shows the summarized pro le along the q; direction as function of the lateral wave vector
transfer g . At the maxima of the lateral diffraction pro le, the Bragg rods w ere extracted, which
are depicted in gure 3.5¢ and 3.5d. The positions of the diffraction maxima were determined
yielding a position of q;; = 1:453A ! and g, = 0:533A ! for the rst re ection and a position of
gj = 1:503A ' and g = 0A * for the second re ection. By using equations (2.57),(2.72) and
(2.74) the tilt angle can be deduced to be 23:16 with respect to the surface normal. Afterwards,
the Bragg rods were simulated using equations (2.67) and (2.67). These were than compared
to the experimental data. Such simulated Bragg rods are also dawn in gure 3.5¢ and 3.5d.

It has to be mentioned that for oblique or rectangular lattices in some cases the position
of maximum intensity of the rst Bragg rod was close to ¢, = 0. In such a case, no reliable
determination of the position was possible due to the shading of the sample and an overlap by
the Vineyard peak, see gure 3.6. In these cases no valid staterant about the tilt angle could be
made.

Because Langmuir layers are sensitive to radiation damage thé.angmuir trough was trans-
lated vertically during the measurement. By this the X-ray exposure of the surface was dis-
tributed over a bigger area and the risk for beam damage was reduced

XAFS data The XAS data was analyzed by the usage of the program package ATHENA40]
With the aid of this program, the background contributions were subtracted and the EXAFS
data was further analyzed by performing a Fourier transformation. A k value of 2 was used as
weight for data evaluation throughout the analysis. The phase shft correction implemented in
ATHENA was not used as it can only account for phase pure materials Analysis of the coordi-
nation shell composition and distribution for non crystalline sample s was performed with the
program package ARTEMIS.[140] First, the % was determined by analyzing a magnetite refer-
ence sample. Afterwards, a model composed of one or two coordination sklls was tted. By
this, the distance and the number of atoms in the coordination shell could be determined.
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Figure 3.5.: Diffraction patterns of a DPPC monolayer compressed to a sdace pressure =40 mN=m
in the presence of ammonia. a) Contour plot of the two dimensional diffraction pattern. b) Diffraction

pattern summarized along the ¢, direction. c) extracted Bragg rod at the ¢ = 1:453A ! c) extracted
Bragg rod at the g; = 1:503A g

Figure 3.6.: Schematic drawing of Bragg rods along theq, direction. The maximum of the rod is at

different g, positions. Because of the shading by the sample only half ofie curve can be seen rendering
problems to determine the position reliably.
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4. In uence of the pH value on monolayer
Ims

In the following chapter the results of a study on the in uence of am monia on different Langmuir
layers is reported. It is known that the structure of Langmuir layers is in uenced by the pH value
of the subphase.[141, 142] Therefore, the structural changes gpearing in an already assembled
monolayer upon the change of the subphase pH value were investigaté systematically. The aim
of this study was to gain knowledge on the structural changes induced by ammonia diffusing
from the gas phase into the interfacial region. Thus, the observaions reported herein serve as
groundwork for the investigation on iron salt solutions presented in chapter 5.

The amphiphiles which were examined can be divided in different classes which differ in the
interaction between the amphiphilic molecules. The lateral structure of polysiloxane layers is
determined by the covalent bond which is formed between the single monomers. Thus, highly
stable membranes can be formed. The other class is composed of amphijdhas whose interaction
is only determined by van der Waals forces and electrostatic inteactions, e.g. stearic acid.

4.1. The network structure of polysiloxane membranes

The lateral structure of membranes formed by polysiloxane networks was investigated for dif-
ferent pH values of the subphase and furthermore as a function of anmonia present in the gas
phase. Deposition of octadecyltrichlorosilane (OTS) monomers at the iquid-air interface in-
duces the formation of the two-dimensional network with pronounced vi scoelastic properties
resulting in an increased stability against deformation. Suchnetworks can undergo elastic con-
tortion exerted by external forces. These membranes are used as mad systems for membranes
[143], as directing templates for nanoparticle aggregation [1 44—-146] and as wall material for
capsules.[147, 148] The structure of such a molecule is simila to amphiphiles like fatty acids
which can be described by a hydrophobic tailgroup and a hydrophilic headgroup. The OTS
molecules polymerize by the condensation of the silane headgroups uder the separation of
hydrochloric acid (HCI). The reaction pathway is shown in gure 4. 1. Since this process can
only proceed in the presence of water, membranes can be formed e.g. tahe water/air or wa-
ter/oil interface. Polysiloxane networks are the subject of different investigations, in which their
properties at different interfaces were explored.[148, 149] Such membranes are semipermeable,
exhibit special rubber-elastic properties and have controllable poe size.[150-152]

The kinetics of the condensation reaction of the silane network is known to depend on the pH
value of the water subphase.[153-157] Furthermore ammonia (NH3) can disturb the network
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Figure 4.1.. a) Hydrolysis reaction of the OTS monomers. b) Condensationreaction of the OTS
monomers.

structure by breaking SiO bonds.[158] In order to investigate if th e homogeneity of the lateral
structure is in uenced by the pH value, X-ray scattering experiments on polysiloxane networks
at the water-air interface were performed at the beamline BW1, DORIS Ill,Hamburg, Germany.
To this end polysiloxane membranes were prepared on subphases witdifferent pH value. In the
case of acidic (pH = 3) and neutral (pH = 7 ) subphases ammonia was added afterwards in or-
der to investigate if a subsequent manipulation could be achieval. For the alkaline water phase
(pH = 12 ) polysiloxane networks were prepared on solutions of sodium hydroxide (NaOH). All
measurements were performed with a constant surface pressuref = 20 mN=m.

The investigations on the pH dependence of the lateral homogeneiy of polysiloxane networks
were performed within the collaboration with the group of Prof. Metin Tolan (TU-Dortmund)
and Prof. Heinz Rehage (TU-Dortmund). Part of the presented resuls were published as: D.
C. Florian Wieland, Patrick Degen, Michael Paulus, Martin A. $hroer, Heinz Rehage and Metin
Tolan (2011). Manipulating thin polymer Ims by changing the pH value Journal of Applied
Physics 110:102221-102224.

Inthe rst part of this chapter the in uence of ammonia on polysiloxa ne networks prepared on
a water subphase with a pH value of7 is presented. The adjacent section deals with the in uence
of acidic subphases (pH = 3) on the lateral polysiloxane network structure. Subsequent the
investigation on alkaline solution is discussed. The chapter en@ with a summary of the results.

4.1.1. Experimental Data

The GID data integrated along the g, direction of an OTS layer on a neutral water subphase
(pH = 7) are shown in gure 4.2 as a function of the wave vector transfer parallel to the water
surface. The data was collected before and after the addition of anmonia.

OTS monomers form a monolayer with a hexagonal unit cell indicated by the presence of one
Bragg re ection at g; = 1:540A l. The intensity of this Bragg re ection increases by a factor
of 9 after ammonia is added to the gas phase. The scans were re nd using a Voigt function.
The obtained parameters are shown in table 4.1. The position of the Bagg re ection and the
width of the Voigt function keep constant within the error-bars indic ating no change of the size
of the unit cell. The domain size of the polycrystalline Im is 91 A and the lattice constant is
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Figure 4.2.: GID scans of an OTS monolayer on a water subphase with a pH vaki of 7; native state
(black), after the addition of ammonia (red). The re nement s to the data are shown as solid lines.
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Figure 4.3.: Left: XRR data of an OTS layer on a water subphase with a pH vale of 7 (circles) and
re nement (lines) normalized by Fresnel-re ectivity R g. For a better visibility the curves are shifted by
a factor of 10 against each other. Right: Electron density pio les obtained by the re nement of the
re ectivity data.
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without NH 3 with NH 3
FWHM [A 1] 0.09 0.02 0.085 0.006
domain size [A] 91 22 9% 6
g [A 1 1.540 0.005 1.535 0.005
lattice constant a[A] | 4.70 0.04 472 0.04
I'norm [a.U.] 1.00 0.12 8.84 0.06

Table 4.1.: Parameters of the Voigt function tted to the GID scans recorded on OTS membranes on
neutral water subphases, full width of half maximum (FWHM), lateral position of the re ection g;,
intensity | norm Of the peak normalized to the maximum of the rst measurement without ammonia.

a=4:71A. From this it can be concluded that the increased intensity is die to enrichment of
scattering material in the illuminated area.

The XRR curves normalized by the Fresnel re ectivity are shown n gure 4.3. The polysilox-
ane monolayer was re ned a model consisting of two layers, whereat the rst layer represents
the headgroup and the second layer the tailgroup of the molecule. The electron density pro les
obtained by the re nement procedure are shown in gure 4.3. The over all electron density of
the Langmuir layer increases in the presence of ammonia but the iiitial structure is preserved.

The behavior of the polysiloxane network was further investigated on acidic solutions with a
pH value of 3 Hydrochloric acid was used to adjust the pH value of the water subplase. After
the polysiloxane membrane was formed and characterized by GID expements ammonia was
added to the gas phase above the sample. The evolution of the system &s then monitored until
stable conditions were reached. The two-dimensional scattering naps of the OTS Im after
deposition and in the presence of ammonia are shown in gure 4.4 together with integrated
scattering curves along the vertical scattering directiong,.

The polysiloxane network deposited on the acidic subphase exhibits @8ragg rod with a curved
shape indicating tilted tailgroups. Since the intensity distribution along the arc shaped rod
exhibits no maximum it can be concluded that different tilt angl es are present in this phase. The
lateral position of the Bragg re ection is shifted to a smaller g-value of g = 1:506A compared
to the position of a neutral water subphase atg; = 1:540A l. This reveals that the membrane
has a larger unit cell constant of (4:81  0:04 )A.

Figures 4.4b-c show the Bragg re ection of the polysiloxane membrane br different times
after the addition of ammonia. Directly after the addition of ammoni a the intensity of the Bragg

t =33 min t =100 min t =157 min t =212 min
domain size [A] 298 20 103 12 88 13 100 23
FWHM [A 1] 0.027 0.002 0.078 0.006 0,092 0.003 0.081 0.008
g [A 1] 1.506 0.005 1.550 0.005 1.555 0.005 1.545 0.005
a[A] 481 0.04 4.67 0.04 466 0.04 469 0.04
Ao [A? molecule 1 200 0.1 189 0.1 188 0.1 19.0 0.1

Table 4.2.: Structural parameters of a polysiloxane membrane determired by evaluation of the GID data.
Area per molecular (Ao), full width at half maximum (FWHM), parallel wave vector tr ansfer g, lattice
constant a.
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Figure 4.4.: GID data of polysiloxane networks on acidic subphases. Left Two-dimensional diffraction
pattern. Right: Integrated scattering intensity along the g, direction. a) Without ammonia. b) Ammonia
added. ¢) 57 minutes after addition of ammonia. ¢) 112 minute s after addition of ammonia.
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Figure 4.5.: GID scan of an OTS membrane on an alkaline subphase (pH = 12). eft: Two dimensional
diffraction pattern. Right: Scattering curve integrated along the q, direction.

re ection drops signi cantly accompanied by a shift of the position to g; = 1:550 A 1. In the
following 180 minutes the intensity of the Bragg re ection recove rs again. The evaluated pa-
rameters are summarized in table 4.2. Within the error-bars the position of the Bragg re ection

as ammonia is present is the same as for the neutral subphase. Ftirermore the crystalline
domain size coincides with the value observed for a pure water subplase.

The reason for these observations might be a hindered hydrolysis rea@n of the single
monomers due to the low pH value of the solution, see Figure 4.1. The retwork formation
proceeds via two steps being rst a hydrolysis reaction of the silanegroup and a subsequent
condensation of single monomers. The hydrolysis reaction is a nucleophic substitution of the
type S,2 which is slowed down under acidic conditions.[81, 158] As a consequence the single
monomers are not able to condensate and the monolayer might consist of sigle OTS monomers
which are not joined by covalent bonds. Bond length calculations of the Si-O-Si bond vyield
a distance of 4:3 A.[154] By assuming an interaction of the hydrocarbon chains via van der
Waals forces the distance between the chains would bet:8 A.[154] These calculations of the
bond length show that the hydrocarbon chains had to be compressed durig the condensation
reaction which requires an elastic energy of40 meV. This amount is smaller than 8 eV which
will be gained by formation of the covalent bond between the single monomers.[154] Insofar,
it can be concluded that on the acidic subphase the OTS is not polymered in the beginning.
The distance of the hydrocarbon tails is governed by the van der Waalsnteraction which results
in a larger unit cell size. When ammonia is added to the system thke condensation reaction is
enabled and the polysiloxane network forms. This is indicated by the collapse of the intensity
of the Bragg re ection due to a reorganization of the monolayer and by th e shift of the Bragg
re ection. With ongoing time the intensity of the re ection recove rs but does not reach the
initial state. The size of the crystalline domains drops by a factorof 2 after ammonia is added.
Thereafter the domain size keeps constant.

Langmuir layers of OTS were also studied on an alkaline subphase. Herefore a sodium
hydroxide subphase was used with a pH value of 12. The GID scan is giwn in gure 4.5. By
comparing the position of the Bragg re ection with the position found for a water subphase no
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domain size [A] 126 20
FWHM [A 1] 0.064 0.02
g [A 1 1.548 0.005
lattice constant a [A] 4.68 0.04
area per moleculeAg[A? molecule 1] 19.0 0.1

Table 4.3.: Properties of the polysiloxane membranes on alkaline subplases determined by evaluation of
the GID scans. Area per amphiphilic molecule @), full width at half maximum (FWHM), parallel wave

vector transfer g, lattice constant a.

Figure 4.6.: Sketch of the restructuring in the polysiloxane membrane onthe addition of ammonia. The
membrane was formed on acidic subphases.

change can be observed. The structural parameters of the Im obtaired are summarized in table
4.3. Due to the high pH value the condensation reaction is terminaed after the deposition of
the monomers at the interface.

4.1.2. Discussion and conclusion

The initial state of the polysiloxane networks is in uenced by the subphase's pH value. Under
acidic conditions a layer composed of single OTS monomers is formed whih exhibit a tilt of the
hydrocarbon chain, see gure 4.6 top. The distance between the sindge monomers is controlled
by van der Waals forces between the hydrocarbon groups resulting in arincreased unit cell size.
After ammonia is added the pH value in the interfacial region of the subphase increases which
enables the formation of a two-dimensional network by covalent bonding of the monomers thus
reducing the distance between the hydrocarbon tails and decreasig the tilt of the hydrocarbon
chain a shown in gure 4.6 bottom.[153, 157] The polysiloxane network structure is the same
as on a neutral subphase in the end. The size of the crystalline domims observed also coincides
with the patch sizes on neutral subphases. Thus, the homogeneityf the network after poly-
merization is the same. The results are reasonable as the hydrolysireaction is slowed down
under acidic conditions and the single monomers are not able to polymeize. [81, 158] Thus,
the membrane formation process is controlled by the hydrolysis equilibium. As the pH value
increases the silane group is hydrolyzed and the condensation reda®n can take place. The
kinetics of the membrane formation process are thus controlled by the tydrolysis reaction.

On neutral subphases the polymerization is not hindered. The OTS molecules spontaneously
polymerize forming polysiloxane patches with voids between them.[159] After ammonia is
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Figure 4.7.: Sketch of the lateral restructuring in the polysiloxane membrane on the addition of ammonia.
The membranes was formed on neutral subphases.

added the XRR data show an increase of the electron density withotian alteration of the Im
structure. The crystalline structure of the polysiloxane patches is not in uenced by the am-
monia as the GID measurements show a constant crystalline domainize and a constant unit
cell size. However the scattering amplitude increases indiating an increase of scattering mate-
rial in the illuminated area. Surface pressure measuremens performed in the context of these
experiments by P. Degen, Physikalische Chemie Il, TU Dortmund, shova decrease of the sur-
face pressure in the presence of ammonia.[160] This can be explamed by a reorientation of
macroscopic polysiloxane patches induced by ammonia. Furthermoresurface potential mea-
surements in the presence of ammonia indicate a distortion of the Im structure which recovers
with time.[160] The observations can be explained by the break up of siloxane bonds in the
network by ammonia.[158] The exibility of the Im is increased an d a rearrangement of the
Im can take place. This rearrangement of the OTS patches is skethed in gure 4.7.

4.2. In uence of ammonia on Langmuir layers

In the following chapter the in uence of ammonia on lipids forming a Langmuir layer is inves-
tigated. The samples were prepared as described in chapter 3. Amphiphiles were spread onto
subphases consisting of ultra pure water (speci c resistivity =18.2 m) and the formed layers
were compressed to a surface pressure of = 20 mN=m. After characterizing the initial state

vials containing an ammonia solution were placed in the sample cdl. XRR and GID measure-
ments were conducted at the beamline BW1, DORIS IIl, Hamburg, Ganany and at the beamline
ID10B, ESRF, Grenoble, France.

4.2.1. Stearic acid

The XRR data recorded from Langmuir layers consisting of stearic eid are shown in gure
4.8 and are normalized by the Fresnel re ectivity. The data show oscillations indicating the
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as deposited ammonia added
FWHM [A 4 0.013 0.001 0.020 0.006
g [A 1 1.526 0.005 1.522 0.005
Inorm [a.U.] 68 4 16 1
lattice constant a [A] 475 0.3 47 0.3
unit cell size Ayy [A?] 195 0.3 19.6 0.7
area per moleculeAq [A?] 195 0.3 19.6 0.7

Table 4.4.: Properties of the stearic acid Ims on water subphases estinated by evaluation of the GID
scans, full width of half maximum (FWHM), lateral position o f the re ection g;, intensity | nom Of the
Bragg re ection.

presence of a thin Im at the interface. The subsequent addition of ammonia has no effect on
the re ectivity. The electron density pro les obtained by re nem ent are shown in gure 4.8.
This data show no signi cant change in the vertical density pro le.

The GID data obtained from this sample are shown in gure 4.9. In the native state a Bragg
re ection at ¢ = 1:526 A ! can be observed. The stearic acid molecules organize in a hexagonal
lattice with the hydrophobic carbon tails oriented perpendicular t o the sample surface indicated
by the existence of one single re ection. After the vials containing the ammonia had been placed
inside the sample chamber the diffraction signal lost intensity by a factor of 4.25. The lateral
position of the diffraction peak was stable at g; = 1:526 A l. The increase of the width of the
re ections indicates a decrease in crystalline domain size. Itcan be concluded that ammonia
reduces the lateral order but has no effect on the crystal latticeof the Langmuir Im. The tted
parameters are summarized in table 4.4 and are in agreement wih values from literature.[161]

In order to keep the surface pressure stable the area covered by théangmuir Im had to
be reduced by reducing the geometrical size of the trough by the surfce barrier as ammonia
was added. This indicates a loss of amphiphilic material from the interface which can be ex-
plained by the formation of ammonia stearate, which is soluble in water.[162] By this formation
amphiphilic molecules are removed from the interface which results in a decline of surface pres-
sure. This might also provoke disorder in the lateral structure reducing the size of the crystalline
patches.

4.2.2. Stearyl alcohol

Fresnel normalized XRR data of stearyl alcohol layers are shown in gire 4.10. In the beginning
the re ected signal shows an oscillation with a small amplitude which is damped when ammonia
is added. The electron density pro les obtained from the experimental data are also shown in
gure 4.10. The headgroup of the Im has an electron density whic h is slightly higher than the
electron density of water. After the addition of ammonia the overal | electron density of the Im
is reduced.

The GID scans of the stearyl alcohol layer are shown in gure 4.11. Inthe beginning a single
re ection originating from the Langmuir layer can be observed. Voigt pro les were tted to the
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Figure 4.8.: Left: XRR data of stearic acid on a water subphase. Right: Elgtron density pro les of stearic
acid on a water subphase.
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Figure 4.9.: GID measurements of stearic acid on a) water subphase and b)i the presence of ammonia.
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Figure 4.10.: Left: XRR data of stearyl alcohol on a water subphase. RightElectron density pro les of
stearyl alcohol on a water subphase.

Bragg re ections and a satisfactory result was achieved by usilg two Voigt pro les simultane-
ously. This indicates a distortion of the alkyl chain packing with a slight tilt of the alkyl chains.
Although the re ections are not clearly distinguishable making a clear structure determination
impossible, the unit cell of the Langmuir layer is supposed to be cettered rectangular. The peak
with the smallest g; value is attributed to be the (1,1) and(1, 1) re ections whereas the peak
at high g; is the (0,2) re ection. After ammonia was added the intensity of the Bragg re ec-
tions decreased. The parameters of the Langmuir layer with and without ammonia show that
the (1,1) and (1, 1) re ections gain in intensity upon addition of ammonia (see table 4 .5). This
process is accompanied by a change in the size of the crystalline doains. The most plausible
reason for the observations is change in the tilt of the hydrocarbon tailgroup. However from the
experimental data no exact conclusion can be drawn. The overlapjng of the Bragg rods and the
proximity to the horizon make a reliable evaluation of the @, position impossible.! Shih et al. re-
port on a size of 19:9 AZ for the headgroup area of Langmuir monolayers of heneicosanol which
has a slightly longer hydrocarbon chain but the same hydrophilic headyroup structure.[163]

As ammonia is added the scattering intensity decreases wheras the width of the re ections
increase. This indicates a decrease in the size of the crystalie domains due to ammonia.

4.2.3. Stearyl amide

The Fresnel normalized re ectivity data obtained on stearyl amide are shown in gure 4.12 as
well as the electron density pro les. The electron density pro | es resemble each other showing
the same vertical Im structure.

In contrast the GID scans show an alteration when ammonia is addedsee gure 4.13. In the
initial state the stearyl amide Langmuir layer shows two Bragg re ections. This already implies
that the layer is organized in a centered rectangular unit cell. Further, the appearance of a
re ection at q ; 6 O indicates a tilt of the Langmuir layer hydrocarbon chains.

1See chapter 3.10, a determination of theq, position of the maximum in a Bragg rod would have a high error. A
reliable conclusion is thus not possible.
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Figure 4.11.: GID measurements of stearyl alcohol a) on a water subphase a b) in the presence of
ammonia. The left row shows the two-dimensional scattering pattern and the right shows the summarized
scattering pattern along the vertical scattering direction.

(1,1) and (1, 1) re ections

as deposited

ammonia added

FWHM [A 1 0.088 0.006 0.10 0.01
g [A 1] 1.528 0.005 1.512 0.005
I'norm [a.u.] 102 0.3 3.75 0.1
(0,2) re ection

FWHM [A 1] 0.015 0.005 0.037 0.004
g [A 1 1.530 0.005 1.530 0.005
I'norm [a.u.] 182 0.3 4.99 0.07
lattice constant a [A] 47 0.1 48 0.2
lattice constant b [A] 82 04 82 05
unit cell size Ayy[A?] 394 05 39.4 0.7
area per moleculeA [A?] 19.7 0.5 19.7 0.7

Table 4.5.: Properties of the stearyl alcohol Im on water subphases estmated by evaluation of the GID
scans, full width of half maximum (FWHM), lateral position o f the re ection ¢, intensity Iqom of the

Bragg re ection.
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Figure 4.12.: Left: XRR data of stearyl amide on a water subphase. Right: Ectron density pro les of
stearyl amide on a water subphase.

(1,1) and (1, 1) re ections as deposited ammonia added

FWHM [A 7] 0.064 0.005 0.062 0.004
g [A 1 1.415 0.005 1.398 0.005
@ [A Y 0.165 0.003 0.0716 0.010
lnorm [a.U.] 21.2 0.3 223 0.07
(0,2) re ection

FWHM [A 4 0.177 0.006 0.173 0.01
o7 A4 1538 0.005 1.541 0.005
| norm [a.U.] 237 0.3 275 0.1
lattice constant a [A] 52 0.3 53 0.3
lattice constant b[A] 81 04 8.1 0.3
unit cell size Ayy 43.2 0.6 43.8 0.5
area per moleculeAg [A?] 21.6 0.4 21.9 0.8
titangle [ ] 7 04 35 03

Table 4.6.: Properties of the stearyl amide Im on water subphases estimated by evaluation of the GID
scans, full width of half maximum (FWHM), lateral position o f the re ection ¢, intensity Iqom of the
Bragg re ection.

The re ection at g; =1:415A is the degenerated (1,1) and (1,1) re ection and the peak at
G =1:538A is indexed as the (0,2) re ection. The unit cell has dimensions of a = 5:2 A and
b = 81A. A tilt of the hydrocarbon tails of = 7 was calculated in the direction of the
nearest neighbor (NN-tilt), see gure 2.16. After ammonia is add ed the unit cell of the stearyl
amide layer changes. The (1,1) and (11) re ection, which in the beginning have a ¢, value
of 0:165A . shifts to a ¢, value of 0:0716A 1. In addition the position of the Bragg re ection
changes tog;= 1:398 A 1. The analysis shows that the tilt of the tail groups is reduced to =
3:5 . The calculated parameters are summarized in table 4.6.
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Figure 4.13.: GID measurements of stearyl amide a) on a water subphase and )bin the presence of
ammonia. The left row shows the two-dimensional scattering pattern and the right shows the summarized
scattering pattern along the vertical scattering direction.
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Figure 4.14.: Left: XRR data of DPPA on a water subphase. Right: Electron desity pro les of DPPA on a
water subphase.

4.2.4. DPPA

The Fresnel normalized XRR data obtained on Langmuir layers of the pospholipid DPPA are
shown in gure 4.14. The data show strong oscillations originating from the Langmuir layer.
After ammonia is added the rst minimum shifts to a slightly sm aller g, value. The electron
density pro les reveal a slightly smaller headgroup with an in creased electron density, see gure
4.14.

The GID scans show strong variations upon ammonia addition, see gue 4.15. In the be-
ginning a single Bragg re ection can be observed indicating a hexagonal crystal lattice. After
ammonia is added a second re ection appears. This indicates a tansformation of the hexagonal
lattice to a centered rectangular lattice accompanied with atilting of the tailgroup. When ammo-
nia is added the available molecular area of the DPPA amphiphiless enlarged. The observation
is attributed to the changed pH value which has direct in uenc e on the electrostatic repulsion
of the headgroups of the DPPA molecules. As the pH value increasesé repulsion between the
single headgroups gets stronger thus enlarging the distance bveen them and increasing the
effectively occupied area. The evaluated parameters of the DP® Im are summarized in table
4.7. The values observed by Estela-Lopis et al. for the pure water dophase are the same within
the error.[164] The Bragg rod analysis is shown in appendix A.

4.2.5. DPPC

The XRR data obtained on Langmuir layers composed of DPPC are shown in gye 4.16. After
addition of ammonia no changes can be identi ed in the data. In agreement to this the electron
density pro les obtained from the XRR data show no signi cant chan ges of the Im structure
only a slight decrease of the overall electron density, see gure4.16.

The GID data is shown in gure 4.17. The diffraction pattern show s two peaks indicating
that the layer can be described by a centered rectangular unit cdl By this the rst peak at
g = 1:414 A ! can be ascribed to be the degenerated (1,1) and {,1). The second peak at
G;j =1:479A . is the (0,2) re ection. After ammonia is added the intensity of t he diffraction
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as deposited ammonia added
six fold degenerate (1,1) and (1,1) re ections

FWHM [A 1] 0.088 0.003 0.044 0.004
g [A 1 1.530 0.003 1.439 0.005
& [A 1] 0 0.002 0.586 0.002
I horm [a.U.] 55.6 0.3 33.8 0.2

(0,2) re ection
FWHM [A 14 - 0.041 0.02
g [A 1] - 1.500 0.005
& [A 1] - 0 0.002
I horm [a.U.] - 10.2 0.1
lattice constant a [A] 47 0.1 51 0.3
lattice constant b[A] - 83 04
unit cell size Ayy[A?] 388 0.6 42,8 0.6
area per moleculeAg[A2 molecule 1] 19.4 0.6 19.3 0.6
tiltangle [ ] - 255 0.3

Table 4.7.: Properties of the DPPA Im on water subphases estimated by ealuation of the GID scans,
full width of half maximum (FWHM), lateral position of the re ection g;, intensity I,om of the Bragg
re ection.
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Figure 4.15.: GID measurements of DPPA a) on a water subphase and b) in the msence of ammonia.
The left row shows the two-dimensional scattering pattern and the right side shows the summarized
scattering pattern along the vertical scattering direction.
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Figure 4.16.: Left: XXR data of DPPC on a water subphase. Right: Electron dity pro les of DPPC on
a water subphase.

(1,1) and (1, 1) re ections as deposited ammonia added

FWHM [A Y 0.054 0.003 0.031 0.008
g [A 1 1.414 0.003 1.405 0.005
& [A 1] 0.637 0.003 0.605 0.005
Inorm [a.u.] 45 0.3 32 01
(0,2) re ection

FWHM [A 4 0.008 0.004 0.020 0.005
g [A 1] 1.479 0.003 1.476 0.005
I norm [@.U.] 7.2 0.3 6.6 0.1
lattice constant a [A] 521 0.4 523 0.1
lattice constant b[A] 8.48 0.04 8.50 0.04
unit cell size Ayy [A?] 442 0.7 445 0.8
area per moleculeAg [A?] 221 0.7 222 0.8
tilt angle 279 0.3 26.8 0.8

Table 4.8.: Properties of a DPPC Im on water subphases estimated by evalation of the GID scans,
full width of half maximum (FWHM), lateral position of the re ection g;, intensity l,,m of the Bragg
re ection.

peaks decreases slightly, however the peak positions and the witth change only hardly indicating
minor changes in crystal lattice. The obtained unit cell parameters show a slight deviation to
data reported in literature. Estela-Lopis et al. observed for DPPC eslightly larger area per
molecule of 237 AZ at a surface pressure 020 mN=m.[164] This difference might be explained
by the presence of calcium and natrium ions in the solution subphaseof the mentioned study
in uencing the interaction between the DPPC headgroups. The Brayg rod analysis is shown in
appendix A.

4.2.6. EPC

The XRR data on Langmuir layers of EPC are shown in gure 4.18. The osillations in the
obtained curve indicate the presence of a surfactant layer. Afte ammonia is added the amplitude
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Figure 4.17.: GID measurements of DPPC a) on a water subphase and b) in the psence of ammonia.
The left row shows the two-dimensional scattering pattern and the right row shows the summarized
scattering pattern along the vertical scattering direction.
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Figure 4.18.: Right: XRR data of EPC on a water subphase. Left: Electron desity pro les of EPC on a
water subphase.
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Figure 4.19.: GID measurements of EPC a) on a water subphase and b) in the psence of ammonia. The
left row shows the two-dimensional scattering pattern and the right row shows the summarized scattering
pattern along the vertical scattering direction.

of the oscillation is enhanced. The electron density pro les are shown in gure 4.18. The data
indicate an enlarged tail group length upon addition of ammonia wh ich can be explained by a
more upright and ordered state of the tailgroup.

The GID data is shown in gure 4.19. In the initial state no Brag g re ection can be observed.
This shows that the tail groups are not ordered even though the surfice pressure is20 mN=m.
When ammonia is added a broad Bragg re ection occurs. The re ection shows a maximum
atg, = 0A 1. Two Voigt pro les were tted to the data for a satisfactory resul t. The obtained
parameters are summarized in table 4.9. The XRR and GID data idicates that in the presence of
ammonia the Langmuir layer might undergo a transition from a liqu id expanded to a condensed
state.

4.3. Summary

The experiments on the in uence of ammonia on the Langmuir layer structure show signi cant
changes of the lateral Im structure at a constant surface pressure. The non-ionic Langmuir Ims
(stearyl amide, stearyl alcohol) show in general a reduction in the tilt angle of the hydrocarbon
tailgroup. As the pH value in the interfacial region increases the amphiphilic molecules are
pushed closer together thus reducing the molecular area and thetilt of the tailgroup. This
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as deposited ammonia added

FWHM A 1 - 0.012 0.001
g [A 1 - 1.532  0.005
lnorm [a.U.] ; 132 0.1
FWHM [A 4 - 0.152 0.001
g [A 1] - 1.498 0.005
I norm [@.U.] - 88 0.1
lattice constant a [A] - 47 0.1
lattice constant b [A] - 83 0.2
unit cell size Ayy [A?] - 39.4 0.9
area per moleculeAg [A?] - 19.7 0.9

Table 4.9.: Properties of a EPC Im on water subphases estimated by evalation of the GID scans,
full width of half maximum (FWHM), lateral position of the re ection g;, intensity |,,m of the Bragg
re ection.

Figure 4.20.: Graphical representation of the observed changes in the diferent Langmuir layers upon
the addition of ammonia.

effect is not observed for the cationic amphiphil of DPPA showing a traisition to a more tilted

phase. The lateral structure of stearic acid Langmuir layers Bows no change on the addition of
ammonia. Further the zwitter-ionic DPPC Langmuir layer structure is in uenced only slightly.

In contrast the Langmuir Im of the cationic amphiphile EPC shows a transition to an untilted

phase as the subphase is more alkaline. An observation which can be na for all Langmuir
Ims independent on the type of headgroup is a reduction in scattering intensity of the Bragg
re ections. The results are summarized graphically in gure 4.20.

The experiments illustrate that ammonia is not destroying the lateral structure as all am-
phiphiles show a Bragg re ection up to the end.

Damage induced by the X-ray beam normally gets visible by the formationof thick Im in a
XRR experiment. The vertical structure was only slightly digurbed which shows that the stability
against beam damage is not reduced as ammonia is present.




5. Membrane mediated growth of thin Ims
at the agqueous solution-air interface

As mentioned in chapter 2.1, in nature the formation of organic-inor ganic compound mate-
rials is controlled by different processes like macromolecular or interface mediated growth.
[5, 30, 31] These materials, grown in organisms, exhibit properties which are optimized for
special needs.[13-16] Getting insight into the interface controlled growth could yield knowl-
edge important for thin Im applications. For instance, the contr olled nucleation of iron oxide
at interfaces could help to develop membranes with magnetic progerties by choosing a distinct
iron oxide polymorph. Further, adjusting the Im thickness or its la teral homogeneity allows to
in uence the elastic properties of the membranes.[165]

In order to learn about the important factors which govern the inter facial growth of inorganic
thin Ims, the formation of iron containing aggregates is investi gated at Langmuir layers. These
layers are regarded as model systems for membranes of living organis although these am-
phiphilic molecules form only monolayers at the water air interfac e.[166, 167] In order to vary
the interfacial properties, Langmuir layers with different t ypes of headgroups were used and the
in uence on the Im formation process was studied. In addition, th e in uence of the oxidation
state of iron ions on the Im growth was investigated by using differ ent subphases. It is known
for different ion species with oxidation states ranging from 1* up to 3* that they interact dif-
ferently with Langmuir layers.[35, 36, 168-170] The condensed phase of a Langmuir layer can
be observed even at larger areas per molecule. The surface poterati and the layer transfer-
ability to solid substrates are also affected by the metal ions in he subphase.[171-176] X-ray
absorption spectroscopy measurements on water air interfaces of sations containing Pb?* ions
revealed the binding of this metal ions by a polynuclear complex to Langmuir layers having
carboxylate headgroups.[37] Supplementary ions of different elements with the same oxidation
state exhibit a varying interaction with Langmuir layers which ¢ annot be explained by the pure
charge showing the con guration of the electronic shell has to be considered.[168, 171, 177]
In order to investigate if the formation process is altered as theoxidation state of the ions in so-
lution is changed, subphases containing either iron(ll) chloride or iron(lll) chloride were used,
respectively. But also the concentration of the single reactars will have great in uence on the
formation process as this parameter directly in uences supersturation levels needed for the
nucleation together with pH value in the solutions. Further the sample preparation is crucial
as it is not clear if the spreading of a monolayer Im on an iron salt solu tion is different to the
addition of an iron solution under an already assembled monolayer. The mentioned aspects
show the extent of the parameter space which makes this system vgr complex. The line of
action in this study was to make a comprehensive survey on the contollable parameters which
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might in uence the nucleation process. Most studies on this eld of science make use of ex-situ
techniques like e.g. scanning electron microscopy and transmision electron microscopy. These
techniques are critical since an in uence of the sample prepaation e.g. drying or heat treatment
can not be ruled out. The X-ray techniques permits to investigatethe sample system in its real
environment without disturbing the interface.

In the rst part of this chapter, the Im growth using an iron(lll ) chloride solution in combi-
nation with different types of Langmuir layers is discussed. Following this, studies on diluted so-
lutions containing iron(ll) chloride in combination with differen t Langmuir layers are reported.
This part is continued by the investigation of the formation of aggregates using higher iron(ll)
chloride salt concentrations. In the following, the results of the investigations of the thin Im
growth under membranes composed of polysiloxane networks are shown. Thechapter is closed
by a summery of the results obtained on the different sample systems

5.1. Subphases containing iron(lll) chloride

In the following chapter, the investigations on iron(lll) chlorid e solutions will be presented.

The sample system was investigated by XRR, GID and XAFS measurents. These experiments
were performed at different beamlines of the synchrotron light sources ESRF, Grenoble and
DORIS Ill, Hamburg. The experimental end-stations along with the available techniques are

summarized in table 5.1 and the setups were described in chapte 3. The sample preparation

and the experimental procedure is described in chapter 3.9. Asmentioned in chapter 2.1 by

solving iron(lll) chloride in aqueous solution the Fe ** ions form different compounds and are

not present as sole ions at the pH regime used in the investigatios. A detailed description is

given in chapter 2.1.

5.1.1. Experimental Results

In a rst step the iron(lll) chloride concentration of the subphase was varied in order to nd
ideal parameters for the experiments. Subphases with a concemttion of 8 mmol=L were pre-
pared and the initial state was characterized by XRR experimats. Four vials containing a 3 wt%
ammonia solution were placed inside the sample cell in order to trigger the precipitation reac-
tion. This resulted in a fast formation process of a rough layer, which could be seen by the bare
eye. The concentration of iron(lll) chloride was then lowered to 1 mmol=L. Using this concen-
tration, the formation process was slowed down and the increase of tre interfacial roughness
was not too strong during the formation process. As a consequence XRRBnd GID measurements
reported in this chapter were performed at an iron(lll) chloride concentration of 1 mmol=L. The
concentration of ammonia in the air was measured by diffusion tubes (SO 9001 purchased from
Dréager ) yielding a maximal concentration of 100 ppm during the exp eriments.

In a next step the in uence of the surface pressure on the Im form ation process was probed.
Since experiments on the growth of calcite single crystals showedhe need for a suf cient surface
pressure for a successful nucleation.[56] Stearic acid monolayes were spread on the interface
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experimental end station synchrotron light source technique

Al DORIS 1l XANES/EXAFS
BW1 DORIS Il XRR/GID
ID10B ESRF XRR/GID

Table 5.1.: Experimental end-stations used for the investigation of sdution containing iron(lll) chloride
with a concentration 1 mmol=L and 100 mmolkL
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Figure 5.1.: Left: Fresnel normalized XRR curves obtained on stearic adi spread on an iron(lll) chloride
surface. The surface pressure was adjusted to = 10 mN=m. Right: Electron densities obtained by the
re nement of the XRR data. After a time of 80 minutes ammonia was added.

of an iron(lll) chloride solution having a concentration of 1 mmol=L. The Im was compressed
to a surface pressure of = 10 mN=m which was maintained constant during the experiment.
After the initial state was characterized, ammonia was added (80 minutes after preparation).

The Fresnel normalized XRR data are shown in gure 5.1 and were e ned using a density
model consisting of two layers. The obtained electron density pro les are shown in gure 5.1 as
a function of evolution time. The pro les show a decrease of the electron density predominantly
in the tailgroup region upon addition of ammonia. This process stops dter 206 minutes and the
electron density recovers. The data show no evidence of an aggresgion of additional material

at the interface.

The next experimental series was conducted with a surface presure of = 20 mN=m. After
the initial state was characterized by XRR ammonia was added tdahe gas phase. In the following,
the evolution of the system was monitored. The Fresnel normalized reectivities along with the
re ned theoretical curves and the obtained electron density pro les are shown in gure 5.2.
After addition of ammonia an increase of the electron density in the headgroup region can be
identi ed. With ongoing time, this effect becomes more pronounced accompanied by a growth
of the layer towards the subphase. The data re ects the penetraton of the Langmuir Im by
additional material thereby disturbing its structure. These experiments indicate the need for a
surface pressure of = 20 mN=m for a successful aggregation of iron containing aggregates. As
a result of these observations a surface pressure of = 20 mN=m was chosen for all following
experiments.

Figure 5.3 shows the Fresnel normalized XRR data recorded at df€rent times after preparing
a DPPA Im having an anionic headgroup on a subphase of an iron(lll) chloride solution with
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Figure 5.2.; Left: Fresnel normalized re ectivities from monolayers of stearic acid on iron(lll)chloride
subphases with a concentration of 1 mmol=L. Ammonia was added after a time of t = 55 min. The
re ectivities are shifted vertically for clarity. Right: E lectron density pro les.
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Figure 5.3.: Left: Fresnel normalized re ectivities from monolayers of DPPA on iron(lll)chloride sub-
phases with a concentration of 1 mmol=L. Ammonia was added after a time of t = 64 min. The re ectiv-
ities are shifted vertically for clarity. Right: Electron d ensity pro les.
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Figure 5.4.: Left: Fresnel normalized re ectivities from monolayers of EPC on iron(lll)chloride subphases
with a concentration of 1 mmol=L. Ammonia was added after a time of t = 693 min. The re ectiviti es
are shifted vertically for clarity. Right: Electron density pro les.
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Figure 5.5.: Left: Fresnel normalized re ectivities from monolayers of DPPC on iron(lll)chloride sub-
phases with a concentration of 1 mmol=L. Ammonia was added after a time of t = 50 min. The re ectiv-
ities are shifted vertically for clarity. Right: Electron d ensity pro les.
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Figure 5.6.: Left: Fresnel normalized re ectivities from monolayers of stearyl alcohol on iron(lll)chloride
subphases with a concentration of1 mmol=L. Ammonia was added after a time of t = 110 min. The
re ectivities are shifted vertically for clarity. Right: E lectron density pro les.
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Figure 5.7.: Left: Fresnel normalized re ectivities from monolayers of stearyl amide on iron(lll)chloride
subphases with a concentration of 1 mmol=L. Ammonia was added after a time of t = 60 min. The
re ectivities are shifted vertically for clarity. Right: E lectron density pro les.
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a concentration of 1 mmol=L. Ammonia was added after 64 minutes. After 127 minutes a
change in the re ectivities can be observed as the intensity for low @, increases. This process is
accompanied by a change in the oscillation period. Figure 5.3 showghe electron density pro les
obtained by the re nement of the XRR data. The data show the evolution of a 40 A thick layer
at the liquid-gas interface. It should be noted that the DPPA layer & still present at this stage.
Nevertheless, no clear distinction can be made between the Languuir layer and the material
aggregating at the interface. Thus, additional material penetrates the Langmuir layer. This
effect is most pronounced in the region of the anionic headgroups.

Further, the phospholipid EPC was employed as a Langmuir Im possssing a cationic head-
group. The Fresnel normalized re ectivity curves shown in gur e 5.4 exhibit already in the
beginning (t = 0) an increase of intensity for low ¢@,. This indicates an enrichment of material
with a high electron density just after the deposition of the amphiphiles. This can be better
seen in the electron density pro les obtained by the re nement of th e XRR data shown in gure
5.4. The layer has a thickness of 50 A without the addition of ammonia. Thus, an electrostatic
repulsion of the iron ions by the headgroups is not observed. The aggregtion dies down after
620 minutes where a layer with a thickness of 160 A has been formed. Hence, after 693 minutes
ammonia was added in order to check if the Im growth process can be continued by increasing
the pH value in the subphase. The surface pressure up to this poit was constant and as am-
monia was added a strong decrease of the pressure happened. In oat to maintain the surface
pressure at = 20 mN=m the accessible area for the amphiphiles had to be decreased b¥8 %.
The electron density pro le of this nal state shows an increase of the interfacial roughness and
thickness.

In contrast to this, the zwitter-ionic DPPC Langmuir layer deposited on iron(lll) chloride
solution exhibits no Im formation. Figure 5.5 shows the electron de nsities and XRR data. Only
the disturbance of the monolayer structure is visible. The observatons made in relation to
stearic acid hinted that the used surface pressure of = 20 mN=m might be too low to induce
aggregation of iron compounds at the DPPC Langmuir Im. Therefore experiments with an
elevated surface pressure of = 40 mN=m were performed. These experiments also showed no
aggregation at the liquid-air interface, see appendix gure B.1. Accordingly, the zwitter-ionic
layer seems to suppress the enrichment of material at the inteface but precipitates could be
observed after the experiment.

Two further investigated Langmuir layers of stearyl alcohol and searyl amide both having
non-ionic headgroups show layer formation at the liquid-gas interface as ammonia is added, see
gure 5.6 and gure 5.7. The respective Langmuir Im structu re is indistinguishable in the end
state from the grown Im.

In the case of stearyl amide in the beginning an aggregation of addiional material at the
headgroups is observed without disturbing the vertical layer structure. With ongoing time a
progressively growth towards the subphase can be viewed as well aa blurring of the Langmuir
layer structure by the penetration of aggregates.

Figure 5.8 shows the GID scans from Langmuir layers on top of iron(ll) chloride solutions. All
scans were performed in between the XRR experiments at a surfacpressure of =20 mN/m.
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Figure 5.8.: Grazing incidence diffraction measurements from monolayes on iron(lll) chloride solutions.

The surface pressure for all measurements was = 20 mN/m. Points represent the measured data, lines
are the corresponding re nements. a) DPPA, ammonia was adde after a time of t = 64 min. b) DPPC,

ammonia was added after a time of t = 50 min. c) stearyl alcohol, ammonia was added after a time of t
= 60 min. d) stearyl amide, ammonia was added after a time of t = 60 min.

The structural parameters of the Ims extracted from GID scans are summarized in table 5.2.
The GID data for the EPC is not shown due to the lack of any Bragg re &tion.

The diffraction patterns acquired from Langmuir layers of DPPA ae shown in 5.8a. The data
suggests the organization of the Langmuir layer in a hexagonal uni cell. Upon the addition
of ammonia, the lateral re ection shifts to a lower wave vector of q ;= 1:531A ! accompanied
by a decrease of the intensity. The slight shift of the Bragg re ection shows the change of the
lattice constant from (4:66  0:01 )A to (473  0:01)A. The size of the crystalline domains is
about 150A. By comparing the obtained data with the reference measuremets (chapter 4.2.4)
a different behavior can be observed. The increased tilt of the taigroup induced by ammonia
observed for the water subphase is suppressed on an iron(lll) chlorile subphase. In principle
two different mechanisms can explain this observation. The iron(lll) chloride subphase has a
lower pH value compared to the pure water subphase thus, the pH vdue of the solution, which
increases due to ammonia diffusing from the air phase towards tte solution, could be too low to
induce the tilting. Another explanation is the interaction of th e iron species with the Langmuir
layer stabilizing the lateral structure. An interaction betwee n an anionic phospholipid or anionic
fatty acid with complexes formed by Fe** ions was observed at pH values above 2.[168, 177]
Due to the presence of the iron complexes, the surface pressure regled to reach a phase were
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the hydrocarbon tails were not tilted was signi cantly lowered.

In the case of the DPPC monolayer, where no Im growth was observed, theGID scan shows
a change in the tilt angle of the Langmuir layer tailgroup after addition of ammonia, see gure
5.8b. The Langmuir layer structure can be described in the beginnihg by a hexagonal unit
cell. After ammonia is added a transition to a centered rectangular cell can be observed. The
repulsion between the headgroups increases and the distance beteen the single amphiphiles
increases. The area per molecule increases fror9:58 AZ to 223 Az. Due to this, the tail groups
are able to tilt towards the water surface. The full width of half maximum of the re ection at
;= 1:508 A ! slightly decreases indicating an increasing size of the crysdlline domains from
(339 6)A)to (364 7)A). From this data the tilt angle of the tailgroup of the amphiphi les
can be extracted. The analysis of the Bragg rods is shown in the app&lix paragraph A. In the
beginning the tails are in the upright position with a tilt angle of = 0 which increases by the
addition of ammoniato = (280 0:2) . The reference measurements described in chapter
4.2.5 show signi cant difference to this data prior to the addi tion of ammonia. The observed
nal states for DPPC on pure water subphases and subphases containg iron(lll) chloride are
the same within the errors. In the case of pure water subphases tk tails are tilted right from the
beginning. The difference can be ascribed to the pH value in the sbphase.[178] Due to the low
pH value of the iron(lll) chloride solutions the repulsion between t he headgroups is diminished
leading to a closer arrangement of the amphiphilic molecules. Anmonia diffusing from the air
phase into the interfacial region increases the pH value, this, resulting in an increased repulsion
and expansion of the layer. By this the repulsion is increased andthe layer expands. As a
consequence the hydrocarbon tailgroup tilts towards the solution suiface.

The lateral structure of the stearyl alcohol Langmuir Im shows onl y minor changes as am-
monia is added. Only the intensity of the re ection decreases. This behavior is similar to the
reference measurements on pure water subphases. By this it cabe concluded that the observed
slight changes in the lateral structure are a result of ammonia

The GID measurements from the stearyl amide monolayer are shown in 8d. Here, a continu-
ous change of the Im from a centered rectangular phase towards anoblique lattice is observable
with the ongoing growth process. In the initial state an orthorhombic phase can be seen as in-
dicated by the two re ections at q ;= 1:416A g g,= 0:174A ' and gj= L:530A g q,= 0A !
which can be indexed as the degenerated (1,1),(11) and the non degenerated (0,2) re ections.
The hydrocarbon tails are tilted by 8:3 from the surface normal. The Bragg rod analysis is
shown in the appendix in paragraph A. After the Im formation is i nduced, a third re ection
appears at g;= 1:497A l, q.= 09A ! showing the transformation of the unit cell towards an
oblique phase. Starting at low g; the re ections can be indexed in the following order (0,1),
(1,0) and (1,1). In case of an oblique unit cell all re ections are moved out of the horizontal
plane having an ¢, 6 0 component. The determination of the g, position of the maximum in
the single Bragg rods for this sample system was not possible. The ma@ma of the Bragg rods lie
very close to the horizontal plane and therefore the calculation of the tilt was not possible with
reliable results.! However, the area per molecule can be deduced from theg; position to be Ayy

1See chapter 3.10, a determination of theq, position of maximum in Bragg rod would have a high error. A reliable
conclusion is thus not possible.
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DPPA (anionic) t=25min t =81 min t =142 min
lattice type hexagonal hexagonal hexagonal
lattice constant a[A] 4.66 0.05 4.73 0.05 4.73 0.05
lattice constant b[A] - - -

unit cell size Ayy [A?] 18.8 0.3 19.3 0.2 19.3 0.2
area per moleculeAg[A?%] | 18.8 0.3 19.3 0.2

tilt [ ] 0 0 0

DPPC (zwitter-ionic) t =45 min t = 447 min

lattice type hexagonal centered rectangular

lattice constant a [A] 4.65 0.05 8.50 0.05

lattice constant b[A] 5.25 0.05 -

unit cell size Ayy [A?] 19.58 0.3 456 0.2

area per moleculeAg [A?] | 19.58 0.3 228 0.2

tilt [ ] 0 28 0.2

stearyl alcohol (non-ionic) | t =20 min t =90 min t =150 min
lattice type hexagonal hexagonal hexagonal
lattice constant a[A] 476 0.05 4.76 0.05 477 0.05
lattice constant b{A] - - -

unit cell size Ayy [A?] 19.6 0.3 19.6 0.2 19.7 0.2
area per moleculeAg [A?%] | 21.4 0.3 21.4 0.2 21.3 04
tilt [ ] 0 0 0

stearyl amide (non-ionic) | t =20 min t=93 min t =154 min
lattice type centered rectangular oblique oblique
lattice constant a[A] 8.14 0.05 4.22 0.05 421 0.05
lattice constant b{A] 4.43 0.05 4.43 0.05 4.42 0.05
unit cell size Ayy [A?] 428 0.3 204 0.8 208 0.5
area per moleculeAg [A?] | 21.4 0.3 20.4 0.8 20.8 0.5
tilt [ ] 8.3 04 - -

Table 5.2.: Properties of Langmuir Ims on iron(lll) chloride subphase s determined by evaluation of the
GID scans.
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= 208 A.

Nevertheless the reference measurement on water subphases atved no transition of the crys-
tal lattice from the centered rectangular phase towards an oblique phase. It can be concluded
that the iron(lll) chloride subphase is responsible for this behavior.

For all these systems studied no re ections from crystalline iron oxide or hydroxide species
were observable indicating the formation of amorphous aggregates. Adecrease of the scattered
intensity of the re ection originating from the lateral Langmui r layer structure was visible in all
measurements showing that the aggregation process goes simulteously with the degeneration
of the Langmuir Ims.

In order to gain insight into the structure of the forming layers i n-situ XAFS experiments at
the iron K-edge were performed at the beamline A1, DORIS lll, Germay. The experiments in-
vestigated the thin Im growth at stearyl alcohol and stearic aci d layers with iron(lll) chloride
concentrations ranging from 1 mmol=L up to 100 mmokL. In the rst step XAFS data were ac-
quired at bare interfaces of 1 mmol=L and 100 mmokEL iron(lll) chloride solutions as references.
The data show no change in the structure of the iron K-edge upon the adition of ammonia, see
appendix gure B.2 and gure B.3, respectively. In the next step samples were prepared with
stearyl alcohol present at the interface. As already pointed out YRR measurements proved the
formation of 150 A thick layers using 1 mmol=L iron(lll) chloride solutions. The XANES spectra
obtained on this sample system showed no change in the near-edge dlicture in the presence
of ammonia neither for concentrations of 1 mmol=L nor for concentrations of 100 mmokL, see
appendix gure B.4 and gure B.6. Nevertheless EXAFS scans wre performed on these samples
and were processed with the program package ATHENA.[140] The Fouer transformed EXAFS
signal (R) is displayed in gure 5.10. The obtained data showed the existence of only one
coordination shell in a distance of 1.5 A for both concentrations. After ammonia is added the
coordination shell does not change. By considering XAFS data obtaing by Suzuki et al. the
rst shell of iron hydroxides (lepidocrocite and goethite) can be foun d at a distance of roughly
2 A hosting six oxygen atoms.[179, 180] The different value of the distance of the rst coor-
dination shell is due to the fact that no phase correction was pefformed. This phase correction
was not performed because in a mixture of elements with unknown compostion the phase shift
is determined by the chemical element which scatters the photoelectron. This is not taken into
account by ATHENA. The program is only capable to do a phase correatin for materials com-
posed of one single atom type. However, comparing the obtained data to iterature the peak at
1:5 A is a common feature of iron compounds showing the rst coordination shell with oxygen
atoms.[94, 179, 181-183]

The investigations of subphases ofl mmol=L iron(lll) chloride solutions in combination with
stearic acid monolayers show no change in the structure of the absorpon edge during the
aggregation, see appendix gure B.5. In the following the experiment was repeated with an
elevated concentration of 100 mmokL. These spectra are depicted in gure 5.11 showing a
change in the near-edge structure of the iron K-edge. A further faature develops at 7.14 keV
and the intensity of the pre-edge at 7.11 keV increases. This inttates a change in the type of
coordination of the iron atom.
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Figure 5.9.. EXAFS signal of the iron K-edge from samples of an iron(lll) &loride subphase with a
concentration of 100 mmokEL with stearyl alcohol monolayers present at the interface.
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Figure 5.10.: Fourier transformed EXAFS signal of the iron K-edge at samps of an iron(lll) chloride
subphase with a concentration of 100 mmokEL with stearyl alcohol monolayers present at the interface.
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Figure 5.11.: Near-edge structure of the iron K-edge at samples of iron(ll) chloride subphases with
stearic acid monolayers present at the interface.

Figure 5.12.: Fourier transformed EXAFS signal of the iron K-edge on sam@s of a100 mmokL iron(lll)
chloride subphases with stearic acid monolayers present athe interface. Furthermore the (K) of a
tted model is plotted. This curve is plotted without the pha se correction performed by ARTEMIS.

The pre-edge is determined by a 1s-3d transition.[94] The increase of the intensity shows a
mixing of the 4p and 3d states due to a non centrosymmetric coordinaton resulting in an in-
creased possibility for this transition. This hints at an increased amount of non centrosymmetric
coordinated iron atoms.

The Fourier transformed EXAFS signals (R) extracted from the spectra acquired on the sam-
ple system in the initial state (directly after deposition) and the nal state (after addition of
ammonia) are shown in gure 5.12. By using a stearic acid monolayer in combination with a
100 mmokL iron(lll) chloride solution the development of a second coordination s hell can be
observed, indicating an increased order around the iron atom. In order to gain qualitative infor-
mation a model consisting of two coordination shells was tted to the data by using the program
package ARTEMIS.[140] The model consists of two coordination shels, the rst is occupied by
oxygen the second by iron atoms. First only the coordination shell hostirg the oxygen was tted.
After satisfactory agreement was achieved in the R-range fronD A to 2 A a second coordination
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shell was added with iron atoms. The resulting t is depicted in gure 5.12 showing still a dif-
ference compared to the experimental curve. Thesg was estimated by reference measurements
of magnetite to be 0.68. The rst coordination shell was determine d to be at a phase corrected
distance of 1:92 A. The distance of the second coordination shell was determined tobe 3:03 A
and the value of the mean iron contentto be 2 0.3 iron atoms. For comparison in the hematite
structure 5 iron atoms are present in the second coordination shell[179]

5.1.2. Conclusion

XRR measurements revealed the layer formation of aggregates coatning iron under different
interfaces which are modi ed with cationic, anionic and non-ionic amphiphiles. The Im growth

is only inhibited at the interface of the zwitter-ionic amphiphil DPPC. The observed changes for
this sample can be attributed to a change in the pH value. The XRRneasurements hint at an
aggregation of small particles at the liquid air interface as the observed electron densities are
lower than closed layers of common iron hydroxides or oxides. Indicationsfor such a behavior
were also observed by optical ex-situ studies where the growth of smé particles at the interface
was reported.[184]

The GID measurements show stable Langmuir layers at the interfees during the aggregation
process. Especially for DPPA, a stabilizing effect on the structe of the Langmuir layer was
observed during the growth process if ammonia was present. On iron(ll) chloride solutions,
the DPPA Im changes the unit cell parameters only slightly. Because the pky value for DPPA
is 2.1 it can be concluded that the headgroup is fully deprotonated on the iron(lll) chloride
solution (pH 3) leading to a negatively charged interface attr acting positively charged ions and
complexes.[185] This leads to the assumption that the iron complexes nucleate at the interface
and interact with the Langmuir layer. This is in agreement to the reports of Wang et al. on
the interaction of iron(lll) complexes with negatively charged Langmuir monolayers.[168, 177]
In these experiments, a pH dependence of the interaction was obsered which was explained
by the formation of iron complexes forming covalent bonds with the carboxylate headgroups
in uencing the Langmuir layer structure.

For DPPC, a transition from an untilted phase towards a tilted phas is visible. This effect is
caused by the change of the pH value in the subphase which was alsobserved for other Lang-
muir layers e.g. fatty acids.[178] No effect of the iron(lll) ch loride solution on the Langmuir
layer was observed as the lateral structure after the addition of anmonia is similar to the struc-
ture on water. For stearyl amide a structural change of the monolayercaused by the aggregation
process could be seen. The transformation from an orthorhombic towards & oblique unit cell is
in uenced by the presence of an evolving inorganic layer leading to a different lateral structure.
This effect is clearly induced by the presence of iron species bemse reference measurements
of this amphiphile on pure water subphases did not show this effect The lateral structure of
Langmuir layers of stearyl alcohol seem to be unaffected by the presece of iron(lll) chloride
solutions. The decrease in the intensity can be attributed to amnonia disturbing the lateral layer
structure.
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For all measurements no diffraction signals from any crystal were observed. This might indi-
cate the formation of amorphous material. In order to gain more insight into the structure of the
forming inorganic Ims, in-situ XAS experiments were performed at the solution air interface.
These data show that for low iron(lll) chloride concentrations the i ron atom has only one coor-
dination shell which can be attributed to an iron oxygen coordination. [179] Boyanov et al. have
investigated the interaction of Pb?* ions with the carboxylate headgroup of Langmuir layers by
XAS.[37] The authors state a covalent binding of polynuclei complexes to the carboxylate head-
group. The insuf cient k-range and high noise level in the data pr esented in this chapter prevent
an analysis similar to Boyanov et al.[37] Also, Boyanov at al. used mud lower concentrations
of 10 2 mmol=L decreasing the contribution to the signal from unbound ions in the proximity
of the interface. Nevertheless by comparing the data sets of Boyanoand the data presented in
this chapter such features as observed in the report are not visil# indicating that the scenario
proposed for PI#* is not congruent for iron containing solutions.

As the concentration in the subphase is increased, an ordering oaars in the presence of stearic
acid as hinted by the EXAFS data. A second coordination shell evolveindicating an increased
order. Further, the XANES data show a change in the coordination of he iron atom as the
intensity of the pre-edge increases showing a change to a hon cembsymmetric coordination.
A gualitative analysis of the EXAFS data shows that the second cooidation shell is occupied
by 2 0.2 iron atoms in average. Structural data from iron hydroxides show that normally 6
iron atoms can be found in the second coordination shell. This underlines the presence of small
aggregates with lacking long range order. Such an effect was not obsrved for stearyl alcohol
where no increase in order occurred. It is speculative that a difering saturation level of iron
complexes in the vicinity of the Langmuir layer is responsible for this. Comparing the electron
density pro les of stearic acid and stearyl alcohol, the electron density of stearic acid is higher
than for stearyl alcohol. By this, a higher saturation level could be achieved enabling a partial
crystallization which increases the order around the iron atoms. Nevertheless, this is supported
by the fact that the process only occurs in higher iron(lll) chlorid e solutions and cannot be
observed by usingl mmol=L iron(lll) chloride solutions.

It might be speculated that in the case of the non-ionic and anionic amphiphiles different
aggregation processes are present compared for the cationic Lamguir layers. This can be con-
cluded by the fact that the shape of the layer structures observed bythe XRR experiments differs
signi cantly for the different headgroup structures. In case of DPPA and stearic acid, having
cationic headgroups, thin Ims with a high electron density in t he vicinity of the Langmuir Im
are observed, whereas for non-ionic headgroups the thickness of the in is much larger and
the electron density is much lower. Furthermore, the XAFS expeiments show no second co-
ordination shell by using stearyl alcohol Ims. For the explanation of this behavior, the iron
complexes present in the subphase have to be considered, see chiap 2.1. At anionic Langmuir
layers the aggregation of negatively charged iron complex Fe(OH) ! might happen forming an
inorganic layer where as under cationic Langmuir layers the positvely charged complexes might
aggregate.

To summarize, the formation of amorphous layers was observed under Lagmuir layers with
different types of headgroups. Although Mann et al. stated the formation of magnetite from
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hydrated iron(lll) oxide species in magnetotactic bacteria this process was not observed in this
ex-vitro experiments.[24] A surface pressure of = 20 mN=m was necessary to achieve a suc-
cessful layer formation. Subphases having an iron(lll) chloride concentration which is higher
than 1 mmol=L show the growth of macroscopically rough Ims. Structures without a ny crys-
talline character were observed to form at the interfaces. An increase in the short range or-
der of the aggregate structure could be induced by increasing thesubphase concentration to
100 mmokEL. Nevertheless, this structure is still far away from a long range ordering. It is rea-
sonable that a much higher iron(lll) chloride concentration is needed to induce a successful
growth of crystalline structures. However, investigations of such highly concentrated solutions
by XRR and XAFS will be complicated by enhanced roughness of the intéace.

5.2. Subphases with low iron(ll) chloride concentrations

In this chapter the investigation of the aggregation process at langmuir layers using solutions
with a 0:1 mmol=L concentration of iron(ll) chloride is reported. The experiments w ere per-
formed at the beamline BW1, DORIS lll, using the liquid scattering setup described in chapter
3. The Langmuir layers were prepared as described in chapter 8. The experiments were per-
formed at a constant surface pressure of = 20 mN=m. The phospholipid DPPC (zwitter-ionic),
DPPA (cationic) and EPC (anionic) were employed for the investigatons, see chapter 2.5.

Water free iron(ll) chloride (purity 99 %, Sigma-Aldrich) was applied for the preparation
of the solutions using ultra pure water (speci c resistance 18.2 M cm). Because the solutions
containing the iron(ll) chloride are subjected to aging the samples were prepared shortly before
the measurements.[186] The subphase pH of the0:1 mmol=L iron(ll) chloride solution was 4.
As mentioned in chapter 2.4 iron(ll) ions can form water insoluble i ron hydroxide (Fe(OH5)).
The amount of Fe(OH), formed at this subphase conditions was calculated to bel0 8 mmol=L
by using the solubility product.[187] It can be concluded that main ly positively charged iron(ll)
ions are present in solution and water insoluble complexes can be igored.

The study on the investigation of the formation of inorganic Ims usi ng low concentrations of
iron(Il) chloride were performed within the collaboration with the  group of Prof. Metin Tolan
(TU Dortmund) and Prof. Heinz Rehage (TU Dortmund).

5.2.1. Experimental data

In a rst step the aggregation of inorganic compounds at the aqueoussolution-air interface was
studied without a monolayer. The XRR and GID measurements in the pesence of ammonia
are depicted in gure 5.13. The GID experiments performed on this sample show no diffraction
signal from crystalline material. The obtained XRR data can be modéed without a layer yielding

an interface roughness of =( 3:37 0:09)A. By comparing this data to values found in
literature for the roughness of a water interface of = (3:24  0:05)A no signi cant deviation

can be observed.[188] Formation of aggregates would result in an inaease of the interfacial

81




82

Membrane mediated growth of thin Ims at the aqueous solution-air interface

4 \ \ \ .02 ——
0 0.0 as deposited ——
oy ammonia added
0.3 | >
o " 1 . S,
< 1 2 001 |
» 021 % ol N 2
- 0.01 : 3]
01 ! 0 03 0.6 £
d; [A-l 1 0.00 g “‘-"""!f‘”‘v*"”w'-u"n“’“'“»'ww“l.;w-‘vn“"mﬂ"mh\fﬁ
0 : : 091215182124273.03.3
-80 -40 0 -1
q A™]

z [A]

Figure 5.13.: Left: XRR measurements and electron density pro le of an iron(ll) chloride subphases with
a concentration of 0:1 mmol=L after the addition of ammonia. Right: GID measurements of the iron(ll)
chloride subphase with a concentration of 0:1 mmol=L.

roughness, thus this data demonstrates that no formation of aggrgjates occurs at the solution-
air interface by using this subphase concentration.

In the next step the interface was modi ed by different types of Langmuir layers. Figure 5.14
shows the XRR data recorded from the samples. The XRR data obtainedn EPC show a shift
of the rst minimum to lower ¢, values upon addition of ammonia ( gure 5.14a). The electron
density pro les which are obtained from the data are givenin gur e 5.15a and show an increase
of the length of the tailgroup of 2 A after 619 minutes. These observaions are in agreement
with measurements on a pure water subphase after the addition of anmonia. Thus, the changes
in the electron density curves can be attributed to ammonia. No inuence due to the iron(ll)
chloride solution can be noticed.

The XRR data and electron density pro les obtained from DPPC monolayes are shown in
5.14b and 5.15b. These data re ect the disturbance of the Langmur layer upon addition of
ammonia which is in agreement to the reference measurements ¢ee chapter 4.2.5). In the
beginning the electron density pro les show the characteristics of a DPPC layer. After ammonia
is added the structure gets smeared out.

A completely different behavior can be observed when using DPPA Languir layers. The XRR
curves are depicted in gure 5.14c and show an increase of the reected intensity for small
0. values indicating the enrichment of material with a higher el ectron density at the interface
upon the addition of ammonia (t = 64 min). Furthermore a slight shif t to larger ¢, values
of the minima can be seen. In order to keep the surface pressure corant at =20 mN=m
the accessible area of the amphiphiles had to be reduced duringtie experiment. The minimal
area was reached during the third XRR measurement and the suace pressure decreased to

= 127 mN=m. Nevertheless a fourth re ectivity was recorded still showing oscillations. The
decrease of the surface pressure can be attributed to a loss of amphihpiles from the interface.
The electron density pro les are depicted in gure 5.15c. In th e initial state the structure of the
Langmuir layer can be seen. After ammonia is added an increase ofte electron density can be
observed. In this state the structure of the Langmuir layer is clarly evident. With ongoing time
the growing inorganic Im and the Langmuir layer can not be disting uished anymore (t = 98
min). The tails of the DPPA layer can only be seen as a shoulder at z = 25A.

After the XRR measurements a GID scan was performed on the DPPAmgle shown in gure




5.2. Subphases with low iron(ll) chloride concentrations

0 0.1 0.2 0.3 0.4 0.5 0.6
q, [A?]

Figure 5.14.: XRR data acquired on subphases of iron(ll) chloride solutims with different phospholipid
Langmuir layers. a) EPC, ammonia added after t = 66 min. b) DPRC, ammonia added after t = 100 min.
c) DPPA, ammonia added after t = 64 min.
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Figure 5.15.: Electron density pro les from an iron(ll) chloride subphas e with varying monolayers. a)
DPPA, ammonia added after t = 64 min b) DPPC, ammonia added afer 60 min ¢) EPC, ammonia added
after t = 64 min.
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Figure 5.16.: GID data of a DPPA layer on an iron(ll) chloride subphase shoving the diffraction peak
originating from the Langmuir layer at ¢, = 1.527 A 1.

5.16. Even though the surface pressure decreased th2:7 mN=m a diffraction signal can be seen
at g =( 1.527 0:003)A 1, which can be attributed to a Langmuir layer organized in a hexag-
onal unit cell with a lattice constant of ( 475  0:01)A. Langmuir layers of DPPA on pure water
subphases exhibit a unit cell constant 0f4:79 A.[164] Although a loss of amphiphilic molecules
is observed in the experiments the structure of the Langmuir laye is still in a crystalline state. It
is likely that the Langmuir layer is in a phase witch is similar to the so called X-phase.[189] This
phase is observed at Langmuir monolayers where divalent ions are msent in the subphase. The
ions begin to condensate at the headgroup under the monolayer structire.[35] This process not
only depends on the protonation state of the headgroup but also depend on the divalent ion
concentration in the subphase. Due to this an effective electrositic force may appear between
headgroups with and without condensated ion. In this phase the amphiphiles organize in an
untilted lattice even at low surface pressure. However, in the X-phase the layer adopts a cen-
tered rectangular unit cell where the maximum in the intensi ty of the Bragg rod has a position
of g =0 A l. This is not observed for the DPPA layer showing only a single re ectionat @, =
oA . Diffraction signals from crystalline iron oxides or hydroxides were absent.

The nal state of the DPPA sample was examined more closely by scaring electron mi-
croscopy (SEM) images. A Stereo Scan 360 SEM by Leica, (Cambriddead., Cambridge, UK)
electron microscope was employed. The Langmuir Blodgett (LB) teclmigue was used to pre-
pare thin Ims of the nal product of the DPPA sample on silica. The obt ained image is shown
in gure 5.17. Irregularly shaped agglomerates can be identi ed spread at the interface. The
smallest structures are roundly shaped with a diameter of 17 nm This shows that no closed Im
is formed but small aggregates form all along at the interface.
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Figure 5.17.. SEM image of the Im formed at interfaces modi ed with DPPA in the nal state.

5.2.2. Discussion and conclusion

In the framework of the collaboration, dynamic light scattering exp eriments were performed
by P. Degen, Physikalische Chemie Il, TU Dortmund, orD:1 mmol=L bulk solutions of iron(ll)
chloride. These measurements show the presence of objects with aidmeter of 248 nm 21 nm
with a very high polydispersity of 0:8 1. Due to the low count rates a low concentration of
the objects can be assumed. After addition of ammonia particles wih a diameter of 64 nmwere
detected which grow to a diameter of 250 nmwith ongoing time. This growth is accompanied
by a decrease of the polydispersity to0:4  0:1 and an increases of the counts by a factor ofl0.
This hints at the formation of nanoparticles oating in the solution .

In order to gain more information on the in uence of the ions on the Lang muir layer, surface
pressure/area ( /A) isotherms were recorded by P. Degen, Physikalische Chemie Il, U Dort-
mund. The isotherms were measured on0:1 mmol=L iron(ll) chloride solutions and on pure
water for comparison. The data of the three phospholipids are depided in gure 5.18. For the
zwitter-ionic DPPC, the characteristic shape of the phospholipidon water can be seen(see gure
5.18).[190] No change in the isotherms can be observed as iron(ll) chloride is present. The
isotherm of the positively charged EPC shows a steady increase (plateau) of the surface pres-
sure on both subphases. Nevertheless, the isotherm measured on anoin(ll) chloride subphase
shows a shift to smaller areas which might be due to a reduced replsion of the headgroups, be-
cause of the presence of chloride ions. The isotherms of the negatiely charged DPPA also re ect
a reduced repulsion of the headgroup. The area needed for the tramsition from liquid expanded
to the liquid condensed state is shifted to lower values. This might be due to the presence of
positively charged iron(ll) ions screening the electrostatic repulsion.

Additional Brewster angle microscopy (BAM) images were recordal by P. Degen, Physikalis-
che Chemie Il, TU Dortmund. DPPA monolayers were spread on iron(ll) cloride solutions and
ammonia was added. The sample system was monitored in absence andresence of ammonia
at different times. The images show already in the beginning aninhomogeneous Im (see gure
5.19a). Similar inhomogeneities were observed in other studies nvestigating the interaction of
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Figure 5.18.: /A isotherms of DPPA, EPC, and DPPC on a) iron(ll) chloride (geen) and b) water (red).
The isotherms were measured by P. Degen, Physikalische Cheaenll, TU Dortmund.

Figure 5.19.: a-c: BAM images of DPPA on iron(ll) chloride solution (0.1 mmol/L), before (a), 10 min
after addition of NH 3 (b) and 60 minutes after addition of NH 3 (c). The images were recorded by P.
Degen, Physikalische Chemie Il, TU Dortmund.
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copper ions in solution with Langmuir layers.[189] The intensity of the images is increases af-
ter ammonia is added indicating the enrichment of material at t he interface (see gure 5.19b).
Figure 5.19c shows a later state of the Langmuir layer with a higher structuring. In these mea-
surements, no structures which could be identi ed as crystals muld be seen.

The experiments on phospholipid monolayers of DPPC and EPC show no Im drmation.
This is in contradiction to the study of Maas et al., who report the formation of iron con-
taining aggregates independent of the lipid headgroup using iron(ll) chloride concentrations
of 8 mmol=L.[184] This discrepancy can be explained by the lower iron(ll) ch loride concentra-
tions of 0:1 mmol=L used in these experiments.

The obtained surface pressure-area isotherms on the DPPA monolayer stv an increase of
the screening due to the presence of iron(ll) ions in the interfacial region. Similar observations
were reported for studies investigating the condensation of multivalent ions at carboxylate head-
groups. Here, a reduced headgroup area could be found due to the condnsation of counter ions
inverting the sign of the headgroup charge.[141, 191] By varyin g the pH value of the subphase,
the degree of deprotonation could be controlled and by this, the degreeof the condensed ions.
Due to the condensation an effective attractive force evolves between the amphiphiles.[35, 141]

The experiments exhibit no evidence for crystalline iron oxide at the liquid interface. Due to
this the micro structure of the compound can not be determined. The formed aggregates might
exhibit a complete amorphous structure or are made of ferrihydrid. This polymorph can be
synthesized by a fast deprotonation of iron solutions.[103] Because &rrihydrid often exhibits a
very weak crystalline order, a diffraction signal is hard to detect and could be indistinguishable
from the background.[192]

The investigations show the nucleation of aggregates in the bulk slution without adsorption
taking place at the bare interface. If the interface is covered bya DPPA monolayer, a successful
heterogeneous nucleation can be observed. The Langmuir layer actssaa heterogeneous nucle-
ation side for the iron containing aggregates. The DPPA amphiphiés have a pk value of 2.1.
Thus, the monolayer is fully deprotonated because the solution has a pl value of 4.[185, 187]
Consequently the Langmuir Im is negatively charged and iron ions are attracted. Accumulation
of the nanoparticles, observed in the solution, can be ruled out sincethe size of the nanopar-
ticles in the solution (d = 64 nm) is much bigger than the thickness of the growing layer (d
= 10 nm). The surface pressure-area isotherms of DPPA hint at an icrease of the iron ions in
the interfacial region. For comparison, the surface pressure-aea isotherms on EPC monolayers
indicate an increase of the chloride ion concentration in the vicinity of the interface explaining
the hampered aggregation. A similar conclusion can be made for DPP@onolayers, where the
surface pressure-area isotherms indicate no interaction of théons in solution with the Langmuir
layer at all.

5.3. Subphases containing high iron(ll) chloride concentr ation

The investigations reported in chapter 5.2 showed a discrepang to the ndings of Maas et al.
where much higher iron(ll) chloride concentrations were used.[ 184] In order to gain more in-
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sight into the in uence of this concentration dependency, experiments with elevated iron(ll)
chloride concentrations were performed. The concentration in the subphase was raised to
1 mmol=L, 8 mmol=L and 100 mmokL. Test XRR experiments showed the formation of rough
interface and made the use of XRR experiments inapplicable. Hace, the main techniques which
were used to probe these samples were XRD and XAFS. These expagnts were performed at
different beamlines of the synchrotron light sources DELTA, Dortmundand DORIS Ill, Hamburg.
The experimental end-stations along with the available technigques are summarized in table 5.3.
The sample preparation and the experimental procedure is desidbed in chapter 3.9.

Solutions were prepared by using water-free iron(ll) chloride (pu rity 99 %, Sigma-Aldrich)
for the XRD measurements with ultra-pure water (speci c resistance 18.2 M cm). For the XAS
experiments iron(ll) chloride tetra-hydrate (purity 99 %, Sigma-Aldrich) was used. Because
these solutions are subject to aging samples were prepared shdst before the measurements.

5.3.1. Experimental data

Iron(ll) chloride subphases were prepared with a concentration of 8 mmol=L and the bare sur-
face of these solutions was investigated by XRD. The integrated RD data are shown in gure
5.20 as a function of the wave vector transfer. In the initial state only scattering from the water
subphase can be seen as indicated by the presence of the water stcture factor. After the initial
state was characterized,30 mL of a 3 wt% ammonia solution were placed inside the sample cell.
In the following Bragg re ections could be observed. The intensity of these re ections increased
as a function of time. This process stops after 142 minutes. From tle two-dimensional scatter-
ing pattern (data not shown) an unoriented growth can be proposed as the diffraction pattern
was circularly shaped. By comparing this data to theoreticaly simulated scattering signals an
agreement with iron hydroxide lepidocrocite could be found. The data clearly shows the growth
of crystalline iron hydroxide (lepidocrocite) even without monolayers .

XAFS measurements at the iron K-edge on interfaces of & mmol=L iron(ll) chloride solution
were performed at the beamline Al, DORIS lll and BL8, DELTA. The emution of the system was
monitored by XANES measurements (data not shown). The XANES spe@ show no signi cant
deviations as ammonia is present indicating no change in the loal structure of the iron atom
within the surface region.

Figure 5.21 shows the extracted EXAFS signal of the iron K-edge ah gure 5.22 the Fourier
transformed EXAFS signals (R) of the 1 mmol=L iron(ll) chloride solution with and without
ammonia. The EXAFS measurements were performed on the as deposit sample (initial state)
and after the addition of ammonia ( nal state). By comparing the e xtracted data sets from the

experimental station synchrotron light source technique

Al DORIS I XANES/EXAFS
BI8 DELTA XANES/EXAFS
BI9 DELTA XRD

Table 5.3.: Experimental station used for the investigation of the interface at solution with iron(ll) chlo-
ride solution exceeding 1 mmol=L.
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Figure 5.20.: GID data on an iron(ll) chloride subphase with a concentration of 8 mmol=L. Ammonia
was added after 26 minutes. The black line shows the calcula¢d diffraction pattern of lepidocrocite.
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Figure 5.21.: Extracted EXAFS signal of the initial and end state of al mmol=L iron(ll) chloride subphase
with a concentration of 1 mmol. The measurement of the nal st ate was performed after 240 minutes.
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Figure 5.22.: Fourier transformed EXAFS signals (R) on 1 mmol iron(ll) chloride solutions with and
without ammonia. An experimentally obtained reference of | epidocrocite taken from [193] is shown.

90




5.3. Subphases containing high iron(ll) chloride concentration

initial and nal state to reference data taken from [193] the for mation of a lepidocrocite like
structure can be observed even without the presence of ammonia.[1®, 180] However, this is
not in contradiction to the XRD data as XAS is only sensitive to theshort range order.[125]

Combining the information gained by the GID and XAFS experiments he following picture
can be drawn. In the initial state small seeds with a local strucure similar to lepidocrocite can
be observed at the interface as indicated by the EXAFS data. The dition of ammonia induces
an aggregation whereby the degree of crystallinity and the size ofthe particles increase as shown
by the GID experiments.

In further experiments the iron(ll) chloride concentration in t he subphase was raised to
100 mmokEL. The initial state was again monitored by XANES and EXAFS before ating am-
monia. The changes in the sample were monitored by XANES measureants until the process
stopped. The extracted and k weighted EXAFS signal of the inital and nal state of the sample
are shown in gure 5.23. These data show an increase of the humber ofoscillations in the
EXAFS signal accompanied by a damping of the amplitudes. The daping can be attributed to
an enhanced self-absorption decreasing the uorescence signal@ming out of the sample. The
spectra were Fourier transformed and are shown in gure 5.24. In the initial state only one
coordination shell is present as indicated by the presence of one sigle maximum. This maxi-
mum can be attributed to a Fe-O distance indicating the coordination of oxygen to the iron ions
as already mentioned in the foregoing chapter.[94, 179, 181-183] After ammonia is added an
increase in the local order around the iron atom can be observed as indiated by the appearance
of a second maximum. This maximum can be assigned to be a Fe-Fe scating path showing
the formation of a further coordination shell. The experimentally obtained data was compared
to reference data.[180, 180, 193] An agreement to lepidocrocite can be found.

In uence of Langmuir layers on the nucleation process

So far only bare interfaces were investigated. The observations rade in chapter 5.2 demon-
strate the in uence of anionic lipid membranes on the formation proc ess. Therefore, studies
on the aggregation of inorganic Ims with elevated iron(ll) chlori de concentration were con-
ducted with the amphiphiles stearic acid (anionic headgroup) and further stearyl alcohol (non-
ionic) for comparison. XAFS experiments were performed on subphasg with 1 mmol=L and
100 mmokL iron(ll) chloride concentration. The experiments on iron(ll) chl oride solution with
a concentration of 1 mmol=L (data not shown) show no difference to the experiments at the
bare interfaces. The data offer the presence of small seeds in #hbeginning with a lepidocrocite
like structure independent of the monolayer and presence of ammonia It can be concluded that
these monolayers have only minor in uence on the crystallization of ir on oxide using iron(ll)
chloride subphases with a concentration of1 mmol=L.

The extracted and k-weighted EXAFS signal from interfaces ofL00 mmokEL iron(ll) chloride
solutions with a Langmuir layer of stearyl alcohol are displayed in g ure 5.25 and the Fourier
transformation (R) is depicted in gure 5.26. The data show the evolution of furth er coor-
dination shells between a distance of 2 A and 4 A as ammonia is added The comparison to
reference data of different iron oxides yielded no agreement.
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Figure 5.23.: Extracted EXAFS signal of the initial and end state of an iror{ll) chloride subphase with a
concentration of 100 mmokL. The measurement of the nal state was performed after 220 minutes.
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Figure 5.24.. Fourier transformed EXAFS signals (R) on 100 mmokEL iron(ll) chloride solutions with
and without ammonia. A reference of lepidocrocite taken from [193] is also shown.
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Figure 5.25.: Extracted EXAFS signal of the initial and end state of an iror{ll) chloride subphase with a
concentration of 100 mmokL and a stearyl alcohol monolayer. The measurement of the nal state was
performed after 220 mnutes. The measurement of the nal state was performed after 216 minutes.
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Figure 5.26.: Fourier transformed EXAFS signals (R) on 100 mmokL iron(ll) chloride solutions with

and without ammonia and a stearyl alcohol monolayer. The references of lepidocrocite and goethite
taken from [193] are also shown.
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Because the extracted EXAFS data show no agreement with the ference data a combined
XRD and SEM experiment was performed. For this the ammonia concemation was lowered to
stop the thin Im formation after some time. Then the sample was in vestigated by XRD and
afterwards a fragment of the Im was deposited on a silicon wafer to investigate it by SEM.
6 hours after the initial addition of ammonia a layer had formed whic h could be seen by the
naked eye. Nevertheless no diffraction signal could be obtained (d&a not shown). A part of the
layer was then transferred via the Langmuir-Blodgett technigue onto a silicon wafer for ex-situ
investigation. The formation process was then continued by addingammonia a second time.
This resulted in the formation of crystalline iron hydroxide as shown by XRD. The obtained
scattering pattern along with simulated scattering data are shown in gure 5.27. The observed
scattering curve can be described by lepidocrocite alone indictirg only a single crystalline phase.
Again, a part of the sample was transferred to a silicon wafer forex-situ characterization by SEM.
This images are shown in gure 5.28.

The SEM image made from the top of the sample after the rst application of ammonia is
shown in gure 5.28a. This picture shows the formation of a thick la yer with small holes in the
surface. A more detailed view of the composition can be seen in images.28b showing a side
view of the sample. It seems that the layer was formed by the aggregtion of small particles.
Because the XRD experiments showed no diffraction signal the olesved structures exhibit no
long range ordering. After ammonia was applied for a second time the layer has grown further
into the subphase. In this state the layer can be divided in threeparts. The rst part can be
identi ed as the initial nucleation layer observed in the pictur es of the top row. This part is
followed by a layer with darker color indicating a layer with higher el ectron density. The middle
layer seems to be composed of small crystallites indicating a staibg mineralization. The part of
the layer being in contact with the water phase is composed of long neelle-like structures with
random orientation. The crystalline structures are composed of lepdocrocite as proven by XRD.

Further the in uence of stearic acid monolayers on the formation proc ess was investigated.
XANES spectra were recorded from solutions with a concentration ofL0O0 mmokL and are shown
in gure 5.29. In the beginning the typical structureless curv e can be seen as in the other
investigated samples. On addition of ammonia a decrease of the whe line accompanied by an
increase in the structure can be observed. Furthermore the absorpon edge shifts by 2 eV to
lower energies. The EXAFS data obtained on this sample system is stvn in gure 5.30 and
the Fourier transformed (R) is shown in gure 5.31. The data indicates the presence of two
coordination shells just in the beginning. After ammonia is added the second coordination shell
becomes more pronounced indicating an increased order around the ion atom. The highest
accordance of these spectra can be found to that of magnetite. Neugheless the agreement is
not satisfactory.

Subphases with an iron(ll) chloride concentration of 100 mmokEL and stearic acid monolay-
ers present at the interface were further subject of XRD experinents. The obtained scattering
pattern is depicted in gure 5.32. The data shows the formation of crystalline structures at the
interface after the addition of ammonia. By comparing the so obtained pattern to simulated scat-
tering signals the data can be best described by a combination of lepidcrocite and magnetite.
The presence of magnetite is in agreement to the EXAFS data.
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Figure 5.27.: XRD curves of a samples of iron(ll) chloride with a concentraion of 100 mmokL with
stearyl alcohol monolayers.

Figure 5.28.: SEM images taken on Ims grown on iron(ll) chloride solution s with a concentration of

100 mmokL and stearyl alcohol monolayers present at the interface. Tke images show different states of
the Im evolution. A) Top view, ammonia added. B) Side view, a mmonia added. C) Side view, second

addition of ammonia. D) Side view higher magni cation, seco nd addition of ammonia.
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Figure 5.29.: XANES spectra obtained on iron(ll) chloride subphases witha concentration of 1 mmol=L
and a stearic acid monolayer showing the time evolution of the sample. Ammonia was added after 30
minutes. The data is shifted vertically for clarity.
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Figure 5.30.: Extracted EXAFS signal of the initial and end state of an iror{ll) chloride subphase with
a concentration of 100 mmokL and a stearic acid monolayer showing the evolution of the nea edge
structure. The measurement of the nal state was performed after 200 minutes.
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Figure 5.31.: Fourier transformed EXAFS signals (R) of 200 mmokEL iron(ll) chloride solution with and
without ammonia and a stearic acid monolayer. A reference of lepidocrocite taken from [193] is also
shown.
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Figure 5.32.: XRD curves on sample of iron(ll) chloride with a concentration of 100 mmokL with stearic
acid monolayers.

Figure 5.33.: SEM images taken on Ims grown on iron(ll) chloride solution s with a concentration of
100 mmokL and stearic acid monolayers present at the interface. The inages show the nal state of the
Im. A) Top view, B) side view.

Although the magnetite (113) re ection at o= 2:45A ' can not be observed in the measured
diffraction curve, the diffraction peak at = 2:09 A ' can only be explained by taking the (202)
magnetite re ection into account. The ank of the (301) lepidocr ocite re ection at g= 2:51 A !
seems to have an increased intensity indicating the existene of the (331) magnetite re ection.
The observation might hint at a growth with a preferred orientation at the interface.

The nal product was again a brittle Im which could be seen by the bar e eye. A piece of
the formed Im was again transferred via the Langmuir Blodgett technique to a silicon substrate
and SEM images were recorded. The images are depicted in gures.33 showing the formation
of a structured layer. The top side of the sample is nearly closed ad almost no holes can be
seen in it. The rst part seems to persist of an unordered structure quite similar to the layers
observed for amphiphiles of stearyl alcohol. This layer is followed by starp structures which are
supposed to be composed of crystals.
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5.3.2. Discussion and Conclusion

The experiment on subphases containing iron(ll) chloride with a concentration greater than
1 mmol=L show the formation of lepidocrocite crystals at the interface upon the addition of
ammonia. Furthermore, the XAFS experiments demonstrate that m solutions with 1 mmol=L
iron(ll) chloride concentration, aggregates with a lepidocrocit e structure can be observed even
without a monolayer. In this state XRD experiments show no diffraction signal indicating a weak
crystalline order or very small structures which are not detectable by the experimental setup.
After the addition of ammonia, these seeds grow, as seen by the XRDxperiments, yielding
lepidocrocite crystals with random orientation at the interface. By keeping the results of chapter
5.2 in mind, the following model can be postulated: Upon the addition of ammonia, aggregates
form in the bulk solution. As the concentration in the bulk solution inc reases, particles start to
accumulate to the interface. The same behavior could be observed fonanoparticles, where also
a suf cient bulk concentration is needed to induce adsorption at t he surface.[91]

XAFS experiments on iron(ll) chloride solutions with 100 mmokEL concentration showed only
the existence of one coordination shell around the iron atom in the beginning. No second coor-
dination shell can be observed, as found forl mmol=L iron(ll) chloride solutions. Because the
precipitation reaction is pH dependent, this observation can be explained by the higher pH value
of the 1 mmol=L solution. In this case the pH is high enough to enable a small fracton of iron
ions to nucleate adapting a lepidocrocite like structure. If ammonia is introduced to the sample
system the precipitation reaction is triggered as observed by the golution of a second coordi-
nation shell. The analysis shows that the obtained (R) can be best described by lepidocrocite.
X-ray diffraction experiments performed in the framework of the diploma thesis of F. Wirkert
showed the growth of lepidocrocite crystals at the interface after the addition of ammonia.[194]
The width of the observed scattering re ections decreased with time indicating the growth of
the crystals.

The XAFS and XRD data obtained orl mmol=L iron(ll) chloride solution showed the forma-
tion of lepidocrocite without any contribution from other phases.

Langmuir monolayers seem to have no in uence on the crystalline sructures forming in
1 mmol=L iron(ll) chloride solutions. In all cases, the obtained data show a signal originat-
ing from lepidocrocite structures.

This changes as the concentration is raised tal00 mmokL, in the presence of stearic acid
magnetite crystals start to form aside of lepidocrocite as proved bythe XRD experiments. These
changes are supported by the XAFS experiments which also show thexistence of magnetite.
Prior to the addition of ammonia, the local structure around the iron atoms seem also more
ordered than without monolayer which is indicated by the presence of a weak maximum in the

(R). The SEM image revealed the formation of a closed surface layerThe formation starts with
an unstructured layer which is likely to be amorphous. With time, sharp structures are formed at
the face of the layer oriented towards the aqueous solution. It is sugposed that these structures
have a crystalline character. The formation of such composite Imswas also observed by Maas
et al.[184]




5.4. Growth of inorganic thin Ims at polysiloxane membranes

Langmuir layers of stearyl alcohol seem to have no in uence on the poymorph of the formed
crystals as seen in the XRD experiments showing the growth of lemlocrocite. The deviation
observed in the XAFS experiments from the bare interface can be expined by the formation of
a composite structure as proven by the SEM images. As this is no pls& pure material EXAFS
signal from iron atoms with a varying environment are obtained. In a rst step a composite
structure forms without crystalline order by the fusion of small aggregates. As the growth of
the layer continues the formation of lepidocrocite crystals takes place. The fact that the EXAFS
data can be described not by lepidocrocite alone is due to the differat coordinations of the iron
atoms. All iron atoms in the illuminated area are probed and not only t he crystalline part alone.
These observations are in clear contrast to the measurements péormed by Lin et al.[195] These
studies report on the formation of magnetite by using stearyl alcohol. The discrepancy can be
attributed to varying sample treatment as Lin et. al. deposited the sample on glass substrates via
the Langmuir-Blodgett technique. Due to this, the samples dried which might result in a phase
transformation.

From the data the following picture of the nucleation of inorganic | m from subphases con-
taining iron(ll) chloride can be drawn. In the case of charged int erfaces, iron containing aggre-
gates nucleate at the interface as revealed by the experimerst on low iron(ll) concentrations.
Parallel to this interfacial nucleation, aggregates start to form in the bulk solution which can
adsorb at the interface if a critical subphase concentration is @mssed. Thus, the iron hydrox-
ide aggregation at the interface can be achieved without monolayes by adjusting the subphase
concentration alone. At iron(ll) chloride concentrations of 100 mmokL, the formation of a com-
posite structure is observed which seems to have an amorphous chacter. It is likely that the
roundly shaped aggregates, which form the rst layer, are the same as observed for low iron(ll)
chloride concentrations in combination with DPPA Langmuir layers. These aggregates show no
long range order. As the pH value drops, which results in an enharced formation of lepidocrocite
particles in the bulk solution, a competitive adsorption at the int erface takes place.

5.4. Growth of inorganic thin Ims at polysiloxane membrane S

In this chapter the growth of thin Ims at solution-air interfaces modi ed with polysiloxane

networks is discussed. In a rst step subphases containing iron(ll) chloride were studied. The
iron(Ill) complexes present in the subphase have the af nity to accumulate in the interface
region.[168] By this a seeding layer could be formed from which the nucleation starts.

Synthesis protocols for iron oxide nanoparticles (magnetite or magheanite) make use of iron
salt solutions composed of a mixture of salts with varying oxidation states.[196] In order to
investigate how the presence of different ions with varying oxidation states in uence the growth
process aqueous solutions containing a mixture of iron(ll) chloride and iron(lll) chloride were
used.

In the rst part of the following chapter the aggregation of inorgan ic Ims under polysiloxane
networks is presented using an iron(lll) chloride. After this, t he study of thin Im growth
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Figure 5.34.: Polysiloxane membranes on iron(lll) chloride solutions with a concentration of 1 mmol=L.
The samples were investigated at different evolution times Left: Fresnel normalized re ectivities. Right:
Electron density pro les.

at polysiloxane membranes using solutions with a mixture of iron(ll) chloride and iron(lll)
chloride is represented. The chapter closes with a conclusion oftie observations.

5.4.1. Subphases containing iron(lIl) chloride

X-ray re ectivity and grazing incidence diffraction measure ments were performed on polysilox-
ane networks using subphases of iron(lll) chloride solution. The conantration of the iron(lll)
chloride was chosen to bel mmol=L resulting in a pH value of 3 for the solution. The ex-
periments were performed using the liquid scattering setup of the beamline BW1, DORIS llI,
Hamburg, Germany. The Langmuir layers were prepared as deschied in chapter 3.9 using a
1 mmol=L solution of OTS in chloroform. In the following the Im was compressedt o a surface
pressure of = 20 mN=m and was kept constant.

The Fresnel normalized XRR curves are depicted in gure 5.34 & a function of the wave
vector transfer perpendicular to the surface. The re ectivities were measured at different time
of the evolution of the system. The curve marked with t = 0 min denotes t he time when the
rst measurement was started. The re ectivities show an incr ease of intensity in the low @,
range around 0:05 A g This indicates an enrichment of material with high electron d ensity at
the interface. By closer inspection of the obtained data also chages in the characteristics of the
curves can be observed.

The XRR curves were analyzed in order to obtain the electron densit pro le perpendicular to
the surface. For the actual sample system a model consisting of 3 lgers was used. The obtained
pro les are shown in gure 5.34. The electron density pro le obtain ed directly after compres-
sion of the monolayer show already a slight increase in the region benath the headgroup. A
gradient with a length of 20 A from the water towards the headgroup can be observed. During
the following time a further increase of the electron density takes place in a region of 60 A be-
low the headgroup of the polysiloxane network. In the later evolution st ates the headgroup of
the polysiloxane networks can not be distinguished anymore from the growing layer. However,
the tail group can be clearly identi ed until the end of the growth process although the elec-
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Figure 5.35.: GID data obtained from polysiloxane networks on top of iron(Ill) chloride solutions. The
left side shows the two dimensional scattering pattern and the right side depicts the scattering signal
integrated along the q, direction. a) 36 min after the rst measurement b) 174 min aft er the rst
measurement.

tron density in the tailgroup region increases as well. In fact an absorption throughout the Im
structure takes place. It has to be pointed out that in this state no ammonia was present yet.

In order to investigate the lateral structure of the polysiloxane network GID experiments
were performed in between the re ectivity scans. The two dimensional GID data along with
the integrated data along the g, direction is shown in gure 5.35. In the beginning a single
diffraction peak can be observed atg; = 1:537A 1. The two-dimensional crystal lattice can
be described by a hexagonal unit cell. The resulting parameters ee summarized in table 5.4.
The tails of the polysiloxane network are in an upright position. By comparing the unit cell
parameters of polysiloxane networks on iron(lll) chloride subphases with values obtained on a
water subphase no change can be observed (see chapter 4.1). Fromishit can be concluded that
the iron(lll) chloride has no in uence on the lateral polysiloxane network structure.

The ongoing aggregation process seems to disturb the lateral ordethereby decreasing the
size of the crystalline patches as indicated by the increase of wdth of the Bragg re ections, see
table 5.4. GID scans covering a largeig range were performed in order to search for re ections
from crystalline iron oxide or hydroxide species. In these scans no e ections could be found
indicating the formation of an amorphous layer.
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t =34 min t=174 min
FWHM [A 4 0.026 0.003 0.039 0.006
g [A 1 1.536 0.005 1.528 0.005
lattice constant a [A] 472 0.3 475 0.3
unit cell size Ay [A%] | 19.1 0.3 19.3 0.2
| [a.u.] 16.1 0.4 143 0.1

Table 5.4.: Parameters of the Voigt function tted to GID scans of the polysiloxane networks on iron(lll)
chloride subphases, full width of half maximum (FWHM), g; lateral position of the re ection, | intensity
of the diffraction peak. Properties were estimated by evalwation of the GID scans using Voigt pro les.
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Figure 5.36.: Polysiloxane membranes on iron(lll) chloride solutions with a concentration of 1 mmol=L
in the presence of ammonia. The samples were investigated atlifferent evolution times. Left: Fresnel
normalized re ectivities. Right: Electron density pro le s.

In the following ammonia was added to the system to investigate if a phase transformation
could be induced. Four vials containing in total 30 mL of a 3 wt% ammonia solution were placed
inside. After this XRR and GID measurements were performed agjin. The Fresnel normalized
XRR data are shown in gure 5.36. After ammonia was added the oscllation in the re ected
signal was damped. Additionally a further increase in the intensity around g, = 0:05 A ' canbe
seen. The corresponding electron density pro les are shown in gure 5.36 re ecting a further
increase of the electron density as ammonia is present. During tis process the vertical structure
of the polysiloxane network is completely destroyed. The nal state of the system is reached after
a time of t = 480 min. At the end a GID measurement was performed in order to examine the
lateral structure of the polysiloxane network again and to searchfor re ections from crystalline
material (data not shown). No scattering signal at all could be detected. From this it can be
concluded that no crystalline iron compound was present in the sanple and the lateral order of
the polysiloxane was completely destroyed. This is in contrast to the reference measurements
presented in chapter 4.1. During these experiments the homogerity of the membrane increased
as ammonia was added.

5.4.2. Subphases containing a mixture of iron(lll)- and iro n(Il) chloride

The growth of inorganic Ims at polysiloxane monolayers was studied for mixtures of iron salts.
A stock solution with a mixture of iron(ll) chloride and iron(lll) ch loride in the ratio of 2:3 was
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Figure 5.37.: Polysiloxane membranes on solutions containing an iron(ll):iron(lll) chloride mixture with
a concentration of 1 mmol=L in the presence of ammonia. The samples were investigated atifferent
evolution times. Left: Fresnel normalized re ectivities. Right: Electron density pro les.

prepared. The overall iron concentration in solution was adjustedto 1 mmol=L. X-ray re ectivity
measurements and grazing incidence diffraction measuremets were performed at the beamline
BW1, DORIS lll, Hamburg. Polysiloxane layers were prepared as meined in chapter 3.9 using
a 1 mmol=L solution of OTS in chloroform. The Im was compressed to a surface pressure of

= 20 mN=m which was kept constant during the measurements.

The Fresnel normalized XRR data measured on this system is showmigure 5.37. Because of
the observation made in chapter 5.4.1 two re ectivity measurem ents were performed one after
another in order to investigate if aggregation also occurs without ammonia (data not shown).
Both curves show no deviation indicating no aggregation of inorganic material at the interface.
After this ammonia was added to the gas phase above the sample. T rst scan (t=195 min)
after the addition of ammonia shows only minor changes. Whereas thescan started after 282
minutes shows a strong increase in the re ected intensity of the low @, range.

The electron density pro les obtained from the XRR data are shown in gure 5.37. The
electron density pro les show only a small increase of the layer roughness as ammonia is added
(t=193 min) implying a hindered aggregation. After a further w aiting period of 200 minutes a
100 A thick layer was observed at the interface. The electron densityincreases gradually from the
water subphase towards the headgroup which is merged with the gowing layer. By comparing
the electron density of the tailgroup in the initial state with t he later one a decrease can be
observed. This might be due to the aggregation of an inorganic Im at the headgroup whereas
the polysiloxane patches are pushed apart. By this the electron dnsity of the polysiloxane
network decreases accompanied with a decrease of the electron desity of the tailgroup.

GID experiments performed on these polysiloxane network are shownm gure 5.38. After
the polysiloxane network is deposited at the interface a Bragg re ection at ¢ = 1:538 A ! can
be observed. This indicates the organization of the hydrocarbon chaingn a hexagonal unit cell.
After ammonia was added to the gas phase the intensity of the difraction peak dropped. The
width of the re ection increased implying a shrunk lateral size of the crystalline patches. The
structural parameters are summarized in table 5.5. Bragg re ections originating from crystalline
material were not present in the GID experiments covering a laiger g range (data not shown).
This hints at the formation of amorphous aggregates at the polysiloxane interface.
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t =32 min t =129 min 226 min
FWHM [A 4 0.025 0.002 0.035 0.006 0.048 0.009
g A 1] 1.538 0.005 1.540 0.005 1.532 0.009
lattice constant a [A] 4.72 0.09 471 0.08 47 0.2
unit cell size Ayy [A?] 19.3 0.2 19.2 0.2 19 1
| [a.u.] 36.3 04 236 04 84 0.9

Table 5.5.: Parameters of the Voigt function tted to GID scans of the polysiloxane networks on a mixture

of a iron(ll):iron(ll) chloride subphases, full width of h  alf maximum (FWHM), g; lateral position of the

re ection, | intensity of the diffraction peak. Properties were estimated by evaluation of the GID scans
using Voigt pro les.

Figure 5.38.: GID data obtained from polysiloxane networks on solutions mntaining an iron(ll):iron(111)
chloride mixtures. The left side shows the two dimensional scattering pattern and the right depicts the
scattering signal integrated along the g, direction. a) 32 min after the rst measurement b) 129 min
after the rst measurement c) 226 min after the rst measurem ent.
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5.4.3. Conclusion

The experiments utilizing iron(lll) chloride subphases show a formation of inorganic Ims with-
out the presence of ammonia in a region of 60 A below the interface. During the formation
process, the iron species penetrates the polysiloxane layer comptely. These experiments show
no sole adsorption at the headgroup. The lateral structure of the polysiloxane network is not
in uenced by the formation process, although the vertical layer structure is penetrated. The fact
that no Bragg re ection from crystalline material could be observed, implies the formation of an
amorphous layer at the interface.

If ammonia is added, a further increase of the electron density @n be observed which goes in
hand with the destruction of the lateral layer structure, althou gh the reference measurements
discussed in chapter 4.1 show an increase of the homogeneity of thepolysiloxane layer. This
effect seems to be blocked in the presence of iron(lll) chloride soluions, in fact, the layer
structure is disturbed as ammonia is present. As an inorganic Im formation is observed even
without ammonia another nucleation pathway might be present in th is sample system. Because
the exact composition of the inorganic Ims is unknown, no statement can be made about the
restructuring of the inorganic Im, which might induce the coll apse of the lateral Im structure.
Nevertheless, ammonia is not responsible for this phenomena.

By using solutions which contain a mixture of iron salts, a growth of an inorganic Im at the
interface could be observed without iron penetrating the tailgroup of the monolayer. This is in
contrast to subphases containing iron(lll) chloride. The small particles formed in the headgroup
region grow in the following progressively into the subphase. This process is accompanied by
an increase of the width of the diffraction peaks showing a reduction in the lateral patch size.

Additional measurements, performed by P. Degen, Physikalische Gémie Il, TU Dortmund,
show a strong dependence of the crystallization kinetics on the iron @lt and ammonia con-
centration. Since the measurements presented here are perfaned at very low concentrations,
it is reasonable that only the initial stage is observed. The obtainal data suggest that in the
beginning iron containing aggregates are formed at the headgroupstructure which is incorpo-
rated into the growing layer. By this, a composite structure is formed and the polysiloxane
layer is disrupted. The formation of a composite structure was alsoobserved by SEM images
on samples using higher iron concentrations showing sponge like stactures that form at the
membrane. Ex-situ XRD measurements reveal the formation of maghmite by using higher sub-
phases concentrations. This also supports the observation of a pregsor phase which nucleates
the interface and transforms to a crystalline structure at sufcient supersaturation levels.

5.5. Summary

The experiments on iron chloride solutions, performed in the framework of this thesis, observed
the growth of inorganic Ims using different iron salt solutions an d concentrations. Different
nucleation and growth behavior are observed depending on the expenmental conditions. The
investigations reveal clearly, that not only pure electrostatic effects are responsible, but rather
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more complex mechanisms have to be accounted. These mechanismseaquite dif cult to iden-
tify as the system is very complex.

Low iron(ll) chloride solutions showed the formation of amorphous aggre gates at the nega-
tively charged interface. For zwitter-ionic or cationic Langmuir layers, no growth was observed.
Although the formation of aggregates was observed in the bulk solutionfor these concentrations
no in uence on the thin Im forming at the interface was obvious. An attachment from the bulk
phase to the interface can be ruled out due to the different sizes of the aggregates observed in
the bulk solution and the inorganic layer formed at the interface.

If the concentration of iron(ll) chloride was increased and with t his, the number of aggregates
forming in the solution, an accumulation of crystalline iron hydroxid e (lepidocrocite) even with-
out monolayers was observed at the interface. This was accompanied by dramatical increase
of the interfacial roughness. By modi cation of the interface wit h neutral amphiphile stearyl
alcohol, no change in the growing polymorph could be induced. The formation of an amor-
phous structure with a subsequent growth of lepidocrocite could be sen. As stearic acid is used
the formation of magnetite and lepidocrocite could be proven by XRD and XAFS measurements.
The layer formation is, thus, not only a function of the amphiphiles, but also depends strongly
on the subphase concentration. The structures formed at the inteface might be produced by a
combined adsorption of lepidocrocite crystals and an interfacial aggregation process.

By using iron(lll) chloride solutions, a different behavior could be observed. This system
showed only in the presence of Langmuir layers a formation of inorganic Ims. For bare inter-
faces, no adsorption could be achieved. Also, a critical surface gessure of = 20 mN=m was a
requirement for the interfacial adsorption. The layers forming at the interface in the presence
of amphiphiles were amorphous with no long range ordering. The formation of thin Ims was
proven to happen at anionic, cationic and non-ionic Langmuir layers. Only for the zwitter-ionic
Layer the formation process was suppressed.

By the right choice of the sample parameters (concentration 0of100 mmokL and a stearic acid
monolayer) an ordering, which is still far away from a crystalline p hase, could be observed
by XAFS measurements. These samples showed the formation of a seabroordination shell
with less iron content than for crystals of bulk iron hydroxides. The investigations showed no
formation of closed inorganic Ims suggesting the formation of small particles at the interface.

During the aggregation process the Langmuir layer structure wasrecognized to be disturbed.
This effect can mainly be attributed to ammonia as seen in the reerence measurements. The
presence of iron(lll) chloride in the subphase in uenced the prop erties of DPPA monolayers,
which can be attributed to iron complexes interacting with the ph osphate headgroup, thus,
stabilizing the lateral structure.[168, 177]

The experiments utilizing polysiloxane layers showed the formation of amorphous aggregates
even without ammonia. The membrane structure is penetrated by the aggregates adsorbing
into the tailgroup and headgroup region. During this process the lateral structure keeps stable
and only a decrease of the intensity of the diffraction peak can be obgrved. A further addition
of ammonia increases the electron density more and leads to the dstruction of the layer. The
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healing effect of ammonia discussed in chapter 4.1 seems to be qapressed in the presence of
iron(lll) chloride which might be caused by iron complexes aggregating at the polysiloxane
membrane.

A penetration can be avoided by using a mixture of ion(ll) and iron(ll 1) chloride solutions
as subphases. The nucleation takes place at the headgroup region ithiout the penetration of
the tailgroup. The headgroup is still in uenced by the aggregates which grow in the direction
of the subphase. During these measurements, again no crystallie material could be found
to form at the interface. In analogy to the observations made for iron(ll) chloride, crystal
structures could be observed to form in case of elevated iron concentations as observed by P.
Degen, Physikalische Chemie Il, TU Dortmund. This again shows thetsong dependence on the
subphase concentration of the iron chlorides.

The results present a survey of the parameters in uencing the formation of inorganic Ims
at interfaces from iron salt solutions. The results discussed abog clearly show the complexity
of the system. The concentration of the iron salt solution has a diffeing in uence for the
two salts and also the Langmuir layers. The studies on the low iror(ll) chloride solution hint
predominately at the in uence of electrostatic forces on the formation process as only interfacial
growth was observed for DPPA amphiphiles. For solutions containing tivalent ions this is not
true any more as the in solution formed complexes seem to have a grei@r in uence on the
formation of the inorganic Ims.
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6. Surface adsorption of nanoparticles
controlled by surfactants

Control over the properties of uid interfaces is of great interest for applications utilizing systems
with high speci ¢ surface areas. The stability of e.g. foams or erulsions can be in uenced by
adding ionic or non-ionic surfactants or colloidal particles.[8, 89, 197] Moreover, the research
on the combination of surfactants and particles shows great opporturities due to synergetic
effects highlighting the relevance of this research eld.[1 98, 199]

On the one hand, in systems where only surfactants are present th properties of the uid in-
terface depend on the thermal equilibrium and dynamics of the adsorption and desorption of the
surfactants. However, if colloids are accumulating at uid int erfaces the inter particle interac-
tion can cause self assembly or aggregation altering the interfaial properties signi cantly.[200]
But also the size of the adsorbing particles is crucial. The pairicles must have a suf cient size
for a successful stabilization of the uid interface.[201] Conse quential the mixing of different
types of systems could induce changes in the adsorption process at thinterface thus resulting
in unique interfacial properties. The most important factors controlling the uid interface in this
context are the adsorption of the surfactant to the surface of the particles, the in uence of the
surfactant on the interaction of the particles in solution, and th e effect of the particles surfactant
interaction on the interface properties.[202]

Rheological measurements on the composite system of iron oxide nanopaicles (maghemite,
-Fe,03) in the presence of sodiumdodecylsulfate (SDS) showed an increasg adsorption of the
nanoparticles at the interface which depends on the ratio of the surfactant and nanoparticles
in solution.[203] Surface shear rheological measurements showel increased elastic properties
pointing to the formation of a Im at the surface.[203] During thes e measurements the Im was
stressed until rapture. Subsequently, the measurements wez repeated with the same sample

showing again a Im formation at the interface. By this it can be con cluded that after the Im
was teared a reformation occurred. The enhanced surface activy is attributed to synergetic
effects between the nanoparticles and surfactants. The surfetant is bound to the nanoparticle
by electrostatic forces and the nanoparticle surface gets hydropbbic. As a consequence the
nanoparticles are more likely to adsorb to the interface forming nanoparticle thin Ims. Fur-
ther, the formation of aggregates was observed in bulk solutions of thenanoparticle surfactant
mixture.[203] By adjusting the interaction of the surfactant nanoparticles composites the size
of the aggregates can be in uenced.

In order to gain information on the microscopic structure on the formi ng Ims XRR experi-
ments on solution mixtures of surfactant and nanoparticles were performed. In these measure-
ments the adsorption behavior of electrostatically stabilized iron oxide (maghemite, -FeO3)
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6. Surface adsorption of nanopatrticles controlled by surfactants

and gold nanopatrticles was studied which are charged positivey and negatively, respectively.
These particles were combined systemically with aqueous solutios of sodiumdodecylsulfate
(SDS), cetyl trimethylammonium bromide (CTAB), and 2-dodecoxyethanol (Brij 35), being an-
ionic, cationic and non-ionic surfactants, respectively.

The experiments were performed at the D8 laboratory diffractometer using a wavelength of
1.54 A. The samples were prepared by mixing solutions of nanoparttles with solutions of the
surfactants. The concentrations mentioned in the following are the resulting concentrations in
the nal solution. The samples were placed in a sample cell which was ushed with helium in
order to suppress air scattering and evaporation.

The study on the nanoparticle solutions was performed within the collaboration with the
group of Prof. Metin Tolan (TU Dortmund) and Prof. Heinz Rehage (TU Dortmund). Part of
the presented results were published as: Patrick Degen, D. C.lBrian Wieland, Sabine Leick,
Michael Paulus, Heinz Rehage and Metin TolanEffect of magnetic nanoparticles on the surface
rheology of surfactant Ims at the water surface Soft Matter 2011, 7, 7655.

In following chapter the adsorption behavior of iron oxide nanoparticl es is investigated in the
presence of different surfactants. This part is followed by the dudy of the adsorption behavior of
gold nanoparticles under varying surfactant additives. The chapter is nished by the conclusion
and discussion of the observations made.

6.1. lron oxide nanoparticles

The XRR experiments were performed using solutions of nanopartites with a solid fraction of
iron oxide of 0.05 wt%. The concentration of SDS was adjusted to0:01 mmokL and 20 mmokL,
respectively. These concentrations were chosen because the dace rheological measurements
showed a strong increase of the elastic moduli at a SDS concentratiorof 0:01 mmokEL. In
contrast to this at a SDS concentration 0f20 mmoEL no increase was monitored.

First experiments of pure nanoparticle solution without the presence of surfactants showed
no adsorption at the interface. The obtained XRR data on solution of SDSwith a concentration
of 0:01 mmoEL together with reference data of a pure SDS solution were normalizedby the
Fresnel re ectivity and are shown in the appendix gure C.4. T he electron densities acquired by
re nement of the data are depicted in gure 6.1. The time t denotes the point between prepa-
ration of the sample and the end of the measurement. The data show astrong increase of the
electron density in a region of 90 A below the interface after the r st re ectivity measurements.
By comparing these data to the results of a pure SDS solution the adsrption of the nanoparti-
cles to the interface is obvious. In order to extract the size of theparticles an electron density
pro le was modeled theoretically. Because the size of the nanopaticles is logarithmic-normal
(log-normal) distributed a model was constructed consisting of spheres being weighted by a
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6.1. Iron oxide nanoparticles
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Figure 6.1.: Electron density pro les on solutions of 0.05 wt% -Fe,O3 and 0:01 mmokL SDS solution
obtained by the re nement of the re ectivity. The data was re cored at different times after the prepara-
tion. Additional the electron density pro le of spheres wit h log-normal distribution is drawn. a) t = 1.5h
b) t = 20h.

log-normal distribution function.[204] This distribution is de ne d by
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(6.1)

with the most probable particle radius , the scaling amplitude u, and the width of the particle
distribution . The electron density pro le ED (z) was calculated via

X
ED(z)=  [@riz 22 (1) (6.2)

with z  r;. The parameters obtained by re ning equation 6.2 to the data are summarized in
table 6.1. The resulting electron density is shown in the gure 6.1a. The sample was left for
18.5 hours and a second re ectivity was recorded afterwards. The resulting electron density
is shown in gure 6.1b. By comparing the obtained pro les it gets obviou s that the electron
density increases further accompanied by a decrease of the widt of the adsorbed layer. This
density pro le was again modeled by a log-normal weighted sphere distribution. The obtained
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6. Surface adsorption of nanopatrticles controlled by surfactants

parameters are given in table 6.1 as well.

The data suggest an enhancement of adsorbed nanopatrticles at thiterface with time as the
electron density of the layer increases. A side effect seems to ba decrease of the width of
the adsorbed nanopatrticle layer. But these results have to be revdwed with precaution. For
a successful modeling of the electron density prole 6 slabs had tobe used resulting in 25
parameters which had to be adjusted. Further the g range was only accessible up to 0.2 AL,
The reason for this is the high uorescence emission from the sampé. The absorption edge
of iron lies at 7.9 keV which is only 0.1 keV beneath the X-ray energy ugd. As a result the
background is enlarged in these experiments reducing the accesble g range.

| t=15h t=20.0h
1.35 0.02 1.2 0.3
Al | 32 05 32 05

Table 6.1.: Parameters of the log-normal distribution used for simulating the electron density pro les of
iron oxide nanoparticles for different adsorption times.

Further experiments were performed for a solution of nanoparticles and increased SDS con-
centration of 20 mmokEL. The electron density pro les show the adsorption of SDS to the in-
terface alone. No thin Im composed of nanoparticles forms at these conditions, see gure
appendix C.1(b). Similar observations were made when using CTABand Brij solutions. Figure
C.2(b) and gure C.2(b) of the appendix show the formation of a sole sur factant adsorption
layer independent on the presence of nanoparticles.

6.2. Gold nanoparticles

The experiments on the gold nanoparticles utilized agueous soluions with different concen-
trations. The electron density pro les obtained on solutions with a solid fraction of 0.05 wt%

gold combined with 0:5 mol=L CTAB solutions are shown in the appendix gure C.6(b). The
obtained data show no Im formation at the interface. If the concent ration of the nanopatrticles
and surfactant is changed by using 0.1 wt% solution and1l mol=L CTAB solution a formation
of a Im can be observed. The obtained electron density pro les are depicted in gure 6.2. The

electron density at the interface region increases with ongoingtime until the process stops after
12.5 hours. For comparison an electron density originating from a pure CTAB layer is shown.
The nal state was again modeled by a log-normal distributed sphere ensemble using equation
6.2 and the obtained parameters are summarized in table 6.2.[204]

Similar experiments utilizing gold nanoparticle concentrati ons of 0.2 wt% and a CTAB con-
| t=265h

1.42 0.02
[A] | 63.0 05

Table 6.2.: Parameters of the log-normal distribution used for simulating the electron density pro les of
the gold nanoparticles after 26.5 hours of adsorption.
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Figure 6.2.: Electron density pro les of the interface of 0.1 wt% gold nan oparticle solution and 1 mol=L
CTAB solution obtained by the re nement of the re ectivity d ata. As reference a density pro le of a
pure SDS solution is drawn. Additionally an electron density pro le generated by summing log-normal
weighted spheres distribution is shown.

centration of 1 mol=L showed a faster adsorption. The process was completed after 4.5 hsee
gure C.6(b). Subsequent experiments were performed using nanoparticle solution in combina-
tion with SDS and without surfactant, see appendix gure C.9(a) - C.12(a). The data show no
formation of nanoparticles thin Ims as expected.

6.3. Discussion and Conclusion

The adsorption of nanoparticle thin Ims can be controlled by surfact ants in the solution as
shown by the experiments. By adjusting the concentrations of the sirfactant the adsorption
behavior of nanoparticles can be tuned. The observations made can be gtained by an electro-
static interaction of the ionic surfactant molecules with the opp ositely charged nanoparticles. As
a result the composite system tends to a stronger interfacial aderption. The interaction of the
surfactant and nanoparticles leads to the formation of surfactant nanoparticles composites with
increased hydrophobic interaction at the particle surface.

The surface of the iron oxide nanopatrticle is positively charged which explains the adsorption
behavior by using negatively ionic surfactants of SDS. In this systen a nanoparticle layer can be
observed at the interface. The experiments showed a dependencen the ratio of the number
of SDS molecules to those of the number of nanoparticles in solution. If he amount of SDS is
low in the solution only few molecules bind to the nanoparticles thus increasing the interfacial
adsorption only slightly, see gure 6.3. As aresult no Im format ion can be induced. Vice versa a
too high concentration of the SDS solution also prevents a Im formation. At this point a double
layer of SDS is formed around the nanoparticle as shown in the right of gure 6.3. A SDS layer
forms at the nanoparticles surface. But SDS molecules which aretsl in solution continue to
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6. Surface adsorption of nanopatrticles controlled by surfactants

adsorb to the surface due to the interaction of the hydrophobic groups By this the hydrophobic
forces are neutralized.

The system offers the unique possibility to tune the wettability of the nanoparticles by adjust-
ing the surfactant concentration. This is highly important for t he stabilization of liquid-liquid
interfaces. At these interfaces an optimal stabilization is obseved if the particles are wetted
each with 50 % of the organic and 50 % of the inorganic phase.[201]
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Figure 6.3.: Sketch of the composite nanoparticle structure under different solution conditions.

The diameter of the iron oxide nanoparticles was determined by DLS neasurements to be 16
nm.[203] A transmission electron microscopy (TEM) image was taken by P. Degen, Physikalische
Chemie II, TU Dortmund, of samples of the nanoparticles and is shownin gure 6.4. The
particle size can be determined by evaluation of the image yielding a radius of 6.6 nm 1.5
nm. By comparing this radius with the size of 6.3 nm 0.5 obtained by modeling a log-normal
weighted sphere distribution to the obtained data it can be concluded that only a monolayer
of nanoparticles forms at the interface. The experiments show a @viation from the particles
radius determined by DLS in comparison to the TEM data. The deviaibn of the DLS data
can be attributed to an ion and hydration shell surrounding the nanoparticle and affecting its
diameter thus enhancing virtually the particle radius. Thi s happens because in DLS experiments
the diameter is determined indirectly by measuring the diffu sion speed of the particles under
consideration.

If the positively charged nanoparticles were combined with CTAB and Brij solutions no Im
formation was observed. For CTAB the Coulomb repulsion of the equally barged nanoparticles
and surfactants prevented the formation of composite particles ad therefore the Im formation
at the liquid-air interface. For the non-ionic Brij the same explanation can be applied. Be-
cause of the absence of electrostatic interactions between the namparticles and surfactant no
nanoparticle composite forms.

The gold nanoparticles, in contrast to the iron oxide nanoparticles, exhibit a negative surface
charge. This explains the adsorption behavior of the sample systenby using cationic CTAB. The
experiments showed the formation of thin Ims during a period of hour s depending on the gold
concentration. No Im formation was observed when using SDS. The sane explanation holds for
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6.3. Discussion and Conclusion

Figure 6.4.: TEM picture of iron oxide nanopatrticles.

this composite system as for the iron oxide nanopatrticle solution. Theelectrostatic interactions
between the positively charged CTAB and the negatively chargé gold nanopatrticles induces the
formation of a nanoparticle composite which adsorbs in the following to the interface. The thin
Im was modeled by a log-normal weighted sphere distribution yieldin g a diameter of 13.0 nm

0.1 nm. The patrticle diameter was determined by DLS experimens to 23 nm. The obtained
size by the XRR experiments is smaller than the DLS data. Neveneless the experiments on
the iron oxide nanoparticles already showed that the particles dameter determined by DLS are
too large. It can also be stated that in the gold-surfactant composie system a monolayer of
nanoparticles forms.

The slower Im formation rate for gold nanoparticles can be attribute d to a low nanopatrticle
concentration. As mentioned, a nished Im formation was achieve d in 4.5 hours by using
higher gold nanoparticle concentrations. The concentrations deroted above belong to the total
amount of gold in solution but give no clue about the actual number of nanoparticles. An
estimation of the number can be made by using the radii of the nanoparicles obtained by the
XRR data. The volume of a nanoparticle is calculated on the basis oftte most proper radius
by neglecting the radii distribution. The concentration of gold nan oparticles can be calculated
to be 1.25 10%° L 1. By doing this for the iron oxide nanoparticles a concentration of 5.47
1020 L ! is obtained. The concentration of the iron oxide particle is roughly a factor 5 higher
as for the gold nanoparticles which might explain the faster kinetics. Further the adsorption of
the gold nanoparticles might be slowed down due to the larger diameter of the nanoparticles
as the Im formation process is controlled by diffusion. The Stokes-Einstein diffusion constant
is proportional to the inverse particle radius.® [205] As a consequence the diffusion kinetics of
the gold nanoparticles is slowed down by a factor of 1.7 in comparison tothe iron nanoparticles
because of the higher diameter.

Ip= G—k,%T—O;kb Boltzmann constant, T temperature, viscosityRq hydrodynamic radius
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7. Summary & Outlook

Aqueous solution-gas interfaces were investigated by means of inia X-ray scattering tech-

nigues concerning structural changes through adsorption proceses. Different parameters like
the subphase composition or the solution's pH value were changed in oder to modify basic con-

ditions of the Im growth processes. Further, an approach combining XRR, GID, XAS and ex-situ
techniques was made in order to obtain a comprehensive picture of he samples on different

length scales. By this, a class of parameters in uencing the gowth process were obtained.

The structure of polysiloxane membranes at the liquid-air interface was studied regarding the
in uence of the subphase's pH value. The lateral cross linking of the polysiloxane network is
inhibited under acidic conditions and the presence of loose monomersforming a Langmuir layer
was observed. It can be concluded that the hydrolysis reaction of the tichlorosilane group,
which is slowed down under these subphase constitutions, controls he network formation. If
the subphase's pH value of such a sample system is increased by add ammonia to the gas
phase, the hydrolysis equilibrium is shifted, thus, increasingthe amount of reactive monomers
enabling the membrane formation process. The micro crystalline stucture of the polysiloxane
network in the nal state is similar to the structure observed on n eutral or alkaline subphases.
Under neutral subphase conditions the membranes are composed of pahes with voids between
them. A subsequent addition of ammonia causes a reduction of these @ids resulting in a better
arrangement of the single patches. However, the micro crystaline structure of the patches does
not alter. The GID experiments on acidic subphases showed that th tailgroups of the single
OTS monomers are not well aligned parallel to each other and that tey still posses still some
degree of disorder. An increase of the surface pressure could deease this disorder and align the
tailgroups parallelly. Enabling the lateral cross-linking in th is state could lead to the formation
of a membrane with larger patch size.

Films of amphiphiles which are not joined by covalent bonds, were subgct to investigations
regarding the in uence of the interfacial pH value on their Im structure. These experiments
showed that ammonia has mainly a destructive impact on the Im arrangement. Only for EPC
a different behavior was observed as this amphiphile showed a phas transition to a condensed
state.

The formation of inorganic thin Ims from solutions containing iron ch loride salts, either
iron(Il) chloride or iron(lll) chloride, showed a differing growth  process depending on the oxi-
dation state of the iron species present in solution.

By using subphase solutions containing iron(lll) chloride, the growth of inorganic Ims com-
posed of small aggregates was observed under cationic and anionicsawell as under non-ionic
monolayers re ecting little in uence of the headgroup charge or com position. This observation

117



7. Summary & Outlook

can be understood by the different iron species which are formed in ajueous media offering a
variety of possible interactions of the iron species with the Langnuir layers. A hint for different
nucleation and growth process at the Langmuir layers can be identied from the differing shape
of the electron density pro les. However, all layers forming lack | ong range order as shown by
XAS and XRD experiments. An increase in the local order around th iron atom could be proven
by XAS experiments under Langmuir layers of stearic acid and irofilll) chloride concentrations
of 100 mmokL. Under these experimental conditions the evolution of a second coordnation
shell possessing 2 iron atoms in average could be identi ed.

At interfaces of iron(ll) chloride solutions with a concentration of 0:1 mmol=L the formation
of amorphous aggregates could be induced by employing negatively cheged Langmuir layers of
DPPA. Although aggregates forming in the bulk solution could be seen byDLS measurements.
An accumulation of these aggregates at the interface can be ruld out due to the different sizes
of the aggregates observed in the solution and the structures nuaating at the interface. At
zwitter-ionic as well as at the cationic Langmuir layers no formation of inorganic Ims was
seen. This indicates mainly an electrostatic interaction. A major impact on the Im growth
was identi ed being the iron(ll) chloride concentration. The form ation of lepidocrocite crys-
tals was observed at the bare interface of iron(ll) chloride solutions with a concentration of
1 mmol=L. The modi cation of the solution interfaces with Langmuir layers i nduced no change
in the growing polymorph resulting still in the formation of lepidocr ocite. For iron(ll) chloride
solutions with a concentration of 100 mmokL the formation of a composite structure was ob-
served when Langmuir layers of stearyl alcohol were employed. The XB and SEM data of this
sample system indicate a growth mechanism where rst an amorphous structure is formed and a
subsequent transition to the growth of lepidocrocite occurs. Howeve, when Langmuir layers of
stearic acid were employed the growth of magnetite along with lepidocrocite could be detected.
Thus, a competitive adsorption of lepidocrocite, which is formed in the bulk phase, with the
nucleation of magnetite at the interface can be proposed for this sample system.

Further studies are needed to get a more detailed view on the simgle aspects of the nucleation
and growth process. No optimal parameters are known for the growth of arystalline Ims from
iron(lll) chloride solutions. As the saturation level in the vici nity of interface could be one
critical factor as indicated by the XAS data, experiments on hidner iron(lll) chloride solutions
or the use of Langmuir layers having a higher surface charge, thg, increasing the concentration
highly at the interface, could shed light on the aspect whether the formation of crystals can
be induced for this sample system. Furthermore, for the controlled gowth of crystalline Ims
from iron(ll) chloride solutions, the formation of lepidocrocite has t o be suppressed in the bulk
solution. Investigations using either buffer solutions or solutions with a higher pH value could,
thus, inhibit the formation of lepidocrocite in bulk solution. By this , it could be clari ed in which
way the magnetite accumulates under stearic acid as the datahinted to the oriented growth of
this polymorph.

Thin Ims of nanoparticles could be generated at the liquid-air in terface by using solutions
containing nanoparticles and surfactants. The adsorption of the nanopatrticles to the interface
was proven to depend on the ratio of the nanoparticle and the surfactant concentration and on
the charge states of the components. If nanoparticles with a positve surface potential are em-
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ployed the adsorption to the interface occurs by using anionic surfatants whereby for nanopar-
ticles with a negative surface potential cationic surfactants are needed. These experiments illus-
trate that the wettability of the nanoparticles can be tuned by the surfactant-nanoparticle ratio,
thus, changing the adsorption properties of the particles. This adsorption process is further
controlled by diffusional processes and the time for the Im formati on depend on the solution
concentration and with this on the nanoparticle concentration.

The experiments give only insight into the vertical density pro le and no conclusion on the
lateral order can be made. As rheological measurements showed a reersible network formation
for these Ims after stress load the lateral structure on a microscopic scale is of great interest.
This could help to understand the process by which the Im encounters the stress and reforms.
These measurements can be best performed at the solution-air intdace by in-situ grazing in-
cidence small angle scattering measurements. Here the latal order of the nanoparticles can
be probed in-situ even when the Im is stressed giving information on the deformation and
reformation of the Im structure.
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8. Concomitantly performed projects

Besides the investigations which were performed in the framework of this thesis, a further
project was continued collaterally, which was started during the author's Diploma thesis. This
work was conducted in the collaboration of the groups of Prof. Fischer (Ruhr-Universitat
Bochum) and Prof. Woll (Karlsruher Institut fir Technik) and inv estigated structural properties
of metal-organic frameworks (MOF). These hybrid structures are a fat developing eld in ma-
terial sciences as they offer exciting properties for advancedapplications. Key features of these
structures are their high porosity and the channels in the framework which opens the possibil-
ity for the application as molecular sieves or for gas puri cation. These crystalline compounds
gained attention due to their possibilities for modi cation which are found in their principle
design. The network of these structures is composed of two parts be&ig an organic ligand and
an inorganic metal node. The crystal is, thus, formed by joining the metal nodes through the or-
ganic ligands by coordination bonds. The properties of the so formed néwork can be in uenced
by the modi cation of the organic ligand without changing the three dimensional structure. The
other way around these building blocks offer the opportunity to fabrica te crystals with a desired
structure. The controlled fabrication of MOFs as coatings is, thus a key ability for advanced
materials like membranes and detailed knowledge of the process paameters leading to high
quality coatings is essential. A special class of these MOFs hibit structural exibility upon
external stimuli like the adsorption of guest molecules to the network. The integration of such
exible MOF structures into coatings is of great interest as it might lead to the fabrication of
sensing devices and smart membranes.

In a rst step of this project samples were investigated in order to get insight into the quality
of the MOF coatings in general and to examine if oriented growth could be achieved. This step
is crucial as for membrane applications the control over the channé direction is needed. In the
course of this project a newly developed MOF [Zrp, (BME-bdc),(dabco)](n) was rst character-
ized as a powder sample regarding the structural transition and exibility upon adsorption of
CO; at 195 K. After the successful characterization, this exible MOF wasgrown as coating onto
substrates. Different aspects were investigated concerninghte control of the growth direction
along a distinct crystal axis and the CQ adsorption behavior. It could be shown that depending
on the nucleation conditions the crystal axis which changes upon CQ adsorption could be ei-
ther grown parallel to the interface or perpendicular, respectively, without losing the structural
exibility.
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Intercalation in Layered Metal-Organic Frameworks: Reversi ble Inclusion of an Ex-
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Arslan, H.K., Shekhah, O., Wieland, D.C.F., Paulus, M., Stemann, C., Schroer, M.A., Tiemeyer,
S., Tolan, M., Fischer, R.A., Woll, C.
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A. Bragg rod analysis

Bragg rod analysis of the DPPA Langmuir layer
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Figure A.1.: Bragg rod of a DPPA Langmuir
layer on a pure water subphase at a lateral
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wavevector transfer ofg; = 1:530A . The cir-
cles denote the measured data, lines represent
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Figure A.3.: Bragg rod of a DPPA Langmuir
layer on a pure water subphase at a lateral

wavevector transfer of g; = 1:439A ! after
addition of ammonia. The circles denote the
measured data, lines represent the tted struc-
ture factor.
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Figure A.2.: Bragg rod of a DPPA Langmuir
layer on a pure water subphase at a lateral

wavevector transfer of g; = 1:500A " after ad-
dition of ammonia. The circles denote the mea-
sured data, lines represent the tted structure
factor.

123



A. Bragg rod analysis

Bragg rod analysis of the DPPC Langmuir layer

The deviations in the tted structure factor can be explained as the approximation for the struc-

ture factor hold only for lipids in the free rotator phase.[119, 120 ] DPPC amphiphiles at an
surface pressure of =20 mN =m are not in the free rotator phase. This could also induces
changes in the intensity distribution along the rod explaining t he difference.[124]
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Figure A.4.. Bragg rod analysis of a DPPC

Langmuir layer at a lateral wavevector transfer
of g; = 1:414A. The circles denote the mea-
sured data, lines represent the tted structure

factor.
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Figure A.6.: Bragg rod analysis of a DPPA Lang-
muir layer at a lateral wavevector transfer of
g; = 1:405A after addition of ammonia. The
circles denote the measured data, lines repre-
sent the tted structure factor.
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Figure A5.: Bragg rod analysis of a DPPC
Langmuir layer at a lateral wavevector transfer

of g; =1:479A. The circles denote the mea-
sured data, lines represent the tted structure

factor.
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Figure A.7.: Bragg rod analysis of a DPPA Lang-
muir layer at a lateral wavevector transfer of
g = 1:476A after addition of ammonia. The
circles denote the measured data, lines repre-
sent the tted structure factor.




Bragg rod analysis of DPPC Langmuir layers deposited on iron

chloride solutions
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Figure A.8.: Bragg rod analysis of a DPPC

Langmuir layer at a lateral wavevector trans-
1 .

fer of g; =1:508A  on iron(lll) chloride so-

lutions. The circles denote the measured data,

lines represent the tted structure factor.

2001

© exp. data
=== modulated structure factor

1501

100¢

intensity [a.u.]

50

0 0.2 0.4 0.6 0.8
q, A1)

Figure A.9.. Bragg rod analysis of a DPPA
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fer of g; = 1:407A " on iron(l11) chloride so-
lutions after addition of ammonia. The circles
denote the measured data, lines represent the
tted structure factor.
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Figure A.10.: Bragg rod analysis of a DPPA
Langmuir layer at a lateral wavevector trans-

1
fer of g; = 1:478A "~ on iron(lll) chloride so-
lutions after addition of ammonia. The circles
denote the measured data, lines represent the

tted structure factor.

125




A. Bragg rod analysis

Bragg rod analysis of stearyl amide Langmuir layers deposit ed on

iron(lll) chloride solutions
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Figure A.11.: Bragg rod analysis of a stearyl
amide Langmuir layer at a lateral wavevector

transfer of g; = 1:416A " on iron(ll1) chlo-

ride solutions. The circles denote the mea-
sured data, lines represent the tted structure
factor.
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B. Iron(lll) chloride solutions
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Figure B.1.: a) Fresnel normalized re ectivities of DPPC monolayers at asurface pressure of =40 mN=m
on an iron(lll)chloride subphase. b) Electron density pro les obtained by re ning the re ectivity data.
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Figure B.2.: Near edge structure of the iron K-edge Figure B.3.: Near edge structure of the iron K-edge
of an iron(lll) chloride subphase with a concentra-  of an iron(lll) chloride subphase with a concentra-
tion of 1 mmol=L . tion of 100 mmokL .
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Figure B.4.: Near edge structure of the iron K-edge
of an iron(lll) chloride subphase with a concentra-
tion of 1 mmol=L and a stearyl alcohol monolayer
present at the interface.
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Figure B.6.: Near edge structure of the iron K-edge
of an iron(lll) chloride subphases with a concentra-
tion of 100 mmokL and a stearic acid monolayer
present at the interface.
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Figure B.5.: Near edge structure of the iron K-edge
of an iron(lll) chloride subphase with a concen-
tration of 1 mmol=L and a stearic acid monolayer
present at the interface.




C. Nanopatrticles

Iron oxide nanoparticles
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Figure C.1.: Experiments on solutions containing iron oxide ( -Fe203) nanoparticles with a concentra-
tion of 0.05 wt% and SDS with a concentration of 20 mmolkL.
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(a) Fresnel normalized XRR data. nement of the re ectivity data.

Figure C.2.: Experiments on solutions containing iron oxide ( -Fe;O3) nanoparticles with a concentration
of 0.05 wt% and a CTAB concentration of2:5 mmol=L.
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Figure C.3.: Experiments on solutions containing iron oxide ( -Fe,O3) nanoparticles with a concentration
of 0.05 wt% and a Brij concentration of 2:5 mmol=L.
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Figure C.4.: XRR data from the interface of an aqueous iron oxide nanoparicle ( -Fe,O3) solution with
a concentration of 0.05 wt%. The concentration of SDS was0:01 mmolkL.
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Gold Nanoparticles
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Figure C.5.: XRR data from the interface of an aqueous gold nanoparticle slution with a concentration
of 0.1wt% and a CTAB concentration of1 mol=L.
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(a) Fresnel normalized XRR data. (b) Electron density pro les obtained by the re-

nement of the re ectivity data. The electron
density pro le of the interface of a pure CTAB
solution is shown for comparison.

Figure C.6.: Experiments on solutions containing gold nanoparticles with a concentration of 0.05 wt%
and a CTAB concentration of1 mmol=L.
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(b) Electron density pro les obtained by the re-
nement of the re ectivity data. The electron
density pro le of the interface of a pure CTAB
solution is shown for comparison.

Figure C.7.: Experiments on solutions containing gold nanoparticles with a concentration of 0.1 wt% and

a CTAB concentration of1 mmol=L.
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(b) Electron density pro les obtained by the re-
nement of the re ectivity data. The electron
density pro le of the interface of a pure CTAB
solution is shown for comparison.

Figure C.8.: Experiments on solutions containing gold nanoparticles with a concentration of 0.1 wt% and

a CTAB concentration of1 mmol=L.
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Figure C.9.: Experiments on solutions containing gold nanoparticles with a concentration of 0.1 wt% and
a SDS concentration of0:01 mmokL.
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Figure C.10.: Experiments on solutions containing gold nanoparticles with a concentration of 0.1 wt%
and a SDS concentration ofl mmol=L.
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Figure C.11.: Experiments on solutions containing gold nanoparticles with a concentration of 0.2 wt%
and a SDS concentration ofl mmol=L.
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Figure C.12.: Experiments on solutions containing gold nanoparticles with a concentration of 0.1 wt%
and a SDS concentration of2 mmol=L.
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