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Abstract
This thesis gives an insight into thin coatings consisting of polyelectrolyte multilayers,
polyelectrolyte brushes and Halloysite nanotubes. Thin coatings are able to modify surfaces without affecting the underlying substrate. These coating can be used to protect the
substrate and to introduce functionality, e.g. responsiveness to humidity or temperature.
The first part is based on polyelectrolyte multilayers (PEMs). PEMs are build up of
oppositely charged polyions via the layer-by-layer technique and can be tailored with
nanometer precision. These coating are not densely packed and contain air-filled holes
(voids) in the dry state. The knowledge about the amount of voids is of crucial importance
for future applications. Here, polystyrene sulfonate/poly(diallyldimethyl ammonium)
chloride (PSS/PDADMAC) PEMs were studied at varying humidity to investigate the
internal composition. Ellipsometry was used to determine thickness and refractive index
as a function relative humidity. The relative swelling behavior is independent of the
layer number. While increasing humidity, PEMs swell and air is replaced by water
inside the voids. It was shown that above 30% RH the voids are fully filled with water.
Additionally, the void fraction and refractive index of the pure polymer mater were
determined to 5 ± 1% and 1.592 ± 0.002, respectively.
The second part describes the mutual interactions between PEMs and brushes. In
contrast to PEMs, brushes are perpendicular orientated to the surface. Composites
of brushes covered with PEMs retain their responsiveness to variation of external humidity. Therefore, this stimulus is used to study the internal composition of poly-2(methacryloyloxy)ethyl-trimethylammonium chloride (PMETAC) brushes coated with
PSS/PDADMAC PEMs. Ellipsometry measurements showed that the composites swell
less than single brushes but more than single PEMs. Neutron reflectometry showed that
PEMs penetrate fully a brush and stay mobile. While increasing humidity, brush and
PEM start to separate and water accumulates in the transition region. The overlap of
brush and PEM decreases down to 10% for a brush coated with a PEM of 17 layers.
Swelling and separation are almost reversible.
The last part focuses on the orientation of Halloysite nanotubes (HNTs) on substrates
coated with polyelectrolytes. HNTs are charged, tubular shaped alumosilicates and an
orientation of them leads to anisotropic coatings. Here, spray coating was used to align
HNTs on a surface. The influence of HNT-substrate interactions and different spraying
parameters were investigated. Polyethylenimine (PEI) coated silicon wafer provided a
sufficient strong interaction with HNTs for orientation on the surface. A low liquid flow
rate (0.2 mL/min) and a high gas flow rate (40 L/min) led to best alignment. Increasing
concentration and spraying time resulted in increasing coverage. The orientation was
quantified by the nematic order parameter and was increased up to 0.81 by optimizing
spraying conditions. Additionally, oriented bilayers of PEI and HNTs were produced.
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Kurzzusammenfassung
Dünne Beschichtungen können die Eigenschaften von Oberflächen verändern, ohne die
Volumeneigenschaften des Substrates zu beeinflussen. Dabei bieten vor allem Polymere
eine Vielzahl an Möglichkeiten, um Oberflächeneigenschaften zu beeinflussen. Außerdem
können sie zusätzlich responsive Eigenschaften aufweisen, zum Beispiel durch den Einfluss von Luftfeuchtigkeit oder Temperatur. In dieser Arbeit wird der Fokus vor allem
auf die innere Struktur von Polyelektrolytmultischichten und deren Kombination mit Polyelektrolytbürsten gelegt. Weiterhin wird die Ausrichtung von Halloysite Nanoröhren
auf einem Polymersubstrat studiert.
Im ersten Teil wird die interne Zusammensetzung von Polyelektrolytmultischichten
(PEMs) untersucht. Diese über die Layer-by-Layer-Technik aufgebauten Schichten bilden ein Polymernetzwerk aus entgegengesetzt geladenen Polyelektrolyten. Die PEMs
enthalten eine gewisse Menge an Hohlräumen. Das Quellverhalten von PEMs, bestehend
aus Polystyrolsulfonat (PSS) und Polydiallydimethylammoniumchlorid (PDADMAC),
wurde mit Hilfe der Ellipsometrie in Abhängigkeit von der Luftfeuchtigkeit untersucht.
Das relative Quellverhalten war unabhängig von der Anzahl der Polyelektrolytschichten.
Es wurde gezeigt, dass bis zu einer Luftfeuchtigkeit von 30% ein Luft-Wasser-Austausch
in den Hohlräumen stattfindet. Der Volumenanteil der Hohlräume beträgt im Mittel
5 ± 1%. Der Brechungsindex des reinen PEMs wurde zu 1.592 ± 0.002 bestimmt.
Im zweiten Teil wird die gegenseitige Beeinflussung von PEMs und Polyelektrolytbürsten untersucht. Dazu wurden Poly-2-(methacryloyloxy)ethyl-trimethylammoniumchlorid-Bürsten (PMETAC) mit PSS/PDADMAC PEMs beschichtet. Mit Hilfe der Ellipsometrie wurde das Quellverhalten von diesen Kompositmaterialien in Abhängigkeit
von der Luftfeuchtigkeit untersucht. Es zeigte sich, dass die Komposite weniger quellen
als reine Bürsten, aber mehr als reine PEMs. Um einen Einblick in die interne Struktur zu bekommen, wurde Neutronenreflektometrie verwendet. Mit Hilfe dieser Methode
wurde nachgewiesen, dass die PEMs vollständig in die Bürsten diffundieren und sich bei
steigender Luftfeuchtigkeit beide Komponenten voneinander entfernen. Wasser lagerte
sich bevorzugt in diesem Zwischenraum ein. Dieser Prozess war nahezu reversibel.
Im abschließenden Kapitel wird die Ausrichtung von Halloysite Nanoröhren (HNTs)
durch das Sprühen auf Oberflächen untersucht. Es konnte gezeigt werden, dass Oberflächen, die mit Polyethylenemin (PEI) beschichtet wurden, eine ausreichend starke Wechselwirkung für Orientierung aufweisen. Eine hohe Orientierung zeigte sich mit niedrigem
Flüssigkeitsstrom (0.2 L/min) und hohem Gasstrom (40 L/min). Die Belegung wurde
mit steigender Konzentration der gesprühten Suspension und längerer Sprühzeit dichter.
Die Orientierung wurde mit dem nematischen Ordnungsparameter S quantifiziert. Eine
Optimierung der Sprühparameter führte zu einem Ordnungsparameter von bis zu 0.81.
Außerdem was es möglich orientierte Doppellagen herzustellen.
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1 Introduction
Thin surface coatings are an interesting field of fundamental research with a perspective
for technical applications. This can include weight reduction, responsive properties to
implement functionality, or to change the morphology. Furthermore, biocompatible coatings are of strong interest for applications in medicine, food industry and cosmetics.
Thin coatings have a thickness from a few nanometer up to several hundreds of nanometer. Therefore, it is of crucial importance to tailor thin coating in a very precise, and
reproducible manner and to get fundamental control about the composition and responsiveness. Current research aims to understand the impact on environment and to develop
smart surface coatings for future applications. Promising candidates for such thin film
coatings are polyelectrolyte multilayers (PEMs) as well as polyelectrolyte brushes.
PEMs consist of alternating layers of oppositely charged polyelectrolytes adsorbed
to a surface. Introduced by Decher et al. in the early 90’s, 1,2 PEMs were intensively
investigated and are still subject of current research. The process of constitution and
the influence of different parameters are well understood. Among others, applications of
PEMs are reported in literature for sensing, 3 antifouling coatings, 4 and anti-reflective
coatings. 5
In contrast to PEMs, polyelectrolyte brushes are orientated perpendicular to a surface.
They are end-grafted on a surface either by the grafting-to or grafting-from approach.
The advantage of the grafting-from approach is the higher grafting density, in particular
for polyelectrolyte brushes due to their electrostatic repulsion. A sufficient high grafting
density is a requirement for brushes. Otherwise the polyelectrolyte chains collapse and
form mushroom or pancake-like conformations. Same as PEMs, polyelectrolyte brushes are extensively studied and the synthesis is well controllable. Therefore, they are
promising candidates for different applications. It is reported that polyelectrolyte brushes are used as a matrix for catalytic active nanoparticles, 6 as synthetic membranes for
selectively transporting ions 7 or as surface coatings with tunable wettability. 8
The similar nature of PEMs and polyelectrolyte brushes allows to combine both structures. Various polyelectrolytes can be used to build up PEMs and polyelectrolyte brushes,
allowing the introduction of a large variety of functionality into the coatings by combining
different polymers and architectures. It is reported, that PEMs are used as substrates
for brush synthesis 9 and brushes are coated with PEMs. 10 Additionally, inorganic nanoparticles of all shape, e.g. spheres, rods, and wires can be incorporated and introduce
further functionality and especially anisotropy into thin coatings. During the last years,
new nanoparticles came into focus: Halloysite nanotubes (HNTs). They are charged and
biocompatible nanotubes which can be incorporated into a polyelectrolyte matrix or can
be coated by the latter. First studies showed that it is possible to load HNTs with drugs
and to retard the drug release by PEM coatings. 11

10

INTRODUCTION

This Ph.D. thesis aims to investigate the internal structure of thin coatings, consisting
of polyelectrolyte multilayers, brushes, and Halloysite nanotubes. After giving a theoretical background (Chapter 2) and an introduction into the used methods (Chapter 3),
Chapter 4 discusses the internal structure of PEMs. PEMs consist of a polymer matrix of oppositely charged polyelectrolytes and inclusions (voids) filled with a gas or a
liquid. Exposed to external moisture, PEMs will adsorb water readily. This water can
be distinguished into two fractions, swelling and void water. Swelling water leads to an
increase in thickness and a change in permittivity. Void water replaces air in the voids
of the former dry PEM which leads to a change in permittivity but does not affect the
thickness. These two fundamentally different processes were monitored by ellipsometry,
a sensitive tool to study the refractive index and the thickness increment while increasing
the surrounding humidity. For a theoretical description, the void model was extended to
correctly describe the refractive index and the thickness over the entire humidity range.
It is shown that up to 30% RH an air-water exchange took place until any voids are
fully filled with water. Above 30% RH a further water uptake only led to swelling of the
entire film. Using this knowledge, the void fraction of the dry PEM was calculated and
gave an insight into the internal composition of PEMs.
Chapter 5 examines the mutual influence between PEMs and polyelectrolyte brushes
and their collective response to external humidity. Polyelectrolyte chains diffuse inside a
polyelectrolyte brush during formation of PEMs on top. These chains stay mobile inside
the brush. By increasing humidity, the entire system started to swell as shown by ellipsometry measurements. Compared to the swelling behavior of single PEMs and brushes,
the composite showed an intermediate swelling behavior. Using neutron reflectometry, it
was possible to resolve the internal structure of the composite during water adsorption,
showing that the interdigitated components started to separate with increasing humidity. It was possible to show that this separation process was almost reversible after a
full adsorption cycle.
Chapter 6 addresses the interplay of Halloysite nanotubes (HNTs) and polyelectrolytes.
HNTs are tubular shaped nanoparticles consisting of aluminosilicates. As a consequence
of their specific structure, HNTs have an intrinsic anisotropic surface chemistry with
alumina predominating the inner surface and silica predominating the outer surface resulting in an allover negative charge. An alignment of HNTs on a substrate introduces
anisotropic properties to thin coatings. Here, it was shown that HNTs align on a surface
by grazing incidence spraying. It was possible to manipulate the orientation and coverage
by varying different parameters. The samples were mainly analyzed with atomic force
microscopy and polarization microscopy. The orientation was quantified by calculating
the nematic order parameter.
Conclusively, Chapter 7 finishes this thesis with a conclusion of the different chapters
by giving an outlook to possible applications and discussing open questions.
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2 Scientific Background
The following chapter introduces the scientific background of this work. This includes the
integration into former and recent research as well as important fundamental concepts.
The main part of this work is related to surface coatings containing polyelectrolytes
(PEs). Therefore, the first paragraph deals with the main driving forces of PE complexation. The second part gives insights into the driving force of the build-up and into the
structure of polyelectrolyte multilayers (PEMs). A further building block of nanostructures, polyelectrolyte brushes, is introduced in the third part of this chapter. Afterwards,
Halloysite nanotubes (HNTs), an inorganic, stiff material which can be combined with
PEs get into focus. Finally, multicompartment systems consisting of PEMs/brushes and
PEMs/HNTs are addressed.

2.1 Thermodynamics of Charged Polymers
Oppositely charged PEs build complexes in aqueous solutions. 12 PEs are surrounded by
an electrical double layer. During complexation, the double layer is destroyed and small
counterions are released. 13 This can be described by the change in Gibbs energy ∆G.
∆G = ∆H − T ∆S

(2.1)

The change in enthalpy ∆H is mainly correlated to the binding energy of PEs; and the
change in entropy ∆S is mainly influenced by a release of counterions. This process is
shown in Figure 2.1. Depending on the used polyelectrolytes, the change in enthalpy can
have a positive or negative sign. The change in entropy is likely to be positive because
the release of counterions predominates the loss in translational entropy of single PE
segments. Therefore, the change Gibbs energy can either be negative or positive according
to Equation 2.1 and thus PEs can build stable or non-stable complexes, respectively.
Stable complexes mostly lead to phase separation or to turbidity of the solution.
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Figure 2.1: Complexation of oppositely charged polyelectrolytes. The release of counterions is the main driving force during the electrostatic complexation.

Both, ∆H and ∆S, are strongly influenced by the concentration of salt in the solution.
An increase of salt concentration leads to a decrease of entropy gain but the sign remains
positive. 14 The change in enthalpy increases with increasing salt concentration and shift
from negative to positive values can be observed. Increasing the salt concentration leads to a lower amount of intrinsic bonds and less tight ion pairing and thus to a shift
from exothermic to endothermic complexation. Nevertheless, a high entropy gain can
compensate an endothermic complexation and thus, the counterion release is the main
driving force of PE complexation. Additionally, the type of counterions as well as the
type of external added salt influences the complexation. The influence of the anions is
generally greater than the influence of the cations. 15 According to the Hofmeister series,∗
chaotropic anions strongly screen the PE charges and lead to a more coiled conformation.
In contrast, cosmotropic anions lead to a more stretched conformation and thus to more
compact complexation.
Furthermore, the complexation is influenced by the charge density of PEs. The charge
density of PEs describes the number of ionic groups per monomer. These charged groups
can be compensated intrinsically by another PE or extrinsically by a small counterion. A
chemical equilibrium, considering sodium chloride as added salt as used in the following
studies, is defined as
P ol− P ol+ + N a+ + Cl− ⇀
↽ P ol+ Cl− + P ol− N a+ .

(2.2)

On the left hand side, the PE charges are intrinsically compensated where the binding
sites of the positively charged PEs P ol+ are compensated by the binding sites of the

The Hofmeister series is: ClO4− > SCN − > I − > N O3− > Br− > Cl− > CH3 COO− >
HCOO− > F − > OH − > HP O42− > SO42− . 16
∗
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negatively charged PE P ol− . On the right hand side, the PE charges are extrinsically
compensated by small counterions. With that, the equilibrium constant K is 17
K=

γ2
.
(1 − γ)[N aCl]2

(2.3)

The extrinsic bound PE fraction γ is the amount of binding sites compensated by
counter ions. Increasing the salt concentration lowers the equilibrium constant and leads
to a dissolution of the complexes. The polymer rigidity (backbone rigidity) of single PE
influences accessibility of the binding sites and is described by the persistence length of
a polymer. The higher the charge density the higher the electrostatic repulsion along
the PE chains which results in more stretched chain conformation. Polyelectrolytes
used in this study have a comparably low persistence length. The persistence lengths of
polystyrene sulfonate (PSS) and poly(diallyldimethyl ammonium) chloride (PDADMAC)
are about 1 nm and about 2.5 nm, respectively. 18,19 In contrast, deoxyribonucleic acid
(DNA) has a persistence length of 50 nm. 18
The type of polymer, in particular the chemical composition, influences strongly the
complexation. Here, hydrophobic interaction, additionally to electrostatic interactions,
between the PEs is important for complexation and strong hydrophobic interactions favor complexation. A further aspect is the PE chain length or in other words the molar
mass of PEs. Shorter chains tend to redissolve faster, however, a careful adjustment of
PE and salt concentration can lead to stable complexes. 20 Furthermore, the solubility of
the polymers is decisive. Commonly used polyelectrolyte are soluble in water and many
other polar solvents like methanol and ethanol. The solvent quality is defined by the
interaction between the monomer units and solvent molecules. If the interaction between monomer and solvent is favored the solvent is a good solvent. A bad solvent favors
the interaction between the monomers. If the chemical potential between monomers and
solvent molecules is zero, the solvent is a theta solvent. These solvent properties leads to
different conformation of polymers. A bad solvent leads to a more coiled conformation
while a good solvent leads to a more stretched conformation. The latter enhances the
accessibility of the binding sites along the polymer chain. Further effects, like temperature, electric and magnetic fields can also influence the complexation. As none of these
effects are relevant for the polyelectrolytes used in this thesis, these effects are not further
discussed.
In general, insoluble PE complexes occur by mixing two oppositely charged PEs. This
phenomena is used to deposit PEs on charged surfaces in a controlled manner. The
shape or composition of the surface are of minor importance for adsorption. Therefore,
it is possible to adsorb PE on flat or curved surfaces 21,22 as well as on hard or soft
substrates. 23,24

2.2 Adsorption of Polyelectrolytes
Polyelectrolytes are able to adsorb on an oppositely charged surface just by immersing the
substrate into a PE solution. Repeating this procedure with oppositely charged PEs leads

14

SCIENTIFIC BACKGROUND

to polyelectrolyte multilayers (PEMs). This well-known and easy method is called layerby-layer technique and is first described by Decher et al. 1,2 The consecutive adsorption
can also be realized by spin coating 25 or spray coating. 26 The different advantages and
drawbacks are discussed in Chapter 3 where the different methods are introduced. PEMs
are physically adsorbed on a surface and the build-up is governed by the same parameter
as discussed for the PE complexation in bulk solution. Thus, PEMs desorb from the
substrate by highly concentrated salt solutions. 27 The thickness of PEMs can be tailored
on a sub-nm level by adjusting the parameter of dipping procedure. 28,29 The growth
by layer deposition can be described either by an exponential or a linear behavior and
is differentiated by the thickness increment per deposited layer. 30 Exponential growth
occurs when the thickness increment increases with increasing layer number. Otherwise,
linear growth is obtained. Porcel et al. 30 suggested a model for PEM growth consisting
of three different zones as shown in Figure 2.2.

Figure 2.2: Build-up mechanism according to the zone model. (a) Starting layer deposition, the first layer pairs are strongly influenced by the substrate and build
up zone I. (b) Further deposition leads to a less compact layer where the PE
chains are able to diffuse inside the PEM. The constitution of this zone III
induces an exponential growth. (c) When the PE chains are not able to diffuse through the entire PEM while depositing further layer the reconstruction
zone is formed (zone II). This leads to a switch from exponential to linear
growth. Scheme is adopted from Porcel et al. 30
The first zone is located in direct contact to the substrate. Its behavior is mainly
influenced by the substrate and this zone is only a few layers thick. By further PE
adsorption the PEM growth and newly generated layers are not affected by the substrate.
This allows polymer mobility and looser packing. Therefore, this zone is called the
diffusion zone. Here, the layer increment increases with further layer deposition. This
results in an exponential growth regime. Within this zone, PE chains are able to diffuse
through the entire film because the PEMs are swollen inside the dipping solution and the
polymer network is widened. The thickness of the diffusion zone is characteristic for the
given PEs and independent from the substrate. When the overall thickness of the PEM
exceeds the sum of zone I and the characteristic thickness of zone III the PEs are not able
to diffuse through the entire film. Thus, the reconstruction zone (zone II) between zone

2.2. ADSORPTION OF POLYELECTROLYTES

15

I and III arises. Further adsorbed PEs are not able to diffuse into this zone and the layer
increment is constant with further layer deposition. Therefore, a shift from exponential to
linear growth occurs. 30–32 The assumption that PEMs are inhomogeneously distributed
perpendicular to the surface is confirmed by neutron reflectivity measurements. 33 It
was shown that the thickness per layer is lower near the substrate than near the PEM
interface. PEMs do not build up a compact dense coating and with that, it is important
to gain insight into the internal structure for further applications.
PEMs are sensitive to external stimuli, e.g. temperature, 34,35 humidity, 36–38 pH, 39
salt, 40 or external fields. 41 The response of the PEM-functionalized surfaces to variations in environment is essential for technical applications. 42 Especially for medical application, it is of crucial importance to control the interaction between drugs and living
organisms. 43,44 Here, PEMs can be used as a mediator to avoid side effects. Hossfeld et
al. proved that PEMs decreases the adhesion of blood cells. This leads to an inhibition of
thrombosis on implanted stents. 45 Furthermore, PEMs can be used to trigger cell growth.
Salloum et al. reported that different PEMs influence the cell growth of smooth muscle
cells and that a patterned surface triggers directional growth. 46
This work focuses on improving the understanding of the responsiveness of PEMs to
water. For that, the changes in thickness and optical properties of PEMs are available
parameter to investigate their behavior. PEMs act like a sponge by providing water in
humid air or in liquid form. It was shown that polystyrene sulfonate/poly(allylamine)
hydrochloride (PSS/PAH) PEMs swell in a nonlinear behavior. 36,37 Different models are
reported in literature to describe the swelling behavior. 47 The thickness model, based on
the dry and swollen thickness, assumes that amount of incorporated water φswell leads
only to a change in thickness.
φswell =

d(h) − ddry
d(h)

(2.4)

Later on, neutron reflectometry (NR) showed that the total amount of incorporated
water does not only lead to an increase in thickness. Hence, the density model was
proposed which describes the amount of water by the change in optical properties. The
amount of incorporated water φ′swell can be described by the change in scattering length
density (SLD).
φ′swell =

SLD(h) − SLDdry
SLDH2 O − SLDdry

(2.5)

A mismatch between φswell and φ′swell was found for PSS/PDADMAC PEMs. 48 It was
shown that the total amount of adsorbed water is the sum of two different fractions of
water in a PEM: void and swelling water. 40,47 The void water fills the cavities (voids)
between the PE chains which exist also in vacuum. This amount of water changes
optical properties, e.g. the SLD or the refractive index, but does not lead to a swelling
of the PEM. The swelling water leads to a swelling of the PEM and changes the optical
properties. To describe the void fraction inside PEMs, two different approaches were
applied: The Garnett model and the void model. 47,49 The Garnett model leads not to an
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exact description because it assumes a two component system which is not the case for a
system of PEM, air and water. 50,51 The void model takes into account that the voids can
be filled either by air or water. Applying the void model, the void water of PSS/PAH
PEMs is found to be 0.12. 47 Furthermore, NR experiments showed that the water is
inhomogeneously distributed along the surface normal. 52 Near the substrate less water
is absorbed. While increasing the distance from the surface more water can be absorbed
and water adsorption reaches the maximum near the PEM interface. The amount of
swelling water increases with increasing the ionic strength and increasing size of anions
during preparation. 53 Both trends are ascribed by an increase of the extrinsic charge
compensation which allows an easier rearrangement and a stronger swelling of PEMs. 54
The void water shows the opposite effect. This means that the density of dry PEMs
increase due to a stronger chain coiling in solution. Combining ellipsometry and quartz
crystal microbalance with dissipation gives information about the swelling behavior in
a liquid environment. The swelling in salt solutions with different concentration is fully
reversible with changing the salt concentration. 55 The water content for PSS/PDADMAC
can reach a maximum up to 70% in a 0.5 M NaCl solution.
PEMs influence the interaction between a surface and the environment. Recent published results showed the importance of tailoring the internal structure. On the one hand,
ice propagation on solid surface is reduced by PEMs and therefore PEMs avoid damage of
the surface. 56 On the other hand, PEMs can be used to protect the environment against
the influence of the surface. It was shown that PEMs coated stents lowers adsorption
of blood cells and thus, it inhibits thrombosis after stent implantation. 45 Furthermore,
PEMs are used as a responsive matrix for controlled release. Polylactic acid sealed PEMs
were used as a matrix for a controlled release of Rhodamine B by ultra sound. 57 These
examples show that the internal structure is of crucial importance for the technical application because the interaction and responsiveness of PEMs is dependent on the PEM’s
constitution.
Chapter 4 deals with the swelling behavior and theoretical description of the internal
composition of PSS/PDADMAC PEMs. It is shown that void model can also be used
to evaluate ellipsometry data, namely thickness and refractive index. 49 Nevertheless, the
void model cannot describe precisely the trend of refractive index over the entire humidity
range. Therefore, the void model was extended. This extended model reproduced the
experimental data over the entire humidity range to evaluate the measured refractive
indices. Additionally, the void fraction and the refractive index of the pure polymer
matrix without voids were calculated.

2.3 End-grafted Polymers
In contrast to physisorbed PEMs, polyelectrolytes can also be chemically end-grafted to
a substrate. 58 Thereby, two different methods, the grafting-to 59 and the grafting-from
approach, 60 are established. The grafting-to approach is based on end-functionalized
polymers tethered covalently to a substrate. This methods typically results in a low
grafting density due to steric and electrostatic repulsion of the individual polymer chains
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during formation of the polymer-substrate bond. This can be overcome by the graftingfrom approach. Here, the initiator is linked to the substrate and the polymerization leads
to a polymer growth perpendicular to the surface. 61 This results in a higher grafting
density because the individual binding sites are occupied before the chain growth. The
grafting density σBrush is defined by
σBrush =

dρNA
Mn

(2.6)

where d is the thickness of the polymer layer, ρ the polymer density, and Mn the molecular weight. 62,63 Thus, σBrush describes the number of polymer chains per surface area.
The grafting density and molecular weight cannot be simultaneously determined for the
grafting-from approach. For that, the grafting density of the initiator has to be determined before the polymerization or the molecular mass has to be determined by cleaving
the polymer-substrate bond. Both methods introduce some uncertainties because they
cannot used in-situ. The grafting density can be easily tuned by using different initiator
concentration 64 or a mixture of initiator and "dummy" molecules, which are chemically
similar to the initiator but do not participate during polymerization. 65 End-grafted polymers can have different conformation on the surface, namely pancake, mushroom, and
brush conformation. At low grafting densities the individual polymer chains do not interact with each other and will lay flat on the surface, resulting in a pancake conformation.
By increasing the grafting density, the polymer chains start interacting with each other.
Due to steric and in case of polyelectrolytes strong electrostatic repulsion the chains will
stretch away from the surface and a mushroom conformation is observed. A brush is
formed if the grafting density is smaller than twice the radius of gyration of the free
polymer. 66 Beside homopolymer brushes, it is also possible to synthesize heteropolymer
brushes with random 67 or block 68 distribution. With this strategy, brush synthesis and
structure can be arbitrarily complex, and thus it is possible to synthesize brushes sensitive to different stimuli. Among different techniques of the grafting-from approach,
atom-transfer radical polymerization (ATRP) is suitable to synthesize brushes. Therefore, the initiator is linked directly to the surface. Figure 2.3 shows the typical reaction
scheme for the ATRP. 69

Figure 2.3: Reaction scheme of an atom-transfer radical polymerization.
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The covalently bound initiator contains a carbon-halogen bond RX which can be cleaved by transition metal M tm . The transition metal M tm is oxidized to M tm+1 during
the homolytic cleavage of the RX-bond. A radical is formed at the end of the initiator or
the end of the polymer chain. The double bond of the monomer reacts with this radical
and extends the surface linked initiator or the polymer chain of one monomer unit. The
unpaired electron of the radical at the end of the polymer chain reacts with a further
monomer unit and a chain growth is observed. The degree of polymerization is controlled
by the reaction time. Proper quenching terminates the radical polymerization resulting
in defined chain length. The polymerization can be fine-tuned by the transition metal ratio, M tm+1 to M tm , as well as by type and concentration of ligand, counterions, solvent,
or initiator. The ratio M tm /M tm+1 influences the polymerization ratio because only the
reduced form is catalyticly active and the first reaction step is reversible. 70 Additionally,
it is necessary to add a ligand Ln to avoid a precipitation of the transition metal. 61,71
Brushes are responsive to various external stimuli and can undergo structural changes, 72,73 which renders them promising building blocks for smart coatings in chemical sensing and drug delivery. 8,74 In this work, ATRP was used to build up Poly-2(methacryloyloxy)ethyl-trimethylammonium chloride (PMETAC) brushes. PMETAC
brushes are strong polyelectrolytes and are sensitive to external humidity. These brushes were used as a soft substrate for PSS/PDADMAC PEMs adsorption. The resulting
multicompartment systems are introduced in the last paragraph of this chapter.

2.4 Halloysite Nanotubes
Halloysite nanotubes (HNTs) are natural clay minerals and can be exploited from mines. 75 The internal structure is shown in Figure 2.4 and is similar to kaolinite where
tetrahedral sheets of silica are linked through oxygen atoms to octahedral sheets of alumina. The difference in the crystal structure leads to a bending of the sheets and this
results in a roll up into tubes. 75 Within these sheets water can be incorporated. The chemical formula is Al2 Si2 O5 (OH)4 × nH2 O where the number of hydrate water molecules
dictates the interlayer distances. The hydrated form with n = 2 results in an interlayer
distance of 1 nm and the dried form with n = 0 results in an interlayer distance of
0.7 nm. The latter one is obtained by heating up the native HNTs. 75
The length and diameter of HNTs depend on the mine. HNTs, used in this work,
were obtained from a Chinese and an American mine. The length varies from 500 nm to
1.5 µm, the external diameter varies from 50 nm to 100 nm and the internal diameter
from 10 nm to 20 nm. 75 This results in an aspect ratio of about 5−40. HNTs dispersed in
water lead to semi-stable suspensions. Therefore, their suspensions can partially treated
as colloids. As defined by Thomas Graham, colloids have a low diffusion coefficient and
fail to sediment due to gravity. This results in a length of the dispersed particles from
approximately 1 nm up to 1 µm. The diameter of HNTs is in between this range but
the length is partially longer. Thus, suspensions of shorter HNTs are colloidally stable
while longer ones start to sediment.
A well-known example of elongated nanotubes are carbon nanotubes. 76 The main dis-
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Figure 2.4: Internal structure of HNTs. Figure is adopted from Lvov et al. 75

advantages for technical applications of carbon nanotubes are health hazard and high
costs. 77,78 This can be overcome by the use of HNTs which are cheap and biocompatible. 75,79 The different surface properties of the inner and outer surface offer the possibility
of selective surface modification. The outer surface is predominated by silica and negatively charged at intermediate pH. In contrast to the outer surface, the inner surface
is predominated by alumina and positively charged at intermediate pH. Due to different surface charges, it is possible to load the inner volume (lumen) with negatively
charged polymers, 80 surfactants, 81 alkanoates 82 or drugs. 83 Cavallaro et al. showed that
anionic surfactants adsorb at the inner surface. 81 This results in a decrease of the net
charged and increase of the colloidal stability of the suspension. Furthermore, they showed that cationic surfactants adsorb at the outer surface, resulting in a decrease of the
colloidal stability due to less electrostatic repulsion of the dispersed particles. But not
only electrostatic interactions can be used for selective modification. Yah et al. showed
that octadecylphosphonic acid binds selectively to the inner alumina surface of HNTs. 84
Furthermore, catechol groups are used as anchors to synthesize polymer brushes on the
inner surface. 85 The encapsulation of drugs inside the lumen or blocking of the lumen is
achieved by different approaches. Joshi et al. reported on HNTs used as containers for
corrosion inhibitors. 86 Veerabadran et al. showed that PEMs build up directly on HNTs
are able to retard drug release. 11 Here it is worth to mention, that HNTs can be part of
layer-by-layer structures and thus a part of multilayers. Moreover, Levis et al. reported
of drug loaded HNTs coated with chitosan. This approach leads to retarded release of
drugs. 87
The bottom-up approach allows to build up well tailored structures based on small
repetitive units. 88,89 In this work, HNTs were combined with PEs. Furthermore, an
orientation of HNTs on a surface was studied and optimized. HNTs are a versatile
material and can be multifunctional building block for bottom-up superstructures.
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2.5 Multicompartment Systems
PEMs, brushes and HNTs can be combined in different compositions to obtain multicompartment surface coatings. These combinations lead to new properties and enhance
or suppress one or more properties of the single compartments.
The combination of end-grafted brushes and adsorbed PEMs has been exploited for
the design of robust, multifunctional coatings. 10,24 Tailored structural rearrangements
of composites upon specific stimuli could potentially be used for chemical sensing, molecular recognition, or to trigger the uptake and release of substances. Composites of
polyelectrolyte brushes and PEMs open novel technological applications in which PEMs
are used as sacrificial layers to protect and release embedded molecules under certain conditions. 90,91 As Rühe and co-workers demonstrated, polyelectrolyte brushes are suitable
as substrates for PEMs, 24 accounting for a pronounced diffusion of the first layer into the
brush. This creates an intermixing zone between the two compartments. Nevertheless,
complete charge compensation does not occur. Therefore, oppositely charged polyelectrolytes further adsorb and a PEM is built up via the layer-by-layer technique. 92,93 For
brushes with high grafting and charge densities, the resulting brush-supported PEMs are
found to be homogeneous. 24,92 A general structure of PEM coated brushes is shown in
Figure 2.5.

Figure 2.5: Composite build-up of a strong polyelectrolyte brush (green) and a PEMs
consisting of negatively charged (blue) and positively charged (red) PEs as
an example for multicompartment systems.

It shows the mixing of a strong PE brush covered with a PEM. Recent studies on
brush/PEMs composites featuring temperature sensitivity reveal that mutual interdiffusion and the ensuing molecular interactions are responsible for their responsive properties.
Detailed insight into the internal structure of polymer composites is of crucial importance
to the design of functional coatings with desired properties. 10 Part of this work focuses
on the understanding of the response of PMETAC brushes and PSS/PDADMAC PEMs
to external humidity. The characterization of the swelling behavior of brush/PEM composites was compared to the single, individual components. Furthermore, the influence
of the PEM thickness on the structure and properties of the composites was investiga-
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ted. 61,94 Ellipsometry and neutron reflectometry (NR) were used to study the change in
structure with varying humidity. It was possible to understand the level and relevance
of mutual interactions between the two compartments.
Over the last years the incorporation of inorganic particles into a polymer matrix moved into the focus of scientific attention. 95–98 Responsive polymers can be also triggered
after the incorporation of inorganic nanoparticles. As an example, strong polyelectrolyte
brushes show pH sensitivity by incorporating pH sensitive gold nanoparticle. 99 Furthermore, clays can modulate different properties of thin coatings, e.g. mechanical strength,
optical properties or thermal stability. These multicompartment systems can be tailored
in a very specific way. As one example, the composites of montmorillonite clay nanosheets and poly(N-isopropylacrylamide) (PNIPAM) show that the temperature response
of PNIPAM is preserved and new properties like a decrease in permeability are introduced. 100 Nevertheless, the used sheets are isotropic in planar dimensions and the modulation of the properties is isotropic in lateral direction. HNTs can also be incorporated
into a polymer matrix. The incorporation of HNTs into PEMs opens the possibility to
build up multicompartment systems with an anisotropy in lateral direction. Introducing
anisotropic properties by using elongated particles can be achieved by grazing incidence
spraying (GIS). 101–104 It is reported that spraying under grazing incidence angles leads to
an orientation of silver nanowires. 104 The high aspect ratio of silver nanowires of about
90 is beneficial for a well ordered coating but from a sustainable and biocompatible point
of view silver nanowires are not suitable. To overcome this problem, HNTs can be used as
a replacement for silver nanowires. Although HNT have a low aspect ratio of 5−40, Zhao
et al. showed that HNTs loaded with PSS are able to self-assemble to an ordered film at
the rim of an evaporating suspension droplet. 80 The successful alignment can be the basis to build up multilayer with a superstructure and therefore, to implement completely
new surface properties. This can result in mimicking natural structures. 105 With that, a
cheap and biocompatible alternative to carbon nanotubes or silver nanowires arises.
The orientation of an assembly is quantified by the nematic order parameter Sn . 101
Sn = ⟨2 cos2 θ − 1⟩

(2.7)

Here, θ is the angle of each particle in respect to the mean orientation direction.
Random distribution leads to Sn = 0, while perfect alignment leads to Sn = 1.
Chapter 6 focus on the orientation of HNTs. Therefore, HNT were loaded with PSS
to increase the electrostatic repulsion. Pristine and loaded HNTs were characterized by
transmission electron microscopy (TEM) and zeta potential measurements. Afterwards,
HNTs were sprayed on polyethylenimine (PEI) or PSS/PDADMAC PEM coated surfaces
under grazing incidence. Figure 2.6 shows a scheme of a HNTs monolayer on a coated
substrate. PEI, a positively charged polymer, showed a sufficient strong interaction with
HNTs and was used to increase the adhesion of the HNTs to the substrate and between
the layers of HNTs during spraying. Spraying conditions were optimized to obtain homogeneous, anisotropic monolayer and bilayer of HNTs. HNTs were successfully aligned
on the surface over several hundreds of micrometer. The coatings were characterized
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Figure 2.6: Scheme of HNTs aligned on a PEI coated substrate.

with atomic force microscopy (AFM) and optical polarization microscopy. The successful alignment can be the basis to build up multilayer with an anisotropic superstructure
and therefore to implement completely new surface properties. Furthermore, a cheap
and biocompatible alternative to carbon nanotubes or silver nanowires arises to mimic
natural structures. 105
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3 Experimental Section
3.1 Materials
Polystyrene sulfonate sodium salt (PSS, Mw = 70000 g/mol), polyethylenimine (PEI,
Mw ≈ 2000 g/mol, 50 % in H2 O), 2-(methacryloyloxy)ethyl-trimethylammonium chloride (METAC, Mw = 207.70 g/mol, 80 % in H2 O), toluene (99.9 %), bipyridine (≥ 99 %),
copper(I) chloride (≥ 99 %) and copper(II) chloride (97 %) were purchased from SigmaAldrich (St. Louis, MO, USA). Hydrogen peroxide, sulfuric acid, and methanol were
purchased from Th. Geyer (Renningen, Germany). Sodium chloride (NaCl, > 99.99 %)
was purchased from Merck (Darmstadt, Germany). Deuterated poly(styrene sulfonate)
(dPSS, Mw = 78300 g/mol, P DI ≤ 1.20) was purchased from Polymer Standard Service (Mainz, Germany). Polydiallyldimethylammonium chloride (PDADMAC, L121:
Mw = 105000 g/mol, L124: Mw = 135000 g/mol) was a kind gift from A. Laschewsky
(Fraunhofer Institute of Applied Polymer Research, Potsdam, Germany). The synthesis
is described elsewhere. 19 In contrast to commercial available PDADMAC, the one that
is used here has a lower polydispersity and fewer side chains. Halloysite nanotubes were
a kind gift by Yuri Lvov (Louisiana Tech University, LA , USA) and obtained from an
American and a Chinese deposit. Except for PSS used in Chapter 6, chemicals were used
without further purification. Therefore, PSS was purified by pressure filtration (Tank
17530, Sartorius, Göttingen, Germany) equipped with an ultra-filtration cell (Amicon
8400, Merck, Darmstadt, Germany, cutoff 30000 g/mol). For that, 10 g PSS were diluted in 250 mL of water and were purified under a pressure of 1.5 − 2 bar with 2.88 L
water and a flow rate of 2 mL/min for 24 h. After freeze drying, a yellowish, fluffy solid
was obtained.
The synthesis of the initiator 2-bromo-2-methyl-N-(3-(triethoxysilyl)propyl) propanamide (BTPAm) was done in the lab of Regine von Klitzing (TU Darmstadt, Germany)
as described by Laurent et al. 93 Milli-Q water (Millipore, Merck, Darmstadt, Germany,
18.2 M Ω cm) was used as a solvent throughout all studies. As substrates Silicon wafers
(100) from two different suppliers were used. Studies, reported in Chapter 4, were carried
out on wafers from Micro chemicals GmbH (Ulm, Germany, 1-side polished, borondoped). In all other studies, coatings were examined on wafers purchased from LG Siltron
INC (Korea, 2-side polished, boron-doped). The wafers were cut into pieces depending
on the measurement and purpose. Polished silicon blocks of (7 × 3.5 × 1) cm3 (Siltronic
AG, Munich, Germany) were used as planar substrates for neutron reflectometry.
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3.2 Sample Preparation
This work focuses surface coatings with different stimuli responsive polyelectrolytes with
and without the addition of inorganic nanoparticles. For this purpose, different coating
techniques were applied. They are well established in the last decades and have their
specific advantages and disadvantages. This will be discussed in the following paragraphs.
Prior to the coating, silicon substrates were cleaned by etching with piranha solution
(H2 O2 /H2 SO4 1:1) for 30 min followed by intensive rinsing with water. Afterwards,
the substrates were stored in water at most for 5 h to ensure a constant silicon oxide
thickness.

3.2.1 Dip Coating
This method is based on dipping a substrate into a solution or dispersion of a material
which will be deposited on the respective surface. Independent of the geometrical shape,
charged surfaces can be coated with polyelectrolytes via the layer-by-layer technique.
First described by Decher et al. 1,2 oppositely charged polyelectrolytes build up PEMs
by consecutive adsorption. Here, the deposition is independent of the withdraw velocity
because the deposition occurs while the substrate is immersed in the solution. Drawbacks
of this method are high consumption of the respective solution and the long equilibration
time for each adsorption step.

Figure 3.1: Consecutive adsorption of polyelectrolytes leads to the formation of multilayer. Scheme is adopted from Decher. 2

Figure 3.1 shows a typical dipping procedure. A charged substrate is immersed into
a solution containing polyelectrolytes (1). Followed by a rinsing step (2), the substrate
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is immersed into a solution containing an oppositely charged polyelectrolyte (3). After
a second rinsing step (4), a double layer is adsorbed. Rinsing steps are necessary to
remove loosely bounded polyelectrolytes. This procedure is repeated until the desired
layer number is reached. The adsorption can be tuned with nanometer precision leading
to well-defined PEMs. Typical parameters, which are adjusted during preparation, are
the dipping time, concentration and type of the used polyelectrolytes, the type and concentration of added salt, temperature, and pH. The influence of the different parameter
is discussed in Chapter 2.
Here, silicon substrates (1 × 3 cm2 ) were coated with a dip robot (Riegler & Kirstein,
Berlin, Germany). PEI was used as a precursor to achieve better adsorption of the PEMs
and a more homogeneous coating. 106 Therefore, a 0.01 monoM ∗ solution of PEI was
prepared in which the wafer was immersed into the solution for 30 min and rinsed three
times with water afterwards. The precursor does not count as a layer. Subsequently, a
0.01 monoM solution of PSS and a 0.01 monoM solution of PDADMAC were prepared in
0.1 M sodium chloride solution. PEM were build up by immersing PEI coated substrates
into the PSS solution for 20 min and rinsed three times with water for 1 min. Then,
the samples were immersed into the PDADMAC solution for 20 min and rinsed again
three times for 1 min. Dipping and rinsing were repeated until the desired number of
layers was reached. For neutron reflectivity measurements, the dipping procedure was
performed manually with same concentrations and intervals since the wafers for neutron
reflectometry are too big and too heavy for the dip robot.

3.2.2 Spin Coating
Spin coating is a fast method to coat planar surfaces. It is possible to coat large areas with
a low amount of solution within seconds. This is an advantage over dip coating because
one dipping step takes several minutes and consumes much more solution per coated
area. Unfortunately, using curved surfaces leads to inhomogeneous coatings and thus
this method is limited to planar surfaces. As shown in Figure 3.2 the surface is mounted
on a rotatable sample holder and covered with a polymer solved in a volatile solvent.
During rotation, excess solution is sheared of and the remaining solvent evaporates. As
residual a homogeneous polymer film is observed. The thickness of the coating depends
on the polymer concentration, the rotation speed and time, the viscosity, and vapor
pressure of the solvent. 107
In this work, spin coating was used to modify the substrates before spray coating with
Halloysite nanotubes. Therefore, freshly etched silicon wafers (2 × 4 cm2 ) were coated
with a 0.01 monoM solution of PEI with 2000 rpm for 30 s. This leads to a charge
reversal of the substrate and thus, it is possible to adsorb negatively charged HNTs.
Spin coating was preferred over dip coating and spray coating because it was less time
and solution consuming.

∗

concentration referring to the monomers
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Figure 3.2: Spin coating of a polymer (red) solved in a volatile solvent (blue).

3.2.3 Spray Coating
For industrial applications it is important to decrease preparation time. In previous
studies it was shown that the layer-by-layer built-up is also possible via spray coating. 26
The same solutions are suitable as used for dip coating. The preparation time decreases
from several minutes to only a few seconds per layer. A more systematic study was
carried out but some parameter are still not well controllable. 108 Additionally, larger
areas can be coated with less solution because the substrate is not immersed into a
reservoir. It is worth to be noted, that it is hard to control the homogeneity of the
coating when using non-planar surfaces. The entire spraying process is very comlex and
not well understood. Nevertheless, a careful adjustment and movement of the nozzle
opens the possibility to coat reproducibly non-planar surfaces. Typical spray coatings
were carried out with a perpendicular spray cone in respect to the surface. By lowering
the spray angle it was shown that it is possible to obtain an orientation of anisotropic
particles on the surface. 101–104 This approach is called grazing incidence spraying (GIS)
and a typical setup is shown in Figure 3.3. Gas and liquid are dispersed by a nozzle and
can be controlled by independent pump systems. By doing this, droplets with adjustable
size and velocity move to the surface and form a thin film on the sample’s surface.

Figure 3.3: Scheme of grazing incident spraying. Adopted from Blell et al. 103
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In this work, GIS was used to align Halloysite nanotubes (HNTs). Therefore, HNTs
were loaded with PSS to increase electrostatic repulsion between individual HNTs and to
increase the affinity to a positively charged surface (see Section 3.2.6). The experiments
were carried out at Institut Charles Sadron (Strasbourg, France). A homemade spraying
setup, equipped with fluid nozzle (Schlick Mod. 970, Coburg, Germany), was placed 2 cm
above and 5 mm apart from the sample. The angle of incidence was 10◦ . Spray deposition
was carried out on silicon substrates (4 x 2 cm2 ) spin coated with PEI. Concentration,
spraying time, liquid flow rate, and gas flow rate were varied between 0.1 − 1.0 g/L,
10 − 400 s, 0.2 − 5 mL/min, and 20 − 40 L/min, respectively.

3.2.4 Brush Synthesis
Silicon substrates (1 × 3 cm2 ) for were cleaned as described above. Subsequently, the
surfaces were functionalized with a self-assembled monolayer of BTPAm initiator molecules as suggested by Laurent et al. 93 The BTPAm layer was stable under ambient
conditions and was used to initiate the polymerization by atom-transfer radical polymerization (ATRP). For this purpose, 16 mL (80 %wt, 68.1 mol) of METAC was diluted in
4.8 mL of water and 19.2 mL of methanol. After removing solved oxygen with a nitrogen
stream for 15 min, 0.531 g (3.4 mmol) of bipyridine, 0.1386 g (1.4 mmol) of copper(I)
chloride, and 0.0094 g (0.07 mmol) of copper(II) chloride were added. Subsequently, the
solution was degassed for another 15 min and the wafers were left in this solution for
5 h. Termination was accomplished by exposing the solution to air. The wafers were
sonicated four times in water for 5 min. To prepare polyelectrolyte brushes on the larger
silicon substrates (7 × 3.5 × 1 cm3 ) used for neutron reflectivity, the recipe was scaled up
by a factor of 7.5.

3.2.5 Preparation of Brush/PEM Composite Systems
The PMETAC brushes, synthesized as mentioned above, were used as substrates for
PEMs. Composites with PEMs of different layer numbers were prepared by using the
layer-by-layer deposition method described in Section 3.2.1.

3.2.6 Halloysite Suspensions
Pristine HNTs were ground, solved in water and sonicated for 5 to 10 min. The pH
value was checked with a pH meter inoLab pH 720 equipped with a WTW electrode
SenTix 41 (Xylem Analytics, Weilheim, Germany, pH ± 0.01). PSS loading was done
according to Zhao et al. 80 Therefore, 4 g PSS were dissolved in 200 mL water and stirred
for 30 min. Afterwards, 4 g HNTs were added in portions and the suspension was stirred
for 48 h. The suspension was left standing for 1 h and the supernatant was centrifuged
at 4300 rpm for 10 min. The obtained centrifuged sediment was washed with water and
centrifuged for another four times. After freeze drying, around 0.5 g of a yellowish to
reddish solid was obtained and ground to powder for further studies. Depending on the
purpose, suspensions with different concentrations were prepared by mixing HNTs with
water. The suspensions were sonicated for 5 − 10 min.
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3.3 Methods
3.3.1 Ellipsometry
Ellipsometry is a fast and non-destructive method to determine the thickness and the
refractive index of thin films. It is based on the change in polarization of light. The
→
−
electric field vector E , which oscillates perpendicular to the direction of propagation,
is a superposition of parallel and perpendicular vectors with respect to the plane of
incidence and can be described as
(
)
→
− →
−
→
− →
|E
|cos(2πνt
−
k
·
r
+
δ
)
p
p
E (−
r , t) =
(3.1)
→
− −
|Es |cos(2πνt − k · →
r + δs )
→
−
where |Ep | and |Es | are the amplitudes, ν the frequency, k the wave vector with
→
−
| k | = 2π/λ and δp and δs the phase shift. Since the wavelength λ is much longer than
the film thickness, the time dependence can be neglected. Equation 3.1 simplifies to
(
)
→
−
|Ep |eiδp
E =
.
(3.2)
|Es |eiδs
The difference in phase shifts between the parallel and the perpendicular vector of the
electric field determines the polarization of light
i
· 180◦ ; i ≥ 0.
(3.3)
2
If i is an even or an odd integer, light is linear or circular (for equal amplitudes) polarized, respectively. For all other allowed numbers, the light results in elliptical polarization.
As a result of the time independence, the change of the electric wave is only dependent
on amplitudes and phase shift. One can define two ellipsometric angles ∆ and ψ which
combine the properties of the incoming and the reflected beam.
|δp − δs | =

∆ = (δpr − δsr ) − (δpi − δsi )
tan ψ =

|Epr |/|Epi |
|Esr |/|Esi |

(3.4)

(3.5)

Additionally, the reflection properties can be described by two reflection coefficients rp
and rs for the parallel and perpendicular light.
rp =

|Epr | i(δr −δr )
e p s
|Epi |

(3.6)

rs =

|Esr | i(δsr −δpr )
e
|Esi |

(3.7)
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The relation of these reflection coefficients is connected with the ellipsometric angles.
tan ψ · ei∆ =

rp
rs

(3.8)

The parameter ∆ and ψ can be measured directly with an ellipsometer. Unfortunately,
they are not independent from each other. Hence, a model is required to extract the
optical properties. The setup of the used null-ellipsometer (Optrel, Sinzing, Germany)
is shown in Figure 3.4.

Figure 3.4: Schematic setup of a PCSA (polarizer-compensator-sample-analyzer) Nullellipsometer. Arrows indicates the polarization of light.

A monochromatic, linear polarized laser beam is transformed into circular polarized
light with a quarter wave plate to avoid angle dependent intensity. A polarizer and a
compensator (a second quarter wave plate) generated elliptic, or in special cases circular
or linear polarized light before it is reflected from the sample. The reflected beam passes
the analyzer, which turns to get a minimum of intensity on the detector. The angle of
incidence with respect to the surface normal is chosen near the Brewster angle of the
substrate, in order to get a high difference between the two reflection coefficients. Consequently, measurements were carried out at an angle of incidence of 70◦ in respect to the
surface normal against air. The ellipsometer was equipped with a home-built humidity
cell to measure at controlled relative humidity h. The relative humidity was adjusted by
mixing a dry and a water-saturated nitrogen stream. The lowest humidity (1 ± 1% RH)
was reached by using just a pure nitrogen stream. Prior to the measurements, every sample was equilibrated under the respective humidity at least 20 min. The accuracy of the
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humidity sensor (Testo 6614 sensor, Testo 6681 humidity measuring transducer, Testo
Ag, Leinkirch, Germany) was ±1% RH. The data were fitted with Elli v3.1. (Optrel,
Sinzing, Germany) based on a two-layer model as shown in Table 3.1.
Table 3.1: Layer model for fitting a polymer film on silicon wafer against air. Parameters
are refractive index n, absorption coefficient k and thickness d. Empty arrays
imply bulk properties with an infinite thickness and the term "fit" marks the
respective fitting parameters.
layer
n
k
d [nm]
Continuum
air
1
0
1. layer
Polymer
fit
0
fit
2. layer
SiOx
1.4598
0
1.1
Continuum
Si
3.8858
-0.0200

Except for the silicon oxide thickness, which was taken from the XRR data, all fixed
parameters were adopted from Dodoo et al. 53 Thickness and refractive index were fitted
simultaneously for PEMs thicker than 10 nm. The refractive index for PEMs thinner
than 10 nm was fixed to the average value of the fitted ones. The fitting procedure was
started with refractive index of 1.466 and thicknesses between 5 and 60 nm depending
on the layer number. Composites of PEMs and brushes were fitted with the same layer
model starting thicknesses as obtained by XRR.

3.3.2 X-Ray and Neutron Reflectometry
Thin films with a thickness lower than 100 nm can be characterized with the help of XRay or Neutron reflectivity measurements. 109 Reflectometry is a well-established technique to resolve the internal composition of thin films along the z-axis perpendicular to a
flat surface. If the frequency of the incoming electromagnetic wave is smaller than the
resonance frequency of the scattering medium the refractive index n can be described by
n = 1 − δ + iβ

(3.9)

where δ and β are the dispersion and absorption term, respectively. The dispersion
term is described by
λ2
· ρX,N
(3.10)
2π
where ρX,N is the scattering length density for X-Rays or neutrons and λ the wavelength of the respective beam. For soft matter, the value of the dispersion term δ is in
the order of 10−6 and the value of the absorption term β in the order of 10−12 . Thus,
the latter is negligible. Above a critical angle αc , the wave is split into a reflected wave
δ=
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→
−
→
−
k f and a transmitted wave k t . The critical angle is specific for each material and is
defined as
√
√
ρX,N
αc ≈ 2δ = λ
.
(3.11)
π
In general, the refractive index is smaller than unity and the critical angle is usually
some tenths of a degree. Negative SLDs which can be obtained for neutrons lead to an
absence of a critical angle. Below the critical angle, total external reflection occurs. The
→
−
electromagnetic wave can be described by the wave vector k . The magnitude is defined
as
→
−
2π
|k|=k =
.
λ

(3.12)

→
−
The interaction between an incident electromagnetic wave k i and an interface between
air and matter is shown in Figure 3.5.

→
−
→
−
Figure 3.5: An incoming plane wave k i is split at a surface into a reflected wave k f and
→
−
a transmitted wave k t if the incident angle αi is above the critical angle αc .
Otherwise a transmitted wave is not observed and total external reflection
occurs.

The reflection coefficient rf and the transmission coefficient tf are described by the
Fresnel formulas.
ki − kt
rf =
(3.13)
ki + kt
2ki
ki + kt
The resulting reflected intensity R and transmitted intensity T are
tf =

(3.14)

R = |rf |2

(3.15)

T = |tf |2 .

(3.16)

and
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→
−
Based on these equations, the interaction of k f with multiple, stacked interfaces is
described by the recursive Parratt algorithm. 110 Taking into account that the substrate
has an infinite thickness and thus no reflection from its backside, the reflectivity at
the bottom surface of the substrate is zero. Furthermore, the transmission coefficient is
expressed by tj+1,j = 1+rj+1,j . Surface roughness for each interface is taken into account
by an exponential dumping factor with the roughness σj . With that, the recursive
formulas end up in
rj,j+1 =

kz,j − kz,j+1
2
exp(−2kz,j
σj2 )
kz,j + kz,j+1

(3.17)

and
{
}
tj+1,j = 1 + rj+1,j exp −(kz,j − kz,j+1 )2 σj2 /2 .

(3.18)

The ratio Xj between reflected and transmitted intensity is expressed by
Xj =

Rj
rj,j+1 + Xj+1 exp(2ikz,j+1 zj )
= exp(−2ikz,j zj )
.
Tj
1 + rj,j+1 Xj+1 exp(2ikz,j+1 zj )

(3.19)

Finally, the overall reflected intensity is
R = |X1 |2 = |R1 |2 .

(3.20)

The thickness d of a layer is defined by the distance between two interfaces
d = zj−1 − zj .

(3.21)

According to Bragg’s law, constructive interference occurs if the path way of the wave
2d sin α is a multiple of its wavelength λ
2d sin α = nλ.

(3.22)

Therefore, maxima, so called Kiessig fringes, occur if
nλ
.
(3.23)
2 sin α
Independent of the measurement principle (either constant wave length or constant
angle), the momentum transfer Qz (shown in Figure 3.5) perpendicular to the surface in
specular reflection conditions is defined as
d=

Qz = kf − ki =

4π
sin αi
λ

(3.24)

and the thickness in term of Qz is
d=

2π
∆Qz

(3.25)

The difference of X-Rays and Neutrons will be discussed in the following paragraphs.
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X-Ray reflectometry (XRR)
X-Ray radiation is scattered at electrons. The atomic scattering factor can be approximated by fi ≈ Zi for glancing incident angle. With that, the X-Ray scattering length
density ρX of a volume V scales with atomic number Zi by
ρX =

n
1 ∑
Zi re .
V

(3.26)

i=1

An insight into the internal composition of soft matter, which consists mainly of hydrogen and carbon, is hard to reach because the scattering contrasts between the different
molecules are very low. Therefore, the overall thickness can be precisely determined but
the different components cannot be resolved.
In this thesis, all measurements were carried out with the X-ray reflectometer D8
Discover (Bruker, Karlsruhe, Germany). The beam consists of Kα radiation from a
copper anode (λ = 1.54 Å). The scan range varies from 2Θ = 0◦ − 5◦ with a step
width of 0.01◦ . The resolution was ∆Qz = 2.46 · 10−3 Å−1 . The data were footprint
corrected, 111 normalized to the intensity I0 , and fitted with Parratt32 v1.6. from HZB
Berlin-Wannsee, 112 on the basis of a model of two independent layers as shown in Table
3.2. Fixed values were adopted from Voets et al. 111
Table 3.2: Layer model for X-ray reflectometry. Parameters are thickness d, scattering
length density ρX , the respective imaginary part Im(ρX ) and the roughness σ
of the interface above the respective layer. Empty arrays imply bulk properties
with an infinity thickness and "fit" arrays are the fitting parameters.
layer
Continuum
1. layer
2. layer
Continuum

air
Polymer
SiOx
Si

d [nm]

ρX [Å−2 ]

Im(ρs ) [Å−2 ]

σ [nm]

fit
fit

0
fit
1.891 · 10−5
2.015 · 10−5

0
6.451 · 10−8
2.445 · 10−7
4.588 · 10−7

0
fit
fit
0

In Chapter 4 PEMs were characterized by X-ray reflectometry to verify thicknesses
obtained by ellipsometry under dry conditions. A home-built cell was filled with a drying
agent (silicon gel) to obtain relative humidity around 1% RH. The humidity was measured with a HygroPalm - HP23-A (Rotronic, Switzerland, sensor HC2-P05, ±1.5% RH).
The samples were equilibrated in the closed cell for at least 60 min.
Neutron Reflectometry (NR)
In contrast to X-Rays, neutrons interact with the nucleus of an atom and therefore it
is possible to generate a contrast between different compounds without changing their
chemical behavior. This allows to generate contrasts between different isotopes. The
scattering length density (SLD) ρN does not follow a systematic order and can have
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positive as well as negative values. The SLD ρN is the sum of the coherent scattering
length bc of all atom in the respective volume V .
ρN

n
1 ∑
=
bc,i
V

(3.27)

i=1

−2

For soft matter, an exchange of hydrogen (e.g. for water ρH2O = −0.559 · 10−6 Å )
−2
and deuterium (e.g. for deuterated water ρD2O = 6.36 · 10−6 Å ) gives insight into the
internal composition. Furthermore, different mixing ratios of the solvent can highlight
or suppress various compounds.
Chapter 5 deals with the internal structure of brush-PEM composites and is based
NR. Therefore, a bare PMETAC brush and brush/PEM composites were studied. Experiments were carried out at the Heinz-Maier-Leibnitz center (FRM II, Garching, Germany). The setup of the instrument N REX + is shown in Figure 3.6. A monochromatic
beam (λ = 4.28 Å) was reflected at the sample and collected under various angle with a
2α geometry by a 3 He detector. The sample environment was a closed humidity chamber where the relative humidity was adjusted by mixing a dry nitrogen stream with a
water saturated nitrogen steam by an electronic device. The humidity was measured
by HygroPalm - HP23-A (Rotronic, Switzerland, sensor HC2-P05, ±1.5% RH). The
samples were equilibrated at least 30 min before each measurement.

Figure 3.6: Scheme of N REX + reflectometer. Magnification of the beam-sample interaction shows the reflections at different interfaces. Maxima in intensity are
obtained according to Bragg’s law.
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Data analysis was done with a self-consistent fitting procedure based on fitting procedure developed by Emanuel Schneck and co-workers. 113–115 Based on volume fraction φi
of each compound i the SLD profiles ρi (z, h) was defined as
ρ(z, h) =

∑

φi (z, h) · ρi .

(3.28)

i

In the following, the volume fraction profiles will be explained for the different compounds. The volume fraction of the PMETAC brush φP M ET AC was described by a
stretched exponential function multiplied by a factor fSiO2 (z) which truncated the profile at the substrate interface.
(
)n(h)
z
φP M ET AC (z, h) = fSiO2 (z) · exp −
τ (h)

(3.29)

The decay length τ and the exponent n(h) allowed a wide range of possible shapes.
Both were defined by polynomials, e.g. τ was
τ (h) = τ0 + Aτ · h + Bτ · h2 + Cτ · h3

(3.30)

where τ0 , Aτ , Bτ and Cτ were adjustable parameters during the fitting procedure. For
n(h), a second order polynomial was found to be sufficient. The factor fSiO2 (z) described
the internal roughness and was expressed by an error function with the roughness σSiO2 .
))
(
(
z
fSiO2 (z) = 0.5 1.0 + Erf √
(3.31)
2 · σSiO2
The amount of polymer per unit area was defined in terms of the equivalent thickness
DP M ET AC .
∫ ∞
DP M ET AC =
φP M ET AC (z) dz
(3.32)
−∞

For a given set of τ (h) and n(h), the maximal brush volume fraction φ0P M ET AC (h)
was not a free parameter but resulted from the normalization condition according to
Equation 3.32. For very low humidities, the volume fraction of air φair (z, h) inside the
polymer matrix was just the difference from unity calculated by
φair (z, h) = 1 − φP M ET AC (z, h), for h < 6 %RH.

(3.33)

For sufficiently high humidities, the polymer brush was assumed to have a constant
water fraction for each relative humidity such that
φH2 O (z, h) = φP M ET AC (z, h) · (1 − φ0P M ET AC (h)).

(3.34)

This definition assured full condensation (φP M ET AC +φH2 O = 1) in the plateau region.
Furthermore, it was not necessary to account for scenarios in which the brush exceeds
the outer surface of the PEM layer. The polyelectrolyte brush formed a compact layer
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without PEM, and it did not reach a fully stretched conformation in the absence of PEM.
Therefore, the brush profile was truncated at the PEM outer interface by multiplication
by a factor (1 − fout (z, h)) which is specified further below.
The PEM was found to be a rather compact layer on top of the brush. The alternating adsorption of deuterated and hydrogenated polyelectrolytes leads to a layer with a
uniform SLD. 47 Bragg peaks associated with significant SLD oscillations were not observed due to layer intermixing. 33,28 The effective SLD, ρP EM , was an adjustable fitting
parameter. Accordingly, the PEM volume fraction profile φP EM (z, h) was expressed in
terms of a single rough slab of humidity-dependent center position zP EM (h), thickness
dP EM (h), and maximal volume fraction φ0P EM (h) = DP EM /dP EM (h). The entire PEM
profile was described by
φP EM (z, h) = fSiO2 (z) · fin (z, h) · φ0P EM (h) · (1 − fout (z, h))

(3.35)

where the factors fout (z, h) and fin (z, h) truncated the profile at the outer and inner
surfaces of the PEM layer in the form of error functions with roughness parameters σin (h)
and σout (h). These two roughnesses depended on the humidity according to secondorder polynomials. At the SiO2 surface, the slab was truncated by the error function
fSiO2 (z) to prevent the unphysical penetration of PEM into the oxide. For the humidity
dependence of zP EM and dP EM , second-order and third-order polynomials were invoked,
respectively (compare with Equation 3.30). Finally, all of the remaining volume that
was not occupied by the other chemical components was assumed to be filled with air
for h < 6% RH, or with water for h > 30% RH (according to Equation 3.33 and 3.34).
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Figure 3.7: Exemplary volume fraction profile. The shape of both profiles and the position of the PEM (marked with red arrow) are varied during the fitting procedure. The difference to unity is either filled by air or water (not shown).
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These descriptions ended up in a volume fraction profile for the composites as shown
in Figure 3.7. The shape of the brush and PEM profile were variable during the fitting
procedure as described above. Furthermore, the position of the PEM was variable to
fit the model to the measured data. The simultaneous fits of the reflectivity curves at
different relative humidities comprised six humidity conditions for the bare brush and nine
humidity conditions for the brush/PEM composite systems. To find the best-matching
model parameters, sets of initial parameters were chosen to calculate the corresponding
interfacial SLD profiles ρ(z, h) for each humidity. The resulting ρ(z, h) profiles were
then discretized into hundreds of thin slabs of 0.2 nm thickness and constant SLD. The
corresponding reflectivity curves were then calculated using dynamical reflection theory
via application of Fresnel’s reflection laws at each slab/slab interface and the subsequent
phase-corrected summation using the iterative procedure of Parratt. 110 To account for
the finite experimental Qz resolution, all of the theoretical reflectivity curves calculated
for the case of infinite resolution were convoluted with Gaussian functions representing
the experimental resolution. In the last step, the parameters were varied until the best
simultaneous agreement with all experimental reflectivity curves, characterized by the
minimum χ2 deviation, was reached.

3.3.3 Atomic Force Microscopy
Atomic force microscopy (AFM) is based on the interactions between a nanometer sized
tip at the end of a bendable cantilever and the investigated sample. The interaction
potential as a function of the tip-sample distance r is described by the Lennard-Jones
potential VLJ
{( )
}
r0 12 ( r0 )6
VLJ = 4ϵmin
−
(3.36)
r
r
where ϵmin is the potential minimum, r0 the distance with zero potential. In principal,
the sample can be scanned or indented by the tip.
To scan the sample’s surface, tapping mode (marked in Figure 3.8) can be used. It
works between repulsive and attractive potential. This ensures less damage than contact
mode but higher sensitivity than non-contact mode. 116 Using tapping mode, the cantilever is exited to its resonance frequency. The strength of interaction is then controlled by
damping of the free amplitude. Therefore, it is also called amplitude modulation AFM
(AM-AFM). A scheme of an atomic force microscope is shown in Figure 3.9.
A feedback loop readjusts the tip-sample distance to maintain a constant interaction
strength and therefore a constant damped amplitude. Scanning the sample in x-y direction while mapping the tip-sample distance generates a topographical image. The
bending of the cantilever is detected by the displacement of a laser beam which is reflected from the backside of the cantilever. The sample roughness was determined by the
root mean square deviation of the height σ.
√
m
1 ∑
σ=
(zi − z̄)2
(3.37)
m
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T a p p in g m o d e

0

D is ta n c e
Figure 3.8: Scheme of the Lennard-Jones potential. Range used in tapping mode is marked in red.

In this work, scanning mode was carried out to obtain a real image of the samples’
surface topography. Therefore, measurements were carried out either with a Cypher AFM
or with a MFP3D from Asylum Research (Oxford Instruments Asylum Research Inc.,
Santa Barbara, CA, USA) in AC air topography mode. Silicon cantilevers AC160TS-R3
(Olympus, Tokyo, Japan) or FS-1500AuD (Asylum Research) with a spring constant of
roughly 20 N/m were used.
Nematic ordner parameters, calculated in Chapter 6, were obtained by using the OrientationJ plug-in for ImageJ. 117,118 Image modification was based on a procedure reported
by Probst et al. 104 Therefore, AFM images were cutted to get rid of the scale bar and
margins. A threshold was set by the method of Yen. 119 Impurities with a circularity
between 0.7 and 1 were filtered out. Images of HNTs bilayers were not corrected because it was not possible to distinguish between background, impurities and HNTs. The
orientation was calculated with a Gaussian window of 15 pixel (roughly referring the
diameter of HNTs) and a minimal coherency of 5 %. The nematic ordner parameter was
calculated in respect to the mean orientation obtained by a Gaussian fit.

3.3.4 Electrophoretic Mobility
Charged particles and macromolecules dispersed in a solvent move in response of an
electric field. If the particle size, field strength, and viscosity are constant, the drift speed
only depends on the charge of the respective object. Therefore, it was possible to study
the surface modification of HNTs. Pristine and modified HNTs were dispersed in water
(c = 0.1 mg/ml) according to Section 3.2.6 and movement of the particles was monitored
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Figure 3.9: AM-AFM scheme. The "shake"-piezo actuator excites the cantilever to its
resonance frequency. The amplitude is traced by a 2D-detector. The zpiezo actuator regulates the height of the cantilever to maintain a constant
amplitude. The sample is scanned by moving the x,y-piezo actuator.

in an alternating electric field measured with the Malvern Nano-ZS (λ = 433 nm, 4 mW ,
Malvern, UK) at an angle of 173◦ (back scattering).

3.3.5 Polarization Microscopy
Polarization microscopy is suitable to investigate anisotropy of coatings. Therefore, linear
polarized light interacts the sample. Changing the angle between polarizer and the mean
orientation direction leads to a change of intensity. Here, polarization microscopy was
used to investigate the orientation of HNTs over a larger area than it is possible with
AFM measurements. Figure 3.10 shows the basic principle. For sake of simplicity, the
scheme is drawn in transmission setup, although the microscope worked in reflection
mode.
Experiments were carried out with polarization microscope Axiophot (Zeiss, Germany)
equipped with Axiocam 305 color and different Epiplan Neofluor lenses (20x, 50x, and
100x magnification, Zeiss, Germany). The considered area had a minimum diameter of
150 µm. Polarizer and analyzer were set to 90◦ and the sample was orientated with
respect to the polarizer. Every 15◦ an image was taken between 0◦ and 90◦ . These
images were analyzed by calculating the gray value of each image with ImageJ. 102,118
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Figure 3.10: Setup of polarization microscopy in crossed-polarizer configuration.

3.3.6 Transmission Electron Microscopy
Experiments were carried out by my colleagues Maren Lehmann and Marcus Witt.
Transmission electron microscopy (TEM) is based on the interaction of an electron
beam with the sample. Therefore, an electron beam focused by electromagnetic lenses is
absorbed by the sample depending on its chemical composition. Transmitted electrones
are detected to obtain an image of the sample. In this work, HNTs were characterized
either with a Cryogen TEM JEOL JEM2100 (JEOL, Tokyo, Japan) or a TEM FEI
CM20 microscope (FEI, Eindhoven, The Netherlands) equipped with a LaB6 cathode.
The acceleration voltage was 200 kV . The samples were prepared on a copper grid
covered with a carbon film (200 mesh or 300 mesh, Science Service, Munich, Germany).
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4 Polyelectrolyte Multilayers: Water
Uptake and Water Condensation in
Voids
Similar content is published in "Water uptake of polyelectrolyte multilayers
including water condensation in voids" Oliver Löhmann, Maximilian Zerball
and Regine von Klitzing, Langmuir (2018), 34 (38), 11518 - 11525 http:
//dx.doi.org/10.1021/acs.langmuir.8b02258

Abstract
The chapter addresses the swelling of PEMs at varying humidity. In particular, a new
model will be presented, which takes the gradual filling of voids into account. Absorption
of water results in PEM swelling. This absorbed water can be distinguished into swelling
and void water. Swelling water leads to an increase in thickness and a change of the
optical properties of PEMs, while the void water results only in a change of the optical
properties. In former studies, neutron reflectometry was used to distinguish between
swelling and void water. However, as we show in this study, it is possible to resolve
the two different kinds of water in PEMs by ellipsometry, a much simpler tool. The
present study evaluates and interprets the refractive index of PSS/PDADMAC PEMs.
Both the swelling behavior and the refractive index change as a function of relative
humidity h and were found to be independent of the layer number. The void model and
the extended void model were used to describe the data. The void model model allows
fitting the experimentally determined refractive index at h beyond 20% RH but fails for
h lower than 20% RH. Therefore, we modified the existing model in order to account
for air-water exchange.
The extended void model assumes a gradual air-water exchange at low h and describes
the refractive index over the entire humidity range in a precise way. Up to 30% RH air
and water coexist. Above this threshold, the voids are completely filled with water and
this threshold does not change neither with layer number nor with the outermost layer.
Furthermore, this model allows the determination of the volume fraction of the voids
(0.05 ± 0.01) and the refractive index of the pure polymer matter (1.592 ± 0.002).

4.1 Introduction
Polymer coatings can change the morphology and the functionality of surfaces. PEMs are
an easy approach to coat charged surfaces independently of their geometrical appearance
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and for tuning the functionality. 2,120 Functional surfaces are used to prevent or to favor
adsorption of specific target molecules. 121,122 The response of the functionalized surfaces
to variations in environment is essential for technical applications. 42 Especially for medical application, it is of crucial importance to control the interaction between drugs and
living organisms. 43,44 Here, PEMs can be used as mediators to avoid side effects. The
functionality of PEMs is dominated by their chemical composition. Their response to
environmental changes leads to a change in the polymer conformation within the PEMs
and thus to a change in chemical and physical properties. 123,124
PEMs are fabricated by consecutive adsorption of oppositely charged PEs. This method is called the layer-by-layer technique and is an easy, well-known, and powerful tool
to build up and tailor PEMs. 1,2 The thickness increment per deposited layer depends
on the conditions during the dipping procedure. 15,125–127 Typical conditions, which are
adjusted during layer deposition, are type and concentration of polyions, concentration
and type of added salt, pH, and the dipping time. All of them influence the constitution
of PEMs. Here, strong polyelectrolytes like PSS and PDADMAC dissolved in a 0.1 M
sodium chloride solution are used to avoid a pH dependence and ensure a sufficient polyelectrolyte mobility. 28 The growing behavior of PSS/PDADMAC PEM is well-investigated
and discussed in several papers. 32,40,128–130
Planar adsorbed PSS/PDADMAC PEMs are responsive to ionic strength and water
content in the environment but not very much to thermal treatment. 34,37 In contrast,
hollow PSS/PDADMAC PEM capsules respond strongly to thermal treatment. 131–133
PEMs act like a sponge and absorb water reversibly. During immersing PEMs in water,
they swell, which leads to a decrease in their polymer network density. As a result of that,
the possibility to take up target molecules is much higher than in the dry state. This
process is reversible, and therefore, it is possible to incorporate target molecules by drying
the PEM films, and subsequently to release them under controlled conditions. 134,135
Thus, PEMs can be used as carrier systems for specific target molecules, e.g., drugs or
anticorrosive coatings.
Mainly, PEMs were examined in dry (about 1% RH), ambient (about 30% RH), and
water saturated (about 98% RH) air and in water. 32,40,49 Water uptake and distribution
within PEMs immersed in H2 O or D2 O were investigated by neutron reflectivity. 40,47 It
was shown that the total water content is the sum of two different types of water in a
PEM: void and swelling water. The void water fills the voids between the polyelectrolyte
chains which exist also in vacuum. This amount of water changes the scattering length
density but does not lead to a swelling of the PEMs. The swelling water leads to a
swelling of the PEM. The amount of swelling water increases by increasing the ionic
strength and increasing size of anions during preparation. 53 The amount of void water
shows the opposite effect. Combining ellipsometry and quartz crystal microbalance with
dissipation can also give information about the swelling behavior in a liquid environment.
The swelling that occurs in salt solutions with different concentrations is fully reversible
by changing the salt concentration. 55 The water content for PSS/PDADMAC can reach
a maximum of up to 70 % in a 0.5 M NaCl solution.
Although there are already several papers on the void model and the swelling behavior
of PEMs, the mechanisms of void water uptake remain unclear and need further inves-
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tigation. 32,49 Ellipsometry is suitable to study PEMs in humid conditions. This fast,
nondestructive method gives information about thickness and refractive index. Zerball
et al. showed that this method is also suitable to distinguish between swelling and void
water. 49 Nevertheless, the swelling behavior over the entire humidity range from a dry
environment to a water saturated environment is not fully described. In this chapter,
ellipsometry data are evaluated to obtain information about the thickness and the optical
properties of PSS/PDADMAC PEMs as a function of relative humidity h in 10% RH
steps. This shows that the swelling ratio with respect to the dry state and the decrease
of the refractive index is independent of the number of deposited layers. The refractive
index can be described by different models. Here, it is shown that the void model 47,49
cannot describe precisely the trend of refractive index over the entire humidity range.
Therefore, the void model is extended. The results show that this model is well suitable
over the entire humidity range to evaluate the measured refractive indices. Furthermore,
the void fraction and the refractive index of the pure polymer matrix without voids can
be calculated.

4.2 Results
4.2.1 PEM Thickness and Refractive Index
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Figure 4.1: (A) Thickness (squares) and refractive index (triangles) of PSS/PDADMAC
PEM as a function of single layer number at (1±1)% RH. Closed symbols correspond to fitted refractive index and open ones correspond to fixed refractive
index as an average of the fitted values. (B) Comparison between ellipsometry (closed squares) and XRR (open circles) measured at (1 ± 1)% RH. For
some data points the error bars are not visible, since they are smaller than
the symbols.

Figure 4.1A shows the thickness and the refractive index of PSS/PDADMAC PEMs
with dependence on the number of deposited layers at 1% RH measured by ellipsometry.
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The thickness increases in a nonlinear trend for low layer numbers which is in good
agreement with earlier published results. 32,136 The refractive index is fitted for PEMs of
16, 17, 28, and 29 single layers and is independent of the layer number. For PEMs with
4 and 5 single layers, only one parameter (thickness) can be fitted because the change
of the ellipsometric angle ψ is too small. Therefore, the refractive index is fixed and
corresponds to the average of the fitted values for higher layer numbers.
Figure 4.1B shows the comparison of ellipsometry and XRR data to validate the model for analyzing ellipsometry data. All PEMs were measured at 1% RH, and their
thicknesses were reproduced with XRR (reflectivity data and the best fits are shown in
the Appendix). This indicates that the fixed refractive index for thin PEMs is suitable
for ellipsometry data. The data lead to the conclusion that the refractive index of the
dry PEM is around 1.56 which is in good agreement with literature. 49

4.2.2 Swelling Behavior
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Figure 4.2: (A) Swelling coefficient S of PSS/PDADMAC PEMs as a function of h and
layer number. (B) Refractive index nD as a function of h and layer number.

The increase of h induces multilayer swelling due to water uptake from the surrounding
environment. The volume fraction of water, which leads to a swelling, is defined by the
swelling coefficient S :
S=

d(h) − ddry
.
d(h)

(4.1)

S is described by the thickness of the dry PEM ddry and the thickness of the swollen
PEM d(h). Figure 4.2A shows that PSS/PDADMAC PEMs do not swell in a linear
behavior. Three regimes can be identified: Strong swelling is observed, in the first regime,
between 1 and 40% RH. In the second regime, between 40 and 60% RH, flattening of
the swelling coefficient is observed. The strongest increment of S is observed in the third
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regime above 60% RH. Concurrently, the refractive index decreases, as shown in Figure
4.2B, due to the presence of more water (n=1.33) in the PSS/PDADMAC PEM (n > 1.5).
Parts A and B of Figures 4.2 show that PEMs swell in the same way independent of the
layer number. The error for the swelling coefficient fluctuates around ± 0.1. The error
for the refractive index fluctuates around ± 0.002. Zerball et al. reported a detailed error
analysis. 49

4.2.3 Theoretical Description
On the basis of the effective medium theory, J. C. Maxwell Garnett reported a correlation between the optical properties and the volume fraction in metal glasses and
metallic films. 50,51 Later on it was shown that this can also be adopted to PEM-water
systems. 37,137 The Garnett model assumes a two-compound system in humid air (polymer + water) and a compact polymer film in dry conditions, i.e., 100 % polymer without
any voids (calculations are shown in the Appendix). The exchange between air and water
during the swelling is not considered by this model which causes the overestimation of
the decrease of the refractive index at low humidity. 47 Therefore, another approach is
made to describe the refractive index during changing h.
Void Model
The void model takes into account that air is replaced by water during swelling. 40,47 Two
different kinds of water can be obtained: swelling and void water. Swelling water leads
to a swelling of the entire PEM. Concurrently, swelling leads to a change of the optical
properties. Void water is absorbed in the holes (voids) of the PEM matrix which occur
during the preparation. This leads to a change of optical properties but does not affect
the thickness. Neutron reflectivity was used to distinguish between swelling and void
water in former studies. 40,47 On the basis of the calculations of the different amounts
of water, due to the change in thickness and scattering length density, the void fraction
was calculated. In the present chapter, the scattering length density is replaced by the
permittivity. PEMs can be described by the permittivity ϵ, which is directly correlated to
the refractive index for transparent and nonmagnetic materials by ϵ = n2D . The effective
medium theory leads to a complex term for a three-component system; therefore, the
calculation are based on a linear combination. Here, two assumptions have to be taken
into account for the void model.
First, the permittivity of a dry PEM (ϵdry ) can be described by the permittivity of the
pure polymers (ϵpoly ) and the fraction of voids (1 − x) filled with air
ϵdry = x · ϵpoly + (1 − x) · ϵair

(4.2)

Second, during the swelling, PEMs take up water. This water absorbs in two different
ways. One part leads to a swelling and is denoted by swelling coefficient S (Equation
4.1). The second part fills the voids with water. The permittivity of a fully swollen film
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ϵswollen can be described by the permittivity of the water ϵH2 O and Equation 4.2 with
water filled voids
ϵswollen = S · ϵH2 O + (1 − S) · [x · ϵP oly + (1 − x) · ϵH2 O ]

(4.3)

Fits were carried out with a self-written Python program where measured refractive
indices were transferred to permittivities. 138 Here, x was fitted with the least-squares
method. In contrast to a former publication, 49 where the linear combination was based
on the refractive index, microscopic properties of the medium were the basis of the
calculation. Therefore, the polymer fraction x differs slightly but is now based on the
polarizability of the respective medium. Calculated values were transferred to refractive
√
index for comparison to experimental values by nD = ϵ.
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Figure 4.3: Comparison of measured and fitted refractive indices for a PEM of 29 single
layers according to the void model as a function of relative humidity h. Error
bars of the measured values are within the size of the symbols.

This linear combination is the simplest description. Figure 4.3 shows that the linear
combination fits well above 20% RH. For h < 20% RH the fitted data are higher than
the measured ones because it is assumed that the voids are filled either by air or water.
A gradual filling of the void is not assumed and leads to a mismatch at low humidity.
Extended Void Model
The extended void model assumes that voids are filled with water following a linear trend
as a function of the swelling coefficient during increasing h. Above a certain value, it is
assumed that voids are completely filled with water. Further water uptake will then result
only in swelling of the PEMs. Hence, a new equation is formulated for the permittivity

ϵswollen = S · ϵH2O + (1 − S) · [x · ϵP oly + (1 − x) · (a · ϵH2O + (1 − a) · ϵair )]

(4.4)
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The factor a describes the ability of the air-water exchange in the voids and can be
described as a function of S containing a linear and a constant part
{
b · S, for S < 0.08
a=
(4.5)
1,
for S ≥ 0.08
Other transition values lead to a discontinuity for the fitting parameter a as shown in
the Appendix. The fitting parameters b and x will be determined during the fitting procedure using a Python script that was written for this study, where measured refractive
indices were transferred to permittivities. 138 For the fitting procedure Equation 4.4 is
rearranged by using the permittivities of water (ϵ = 1.777) and air (ϵ = 1) as
ϵswollen = S · 1.777 + (1 − S) · [ϵdry + a · (0.777 − 0.777 · x)]
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Figure 4.4: Comparison of measured and fitted refractive indices as a function of h according to the extended void model. Error bars of the measured values are
partially within the size of the symbols.
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Figure 4.4 shows measured and fitted data. Calculated values were transferred to
√
refractive index for comparison to experimental values by nD = ϵ. The fitted refractive
indices are in good agreement with the measured data over the entire humidity range.
The fitted parameter are shown in Table 4.1. From these results, the void fraction inside
dry PEMs can be calculated. On average, PSS/PDADMAC PEM have a void fraction
of 0.05 ± 0.01. This void fraction increases from 0.033 to 0.064 with increasing layer
number. The parameter b increases from 11.0 to 13.7 with increasing layer number. It is
worth noting that the amount of water does not show any odd-even effect. This is in good
agreement with Zerball et al., 49 where the odd-even effect was found for measurements in
liquid water but not for humid air. Additionally, the refractive index of the pure polymer
matrix can be calculated with Equation 4.2 and it is on average 1.592 ± 0.002.
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Figure 4.5: Parameter a as a function of h and layer number.

Layer
number
16
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28
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Table 4.1: Fitted values obtained with the extended void model.
Outermost
x
b
layer
PDADMAC
0.967 ± 0.002
11.0 ± 2.0
PSS
0.953 ± 0.001
13.4 ± 0.9
PDADMAC
0.944 ± 0.002
13.0 ± 1.0
PSS
0.936 ± 0.001
13.7 ± 0.6

npoly
1.590
1.591
1.593
1.594

Factor a of the initial Equation 4.4 can be calculated by Equation 4.5. The results are
shown in Figure 4.5. It is shown that above 30% RH, the voids are completely filled with
water without any discontinuity in the trend of parameter a. This threshold of 30% RH
does not change either with layer number or with the outermost layer.
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4.3 Discussion
This chapter addresses the swelling behavior of PSS/PDADMAC PEMs. Increasing relative humidity (h) leads to nonlinear PEM swelling. The swelling coefficient S describes
the fraction of absorbed water which leads to a swelling and is independent of the layer
number. This is in agreement with Zerball et al. 49
The swelling behavior can be explained as follows: Most of the charges are intrinsically
compensated by the polyelectrolyte-polyelectrolyte complexes due to the low salt concentration. 125 Nevertheless, some charges are extrinsically compensated by small counterions. This induces an osmotic pressure as h increases. Three swelling regimes can
be identified for PSS/PDADMAC PEMs. Due to extensive swelling at humidities of
< 40% RH and the resulting counterion hydration, the voids are entirely filled with water. Above 40% RH, the swelling increment flattens and increases again above 60% RH.
The polyelectrolyte chains become more flexible, which leads to a gain in entropy and
favors further water uptake.

Figure 4.6: Schematic description of water uptake. Up to 30 %RH, the air inside the
voids (white circles) is exchanged with water. Concurrently, the entire PEM
begin to swell. The sum of both effects leads to a slight decrease of the
refractive index. Above 30% RH, the voids are filled with water and a further
water uptake leads to further swelling in thickness and a strong decrease in
refractive index.

Figure 4.6 shows the proposed model for water uptake of PEMs. PEM consists of a
layered polymer network, where the consecutive layers interdigitate strongly. When some
specific layers are deuterated, neutron reflectometry can give insight into the structure. 139
In contrast to solid matter, e.g., mesoporous silica, PEMs are very flexible. Therefore,
it is not possible to determine a pore diameter with adsorption measurements. When
the humidity is changed, the voids change in size and shape to minimize the internal
stress. Thus, a clear description of the structure is not possible yet. That explains why
none of the basic adsorption models for pore condensation describe the experimental
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adsorption isotherms of the present study. However, no model has been reported that
can describe how the voids are filled with water. Indeed, Equation 4.6 takes into account
the air-water exchange between 0% RH and 30% RH. In this range, a smooth decrease
of the refractive index is observed, while at the same time, a strong increase in thickness
is observed. This reflects two counteracting effects. First, swelling and water absorption
of the PEMs results in a decrease in refractive index. Second, air inside the voids is
replaced by water, which leads to an increase in refractive index. The sum of both effects
leads to a slight decrease of the refractive index with increasing h. Above 30% RH, the
voids are fully filled with water and the decrease of the refractive index only depends on
the water uptake during the swelling procedure.
As a first approach, we assumed a linear filling for the voids up to 30% RH. It is
possible to calculate the void fraction (1 − x) by using the results shown in Table 4.1.
The void fraction is on average 0.05±0.01. It is in good agreement with Zerball et al. and
Köhler et al. although our derivation based on the permittivity is slightly different. 47,49
In comparison to PSS/PAH PEMs the void fraction is low. Delajon et al. and Köhler et
al. reported a void fraction up to 0.25 (published data were converted to void fraction;
see Appendix). 47,140 This difference between these two systems, namely PSS/PDADMAC
and PSS/PAH, can be explained by the different chain mobility and charge density along
the chain. 47,54
With changing the outermost layer, the swelling behavior of the entire PEM does not
change. Similar results were reported by Köhler et al. and Zerball et al. 47,49 A change
with respect to the outermost layer is known as the odd-even effect. This effect was shown
for PSS/PDADMAC immersed in liquid water but not in humid air. 37,47,49 In contrast to
the swelling behavior, which is independent of the number of adsorbed layers, the ability
to fill the voids with water increases with the layer number. This is given by an increase
of the parameter b with increasing layer number (see Table 4.1). Additionally, the void
fraction (1 − x) increases from 0.033 to 0.064. This is related to the internal structure
which is influenced by the layer deposition procedure. The buildup of PSS/PDADMAC
PEM is well-investigated, and it is shown that the growth with layer deposition switches
from an exponential growth to a linear growth after 24 single layers. 30,49,130 An exponential growth occurs when the thickness increment increases with further layer deposition.
Otherwise, the thickness increment is constant with layer deposition and a linear growth
is observed. This is associated with the diffusion model where the PEM is subdivided
into three zones: the substrate influenced zone, the reconstructing zone, and the diffusion
zone as introduced in Chapter 2. 30–32
The void fraction increases with increasing thickness of the diffusion zone. As shown
in Table 4.1, a linear growth regime is not observed for all of the investigated samples.
Therefore, the diffusion zone of PEM with 29 and 28 single layers is more pronounced
than the one with 17 and 16 single layers. Thus, the void fraction increases with layer
number. PEM with a layer number above 22 single layers should show a constant void
fraction as shown by Zerball et al. 49 The increment of the void fraction decreases with
layer number which can lead to a constant void fraction for higher layer numbers.
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4.4 Conclusion
PEMs swell in a nonlinear fashion with increasing h. When the swelling coefficient S
is calculated, volume fraction of absorbed water is independent of the layer number.
Concurrently, the refractive index decreases and can be described by the void model.
However, for a more exact description over the entire humidity range, the extended void
model is required.
The extended void model assumes a gradual air-water exchange in the low humidity
range up to 30% RH. This model describes trends and absolute data over the entire
humidity range. The fitting procedures show that above 30% RH the voids are completely filled with water. Additionally, it is possible to extract further information about
PSS/PDADMAC PEMs by analyzing the fitting parameter. The refractive index of the
pure polymer matter is determined as 1.592 ± 0.002. It is shown that the volume fraction
of the voids is on average, 0.05 ± 0.01 and it increases with the layer number. This model
is not limited to the shown PSS/PDADMAC PEMs. It can be generalized to all other
types of coatings, which swell in surrounding solvents.
PEMs are able to absorb and release immobilized guest molecules, e.g., drugs, nanoparticles, or dyes. The knowledge about the amount of voids and how they are filled with
solvent opens the possibility to tailor, very precisely, PEMs for prospective applications.
Therefore, it is crucial to understand and to predict the internal composition as well as
the response to outer stimuli. In addition, knowledge about the mobility of water and of
guest molecules under different humid conditions would be useful. These studies might
help to improve stimuli sensitive delivery systems which can potentially be applied in
medical applications or in anticorrosive coatings where PEMs serve as stimuli sensitive
barriers.
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5 Polyelectrolyte Multilayers and Brushes:
Mutual Interactions and Swelling
Behavior
Similar content is published in "Swelling Behavior of Composite Systems:
Mutual Effects between Polyelectrolyte Brushes and Multilayers" Oliver Löhmann, Samantha Micciulla, Olaf Soltwedel, Emanuel Schneck and Regine von
Klitzing, Macromolecules (2018), 51 (8), 2996 - 3005 https://dx.doi.org/10.
1021/acs.macromol.8b00359

Abstract
Based on the last chapter, the concept of thin coatings is extended by combing PEMs
and brushes. The PEMs and end-grafted brushes represents a valuable approach to the
design of complex organic composite materials with tailored responsive properties. This
chapter addresses the correlation between the swelling properties of composites and their
internal structure. Here, composites are presented consisting of end-grafted PMETAC
brushes covered with PSS/PDADMAC PEMs and are characterize under various relative
humidities. Ellipsometry and neutron reflectometry are carried out to monitor the swelling behavior and the internal structure, respectively, of the composites, giving evidence
of a significant mutual influence of the two components. The reflectivity data reveal a
deep penetration of the PEMs’ polyelectrolyte chains into the underlying brush but also
a significant humidity dependence of their spatial distribution, indicating considerable
mobility within the brush. In contrast to a compact bare brush, for composites a pronounced stretching of the brush after PEM adsorption is observed. The water uptake
of the brush is reduced. A PEM on top of a brush is less influenced by the latter one.
Swelling gradually reduces the brush/PEM interpenetration, while water accumulates in
the interfacial region between the brush and PEM so that these two compartments get
increasingly separated with increasing humidity. The swelling process is largely reversible, which demonstrates the potential applicability of these composites as chemical gas
or moisture sensors.

5.1 Introduction
Polymer coatings find broad application in materials science and technology since they
change the surface properties of many substrates without altering their bulk properties.
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One of the simplest routes to preparing polymer coatings is the adsorption of polyelectrolytes parallel to a surface by the layer-by-layer technique. 1,2
Thereby, the strength of complexation plays an important role and can be controlled by
choosing either strong or weak polyelectrolytes 28,121,141 and the dipping parameters. 15,126
This layer-by-layer growth of PEMs is well understood and has been discussed in several
papers. 32,40,129,130 Typical adjustable parameters are the type and concentration of the
polyelectrolytes and of the added salt, the pH, and the dipping time. For fundamental
research, PSS, PDADMAC, and PAH are very commonly used. 47 The preparation of
PEMs has also involved the use of biomolecules, 142 clays, 100 and nanoparticles 143 to
achieve the desired surface properties.
The functionality of PEMs is determined by their chemical composition. External stimuli can induce a response of the polymer conformation and, in turn, change their functional properties. 123 As an example, planar adsorbed PSS/PDADMAC PEMs respond to
ionic strength and water content in the environment but less to thermal treatment. 34,37
In general, PEMs act like a sponge with reversible water absorption. When immersed
in water, PEMs swell and the polymer network expands. This enhances the uptake and
release of target molecules with respect to the dry state. The reversibility of this process
allows the immobilization of target molecules by drying the PEMs and releasing these
molecules under controlled conditions afterward. 144 With that, PEMs can be used as
tunable carrier and delivery systems as well as a protective coating. 121,145
Instead of being physisorbed, polyelectrolytes can also be chemically end-grafted onto a
solid substrate. This brush conformation provides a predominantly perpendicular orientation, high mechanical stability, and tunable density. The two most commonly used
brush preparation methods are the grafting-to and the grafting-from approaches. 58 The
latter yields higher grafting densities and a low polydispersity. Similar to PEMs, brushes
are responsive to various external stimuli and can undergo structural changes, 72,73 which
renders them promising building blocks for smart coatings in chemical sensing and drug
delivery.
The combination of end-grafted brushes and adsorbed PEMs has been exploited for
the design of robust, multifunctional coatings. 10,24 In such coatings, tailored structural
rearrangements upon specific stimuli could potentially be used for chemical sensing or
molecular recognition or trigger the uptake and release of substances. Furthermore,
composites of polyelectrolyte brushes and PEMs open novel technical applications in
which PEMs are used as sacrificial layers to protect and release embedded molecules
under certain conditions. 90,91
As Rühe and co-workers demonstrated, polyelectrolyte brushes are suitable as substrates for PEMs, 24 accounting for a pronounced diffusion of the first layer into the brush
which creates an intermixing zone between the two compartments. Nevertheless, complete charge compensation does not occur so that oppositely charged polyelectrolytes
further adsorb and a PEM can be built up via the layer-by-layer technique. 92,93 For
brushes with high grafting and charge densities, the resulting brush-supported PEMs
are found to be homogeneous. 24,92 Recent studies on brush/PEMs composites featuring
temperature sensitivity reveal that mutual interdiffusion and the ensuing molecular interactions are responsible for their responsive properties. Detailed insight into the internal
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structure of polymer composites is of crucial importance to the design of functional coatings with desired properties. 10
Here, ellipsometry and NR were used to structurally investigate well-defined composite
systems constituted of charged homopolymer (PMETAC) brushes covered with PEMs of
pairs of strong polyelectrolytes, namely PSS and PDADMAC. The use of strong polyelectrolytes prevents pH dependence and leads to the formation of PEMs with a strong
humidity response yet a weak temperature response. 49,61 By monitoring the change in
composition with varying humidity, it is possible to understand the level and relevance
of mutual interactions between the two compartments. Therefore, relative humidity is a
suitable stimulus for investigating responsive behavior. 34
This chapter focuses on the characterization of the swelling behavior of brush/PEM
composites compared to the single, individual components. Furthermore, the influence of
the PEM thickness on the structure and properties of the composites is investigated. 61,94
The humidity-dependent distributions of polyelectrolytes and water in brush/PEM composite systems have so far been unknown. Ellipsometry data show that the overall swelling of single brushes, single PEMs, and a combination of both follows the same trends
but differs in the absolute swelling level. Deeper insight into the internal composition
can be achieved by neutron reflectometry. Partial deuteration of the PEM has been
used to generate a contrast between the brush and PEM. This allows us to study the
internal composition during swelling. A fitting procedure based on the volume fractions
of all chemical components opens the possibility to investigate the water distribution as
a function of humidity along the surface normal.

5.2 Results
The thickness increment as a function of the relative humidity h as obtained by ellipsometry can be expressed in terms of the swelling coefficient S (see Equation 2.4).
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Figure 5.1: Swelling behavior as obtained by ellipsometry of the PMETAC brush, PDADMAC/PSS PEM with different layer numbers, and a combination of both.
Corresponding lines are fits with a third-order polynomial.
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The experimental data reported in Figure 5.1 demonstrate that the system components, brush and PEM, have different swelling behaviors as individual coating compared
to the composite systems. The bare brush swells by up to 73 % of its original thickness,
while PEMs swell by only up to 33 % irrespective of their layer number. This is in
agreement with the results shown in Chapter 4. The composites have an intermediate
degree of swelling compared to the individual components. All swelling curves can be
described empirically by a third-order polynomial, as shown by the solid lines in Figure 5.1. This finding motivates the third-order polynomial description of the humidity
dependence of Equation 3.30 in the NR analysis (Methods section).
In the following section, the analysis and the interpretation of the NR data are described, which reveal the internal composition of the brush/PEM composites and their
response to humidity changes.

5.2.1 Bare Brush
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Figure 5.2: Bare PMETAC brush as a function of h measured with ellipsometry (black
squares) and neutron reflectometry (red circles). (A) Swelling S. (B) Refractive index nD and scattering length density ρlayer . This SLD corresponds
to the plateau value of the SLD profile.
Figure 5.2 shows the swelling coefficient (left) and its optical constants (right) of the
bare brush, namely the refractive index nD and scattering length density (SLD) ρlayer
of the brush/water combined layer as a function of h. The brush thickness measured by
ellipsometry increases from 235 to 881 Å with increasing relative humidity from 0% RH
to 99% RH. For NR, the thickness dP M ET AC is obtained as the distance from the
substrate where the SLD of the polymer layer is half of its plateau value.
The swelling is found to be virtually identical for ellipsometry and NR measurements
except for the measurements taken at 99% RH, where the thickness is very sensitive to
minor yet inevitable humidity deviations from the nominal value. Figure 5.2 shows that
the humidity-dependence of the optical constants of ellipsometry and NR measurements
shows very similar trends. This underlines that the models used for the sample description
are consistent for both techniques.
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Figure 5.3: (A) Reflectivity data of three measurements and the corresponding fits at
0% RH, 41% RH, and 100% RH of a bare brush. (B) Corresponding SLD
profiles. (C) Volume fraction profile at 0% RH. (D) Volume fraction profile
at 41% RH. (E) Volume fraction profile at 100% RH.
NR data, fits, SLD profiles, and volume fraction profiles at three selected humidities
are reported in Figure 5.3 (The entire data set is shown in the Appendix). The scattering
−2
length density ρP M ET AC of the brush monomer is obtained as 0.82 × 10−6 Å . This
value is used as a reference for the data analysis of the composite material and agrees
−2
well with the theoretical estimate of ρ = 0.88 × 10−6 Å based on a recent report on the
3 7
METAC monomer volume to be VM E = 262 Å . The analysis also shows that the dry
brush has an almost negligible void fraction of 3 %.
Figure 5.3A shows reflectivity data of measurements at three selected relative humidities.
With increasing humidity, minima in the reflectivity data move closer together, corresponding to an increase in brush thickness. At the same time, the scattering contrast
decreases as shown in the corresponding SLD profiles in Figure 5.3B. These two effects
−2
originate from the uptake of water (ρH2 O = −0.56 × 10−6 Å ) and the associated swelling of the polymer film. The data set can be described by homogeneous layers with
comparatively sharp outer surfaces (Figure 5.3 C-E), corresponding to high values of the
stretching exponents in Equation 3.29, n > 22. The water fraction increases from 20 %
at 41% RH to 56 % at 99% RH. The brush retains a compact conformation over the
entire humidity range, in line with the low outer roughness of 7 ± 1 Å for PMETAC
brushes under ambient conditions determined by AFM. 146
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5.2.2 Brush/PEM Composite
To understand the influence of brush/PEM interactions on the swelling behavior of the
composite, the characterization of their internal composition is essential. In order to
investigate the influence of the deposited layer numbers on the internal structure and
the swelling behavior of the resulting composites, two composites were selected for NR
experiments with 5-layer and 17-layer PEMs, in the following referred to as thin and
thick samples, respectively. Before being coated with PEM, the supporting brushes had
similar thicknesses of about 240 Å at 0% RH in both cases.
Figure 5.4 and 5.5 show three example NR data at selected humidities, the best fits,
the corresponding SLD profiles and the volume fraction profiles for both composites
(Entire data sets are shown in the Appendix). SLDs obtained for the PEM of the thin
−2
−2
and the thick samples are ρP EM = 3.96 × 10−6 Å and 3.85 × 10−6 Å , respectively.
This remarkable agreement between the two independently fitted samples indicates the
robustness of the data.
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Figure 5.4: (A) Reflectivity data of three measurements and the corresponding fits at
5% RH, 41% RH, and 100% RH of the thin sample brush. (B) Corresponding SLD profiles. (C) Volume fraction profile at 5% RH. (D) Volume
fraction profile at 41% RH. (E) Volume fraction profile at 100% RH.
The obtained humidity-independent parameters are shown in Table 5.1. The equivalent
thickness of the brush, Dbrush , for the thin and thick samples is similar to Dbrush = 129 Å
(see Equation 3.32). The equivalent thickness of the PEM DP EM is about 3.5 times
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Figure 5.5: (A) Reflectivity data of three measurements and the corresponding fits at
1% RH, 40% RH, and 99% RH of the thick sample. (B) Corresponding
SLD profiles. (C) Volume fraction profile at 1% RH. (D) Volume fraction
profile at 40% RH. (E) Volume fraction profile at 99% RH.
higher for the thick sample, but the thickness per polyelectrolyte layer of 23.4 Å is
the same for both samples, meaning a constant layer increment per deposition in both
samples.
The corresponding volume fraction profiles are shown in Figures 5.4 C-E and 5.5 C-E.
In presence of both thin and thick PEM, the polyelectrolytes have a pronounced overlap
with the brush region, even reaching down to the silicon surface with the tail of their
distribution. The brush assumes a stretched conformation for both composites in the dry
state. In the thin sample, the periphery of the brush reaches the composite-air interfaces,
meaning that the entire PEM compartment has infiltrated the PMETAC brush. In
contrast, the brush underneath the thick sample does not penetrate the entire multilayer,
so a considerable fraction of the PEM compartment remains pure i.e., PMETAC-free.
Both composites have a void volume filled with air under dry conditions. The thin
sample has a void fraction below 5 % near the substrate. The PEM region exhibits a
significantly higher void fraction, most pronounced for the thick sample, where it reaches
to 27 %. The difference can be related to the fact that there is an essentially brush-free
PEM region featuring the intrinsic properties of pure PEMs in the thick sample.
With increasing relative humidity, the entire system swells and the internal configuration rearranges. The brush inside the thin sample takes up to 40 % water and keeps
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Sample
Bare brush
Thin sample
Thick sample
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SLD(Brush)
−2
[10−6 Å ]
0.82
0.82
0.82

SLD(PEM)
−2
[10−6 Å ]
3.96
3.85

D(Brush)
[Å]
158
119
138

D(PEM)
[Å]

D(PEM)/layer no.
[Å]

117
397

23.4
23.4

Table 5.1: Conserved parameters for each data set during the fitting procedure. These
values are humidity-independent for each data set.
a stretched conformation. In contrast, the brush inside the thick sample undergoes a
change from a stretched to a significantly less extended conformation above 60% RH,
as encoded in the increase in the stretching exponent with increasing humidity (Figure
5.6). This behavior is substantially different from the sharp interface of the bare brush,
with n > 22. It shows that the conformation of the brush is strongly influenced by
the surrounding medium, here air or PEM. The PEM in both composites increases in
thickness, and its center of mass gets displaced away from the surface with increasing
humidity. The overall shape of the PEM is preserved during swelling.
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Figure 5.6: Exponent of the analytical function of the brush for the bare brush and the
thin and the thick composites.
As shown in Figures 5.4 and 5.5, the water distribution is heterogeneous along the
composite profile and changes upon swelling. In the thin sample, the volume fractions of
absorbed water inside the brush close to the substrate and inside the outermost part of
the PEM compartment are similar and reach 40 % at high humidity. In the transition
region between the brush and PEM, a minimum in the water content is observed over
the entire humidity range. In the case of the thick sample, the brush takes up a smaller
amount of water than in the thin sample, but the PEMs in the thin and thick samples
show roughly the same swelling behavior. Analogous to the other composite, the water
content is minimal in the brush/PEM transition region below 60% RH. However, this
minimum vanishes at higher humidities, and a maximum water content is found.
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Quantifying the humidity-dependent relative water content in each component of the
composite is nontrivial, because brush, PEM, and water coexist in a wide z range so that
one cannot easily attribute the water to one of the organic components. In the following,
an alternative route was taken based on the overlap integrals Ii,H2O (h) between water
and each of the organic components. These integrals provide a meaningful measure of
the colocalization of water with the brush or PEM and are given by
∫ +∞
1
Ii,H2 O (h) =
φi (z, h) · φH2 O (z, h) dz
(5.1)
Di −∞
where i refers to either PMETAC or PEM, Di is the equivalent thickness of the respective component, and φi the corresponding volume fraction profile. The separation
with increasing h can be quantified by the brush/PEM overlap integral Ibrush,P EM (h)
with respect to the dry state by
∫ +∞
IBrush,P EM (h) = ∫ +∞
−∞

−∞

φP M ET AC (z, h) · φP EM (z, h) dz

φP M ET AC (z, h ≈ 1% RH) · φP EM (z, h ≈ 1% RH) dz

(5.2)

During composite swelling, Ii,H2 O (h) increases while Ibrush,P EM (h) decreases monotonically. With increasing h, both brush and PEM take up water and their separation increases. Figure 5.7A shows that the brush/PEM overlap inside the thin sample is reduced
down to 40 % of its initial value under dry conditions and the hydration of both compartments increases up to 40 % at the same time. The brush of the thin sample at the highest
hydration is associated with only about half as much water (Ibrush,H2 O (99% RH) ≈ 40 %)
as the bare brush, for which Ibrush/H2 O (99% RH) ≈ 70 %. This effect is even more pronounced for the thick sample, for which IBrush/H2 O (99% RH) is only ≈ 30 %. For the
PEMs the situation is reversed (IP EM/H2 O (99% RH) = 39 % for the thin sample and
IP EM/H2 O (99% RH) ≈ 51 % for the thick sample), and both take up more water than
PEMs on a solid substrate (only up to 33 % at 99% RH). This can be correlated to swelling coefficient S in Figure 5.1, which for a two-component system containing only PEM
and water strictly coincides with the corresponding overlap integral IP EM/H2 O . The
separation of brush and PEM upon hydration is much more pronounced for the thick
sample, with the overlap going down to 10 % with respect to the dry state (Figure 5.7B).
As suggested by the overlap integrals and seen in Figure 5.4C-E and 5.5C-E, the transition region between brush and PEM takes up water disproportionally with increasing
humidity for both samples.
Both composites are measured under dry conditions again after a full swelling cycle.
Figure 5.8 shows the reflectivity data before and after the swelling. The reflectivity
data of both samples shift slightly to lower Qz values, which indicates a slightly higher
thickness after the swelling. At the same time, the intensity ratio between maxima and
minima decreases. That arises from a lower contrast within the sample and thus from a
higher intermixing into each other after the swelling.
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Figure 5.7: Overlap integrals of the thin sample (A) and thick sample (B). With increasing relative humidity IBrush,P EM (h) decreases and Ii,H2 O (h) increases.

5.3 Discussion
The results presented in the previous section show that measurements of the overall
swelling alone do not reveal all relevant aspects of the response of brush/PEM composites to hydration. Instead, additional information on the humidity-dependent internal
composition, as accessible by NR, is required.
NR reveals a strong overlap of the brush and PEM. The brush is in an extended conformation, as encoded in an elevated SLD near the solid substrate with respect to the
pure brush. Zhang et al. 24 observed a strong collapse of the cationic brush (MePVP)
caused by exposure to a PSS solution studied by ellipsometry. Laurent et al. 93 showed
that the PEM uptake increases with increasing grafting density of a cationic brush (PTMAEMAI). The latter emphasizes a strong overlap of brush and PEM as found in the
present studies. The considerable overlap due to entropy-driven complexation between
PMETAC and PSS can be explained by the high counterion density in the brush. Counterions can be distributed over a larger volume when the charged brush overlaps with
the net-neutral PEM region incorporating only a few ions. Furthermore, the fact that
the composites’ internal composition is sensitive to hydration indicates that the negatively charged polyelectrolyte chains are only loosely integrated into the positively charged
brush rather than firmly complexed. All charges of the brush cannot be compensated for
by PSS due to steric reasons and a certain number of counterions are assumed to remain
within the brush, which allows its swelling. This suggests that complexation between the
PMETAC chains and the negatively charged PSS chains is less effective than between
the polyelectrolyte pairs forming the PEM.
The brush’s conformational change and water uptake are more strongly affected by the
presence of PEMs than the behavior of the PEMs is affected by the supporting brush.
This observation can be rationalized by the different properties of each compartment.
The brush itself carries a high net charge density and is therefore more sensitive to the
presence of oppositely charged polyelectrolyte chains. The PEMs, whose intrinsic feature
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Figure 5.8: Reflectivity data before (black closed symbols) and after swelling (red open
symbols) of the thin sample (top) and thick sample (bottom) under dry conditions. After a full swelling cycle, both samples achieve almost the same
conformation. A small reorganization is observed, but the main features are
preserved.
is the complexation between oppositely charged polyelectrolytes, are less sensitive to
that. Moreover, the amount of PEM in the thick sample is much larger than the brush
amount, so the mutual interaction affects the entire brush region but only a part of the
PEM region.
Thus, the brush has a minor effect on the PEM. The growth of the PEM is not affected,
and a constant increment of 23.4 Å per layer pair is observed, the same as on a silicon
wafer. The void fraction of 27 % is higher than for PEMs on silicon (5 %), as reported
in Chapter 4, showing that the PEMs in composites are more loosely packed. Although
different methods have been used in all studies, the remarkable difference in void fraction
can always be linked to a higher concentration of counterions released from the brush
during PEM growth. The brush is more strongly affected by PEM capping. The bare
brush has a low void fraction of 3 % due to a high grafting density which does not
change with the adsorption of PEM. This is explained by the simultaneous stretching of
the brush upon polyelectrolyte penetration.
After the description of mutual effects of brush and PEM, attention is now drawn to
the water uptake of the brush/PEM transition region. At low relative humidity, water
uptake is minimal in the brush/PEM transition region. At higher humidity (above approximately 60% RH), the situation is reversed, and water uptake is most pronounced in
the transition region so that a maximum in the water volume fraction emerges at the highest humidities (Figure 5.5E). At the same time, the two organic components gradually
separate (i.e., demix) as quantified in terms of decaying overlap integrals (Figure 5.7).
This behavior indicates that the molecular interactions are altered when water, as the
third component, becomes more available at higher humidity. Under humid conditions,
both organic components appear to prefer interacting with water rather than with one
other. This leads to a depletion of polyelectrolytes from a former densely packed region,
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and water can especially absorb into this region.
For technical applications, the long-time stability is an important factor. The reversibility of the swelling after the first swelling cycle (see Figure 5.8) makes these composites
promising for applications such as chemical sensors and absorbers of volatile substances.

5.4 Conclusions
The internal composition of composite materials consisting of polyelectrolyte brushes
coated with PEMs is resolved in a wide range of relative humidities using NR. It is also
demonstrated that the number of deposited layers has an influence on the swelling behavior of a brush inside a composite. A simultaneous fit of the reflectivity data obtained
for all humidities revealed that the brush and the PEM interdigitate strongly but increasingly separate upon swelling in humid air. Thereby, water accumulates in the transition
region between the brush and PEM layers. Composites, such as the ones structurally
characterized here, might be used as smart sensors with the ability to accumulate volatile
molecules in the brush/PEM transition region at high humidity but push them toward
one of the components at reduced humidity, where they can be physicochemically detected. Humidity-induced structural changes are found to be virtually reversible, which
opens the possibility to release previously embedded molecules under defined conditions.
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6 Polyelectrolytes and Halloysite
Nanotubes
Experiments were carried out together with my student coworker Philipp
Ritzert.

Abstract
This chapter extends the concepts of surface coating of the last two chapters by introducing Halloysite nanotubes (HNTs). HNTs are biocompatible, natural, tubular shaped
alumosilicates particles. Due to different surface charges of the inner and outer surface, it
is possible to selectively modify both surfaces. Furthermore, HNTs can be incorporated
into PEMs since they carry an overall net charge. Alignment of HNTs can introduce
anisotropy into the coating. In this thesis, different HNTs were characterized by TEM
concerning their usability for anisotropic coatings. TEM measurements prove that HNTs,
obtained from a Chinese source, are well defined with a sufficient high aspect ratio for
alignment on a surface. In contrast, HNTs obtained from an American source are shorter
and are not well defined in shape and length. Afterwards, HNTs were sprayed onto silicon
wafers coated with different polyelectrolytes. The interaction between HNTs and PEI
coated wafers is sufficient to obtain an alignment of HNTs on the surface. It is shown
that a low liquid flow rate (0.2 mL/min) and a high gas flow rate (40 L/min) lead to a
strong orientation of HNTs on the surface. The coverage is adjusted by the spraying time
and concentration of the used suspension. The nematic order parameter Sn quantifies
the orientation. Here, strongly aligned samples led to a nematic order parameter up to
0.81. Additionally, bilayers of HNTs and PEI were prepared which led to a fully covered
surface. Therefore, HNTs are suitable for oriented surface coatings and can possibly be
used for future applications.

6.1 Introduction
Thin surface coatings are a suitable approach to modify surface properties while not
affecting the bulk properties of the underlying substrate. Among different coatings containing only organic polymers, e.g. polyelectrolyte multilayers 1,2 and polymer brushes, 80
the incorporation of inorganic particles into the polymer matrix came into the focus of
interest. Clays, a class of natural minerals, combined with polymers are discussed in
several papers. 95–98 Incorporated clays introduce further properties to thin coatings, e.g.
mechanical strength, 147 optical properties, 148 or thermal stability. 149 Nevertheless, it is
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often aimed that the polymer properties are preserved after incorporation of particles.
For example, composites of montmorillonite clay nanosheets and PNIPAM show that the
temperature response of PNIPAM retains after the incorporation of montmorillonite clay
nanosheets while a decrease in permeability is introduced. 100 These multicompartment
systems can be tailored in the nm-range depending on the preparation protocol. The
used sheets, however, are isotropic in planar dimensions and thus the modulation of the
properties is isotropic in lateral direction. Anisotropy occurs when specific properties are
directionally dependent. Introducing anisotropic properties by using elongated particles,
e.g., carbon nanotubes or gold nanorods, can lead to new properties. 76 Correa-Duarte
et al. reported on carbon nanotubes coated with magnetic nanoparticles which can be
aligned on a surface by a low magnetic field and can be used as building blocks for composites. 150 Gold nanorods are interesting for medical applications in the field of imaging.
Huang et al. showed that an alignment shows a surface enhanced Raman scattering. 151
However, carbon nanotubes and gold nanorods 152 show cell toxicity and cannot be used
without further modification. 77,152 Additionally, both are synthetic products and can be
expensive and complex in synthesis depending on preparation. These disadvantages are
incentives to identify new materials.
HNTs are a natural clay and can be obtained from mines. 75 They are cheap and
biocompatible. HNTs are chemically similar to kaolin, consisting of silica and alumina
sheets rolled into tubes. The lumen has a diameter of 10 to 20 nm, the external diameter
varies from 50 to 100 nm and the length is between 0.5 to 2 µm. 75 This results in an
aspect ratio of about 5 − 40. Therefore, HNT introduce anisotropic properties when
they are aligned on a surface. 80 The outer surface is predominated by silica and carries
a negative surface charge while the inner surface is predominated by alumina and carries
positive surface charge at intermediate pH. Due to different surface charges, it is possible
to load the lumen with negative charged polymers, 80 surfactants, 81 alkanoates, 82 or
drugs. 83 Yah et al. showed a selective PMMA modification of the lumen via ATRP. 85
They showed that the catechol group binds selectively to the alumina surface and a brush
growth in the lumen. Furthermore, the silicon surface can selectively be modified with
APTS or coated with thin PEMs which allows a controlled release of drug macromolecules
from the lumen. 11,153 With this, HNTs are promising a multifunctional building block
for bottom-up superstructures. The bottom-up approach allows to build up well tailored
structures based on small repetitive units. 88,89
This chapter focuses on the orientation of HNTs on flat surfaces by grazing incidence
spraying (GIS). 101–104 Spray coating is a fast method to coat large areas and is well established in research and industry. With this method orientation of silver nanowires (aspect
ratio about 90) was successfully reported. 104 A high aspect ratio benefits an orientation.
From a sustainable and biocompatible point of view, however, silver nanowires are not
suitable. 154 Although HNTs have a lower aspect ratio, Zhao et al. 80 showed that HNTs,
loaded with PSS, align at the rim of an evaporating suspension droplet. Lumen loading
promotes the colloidal stability of the suspension and the electrostatic repulsion between
the single particles. 81,82 In this work, two different polyelectrolyte coatings were used to
increase the adhesion of HNTs to the substrate and between different layers of HNTs.
Therefore, silicon wafers were coated either with PEI or PSS/PDADMAC PEM prior to
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the spray coating. The HNTs were characterized by transmission electron microscopy
(TEM). Afterwards, spraying conditions were optimized to obtain monolayers and bilayers of HNTs. HNTs were successfully aligned on the surface over several micrometers
and the coating were characterized with atomic force microscopy (AFM) and optical
polarization microscopy. The nematic order parameter Sn was determined. It quantifies
that the HNTs are strongly ordered at the surface. The successful alignment can be the
basis to build up multilayer with a superstructure and therefore, to implement completely new surface properties. With that, aligned HNTs can be a prospective approach for
anisotropic coatings or to mimic natural structures. 105

6.2 Results
6.2.1 Halloysite Nanotubes and their Suspensions
HNTs are natural materials and thus they differ in shape and size distribution depending
on the mine. Here, two different types of HNTs were characterized, obtained from a
Chinese and from an American mine. TEM images of the different HNTs are shown
in Figure 6.1. HNTs from China are well defined in shape and length. On average
Chinese HNTs are longer and thus have a higher aspect ratio. Both samples clearly show
hollow appearance. American HNTs have a thicker and more irregular wall packing.
Suspensions are obtained by mixing HNTs with water. The electrophoretic mobility of
the used HNTs is 3.8 − 3.9 µmcm/V s independently of the mine (see Table 6.1). The
zeta potential cannot calculated since the Smoluchowski equation is only valid for hard,
non-porous, and spherical particles. The suspensions are semi-stable and the formation
of a precipitate is observed within hours after preparation.
The stability of HNTs suspension is influenced by electrostatic repulsion of the dispersed particles. Zhao et al. reported on an increase of the surface charge by loading
HNTs with PSS. 80 The same approach was used for further experiments. TEM images
(see Figure 6.2) show no difference between loaded and pristine HNTs. The shape is
unaffected and PSS is not visible due to low contrast. Additionally, the electrophoretic
mobility does not change with PSS loading (see Table 6.1). Although no differences were
observed, spraying experiments were carried out with PSS loaded Chinese Halloysites to
compare the findings with the results reported by Zhao et al. 80
Sample
HNT(American, pristine)
HNT(Chinese, pristine)
HNT(Chinese, PSS)

Electrophoretic mobility [µmcm/V s]
−3.8 ± 0.6
−3.9 ± 0.7
−3.9 ± 0.5

pH
7.57 ± 0.01
7.27 ± 0.01
7.22 ± 0.01

Table 6.1: Electrophoretic mobility and pH of pristine and PSS loaded HNTs suspensions
with Milli-Q water as solvent.
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Figure 6.1: TEM images of HNTs mined from a Chinese mine (left) and an American
mine (right).

6.2.2 Orientation of HNTs on Solid Substrates
The alignment of HNTs depends on the interactions between HNTs and the substrate
as well as on the conditions during spraying. Two different substrates were investigated:
Silicon wafers spin coated with a PEI layer and silicon substrates dip coated with two
double layers of PSS/PDADMAC. Figure 6.3 shows AFM images of different substrates
which are covered with HNTs, sprayed under same conditions. The coverage of PEI
coated substrates is lower than of PSS/PDADMAC PEM coated substrates. During
further procedure, it was shown that adhesion between PEMs and HNTs is too strong
for alignment on the surface because HNTs strongly stick to the surface and an alignment
is not observed. Therefore, experiments were carried out on PEI coated substrates.
Subsequently, the influence of different spraying parameters on the orientation of HNTs
was investigated, namely spraying time (t), liquid flow rate (LF), gas flow rate (GF),
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Figure 6.2: TEM images of pristine HNTs (left) and PSS loaded HNTs (right).

Figure 6.3: AFM images of HNTs spray coated on PEI (A) and (PSS/PDADMAC)2 (B)
with same spraying parameters (c: 0.1 g/L; LF: 5 mL/min; GF: 30 L/min;
t: 200 s).
and concentration of the suspension (c). Figure 6.4 shows that the coverage increases by
increasing the spraying time. A complete coverage of the substrate is not achieved. High
coverage is already obtained after 200 s.
Figure 6.5 shows samples spray coated with different liquid flow rates. A sufficient
low liquid flow rate is necessary for strongly oriented coatings. A liquid flow rate of
0.2 mL/min and lower does not lead to a liquid film on the surface and thus HNTs are
randomly distributed on the surface (see Figure 6.5A). Figure 6.5B shows a orientation
preferred in spraying direction from left to right. Figure 6.5C shows a worse orientation
than Figure 6.5B. A liquid flow rate of 1 mL/min and higher does not lead to strong
alignment. Figure 6.6 shows the influence of the gas flow rate. A higher gas flow rate
leads to a higher coverage and stronger orientation. The maximum gas flow rate of the
setup was 40 L/min and was used for strong orientation.
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Figure 6.4: AFM images show the influence of the spraying time of three different samples: 10 s (A), 200 s (B), and 400 s (C) (c: 0.1 g/L; LF: 0.5 mL/min; GF:
30 L/min).

Figure 6.5: AFM images show the influence of three different liquid flow rate: 0.2 L/min
(A), 0.5 L/min (B), and 1 L/min (C) (c: 0.1 g/L; GF: 40 L/min; time:
200 s).
Figure 6.7 shows the impact of the HNT concentration of the used suspension. Higher
concentrations lead to higher coverage. The concentration could not be increased above
1 g/L with the used setup because the nozzle was blocked during spraying and the
sedimentation velocity of the suspension increased. Figure 6.8 shows modified AFM
images to highlight the angular distribution of HNTs at different points on the substrate.
The orientation of the coating can be quantified by the nematic order parameter Sn (see
Equation 2.5). 101 Random distribution leads to Sn = 0, while perfect alignment leads to
Sn = 1. The resulting nematic order parameter Sn is increased up to 0.81. Strongest
orientation is obtained beneath the impact point in the middle of the substrate. The
order parameter decreases moving further away from this point.
The used spraying setup can produce more than one layer of HNTs. To build up a
second layer, the first layer was dried and coated with PEI. Afterwards, the sample was
coated with HNTs under same conditions again. Figure 6.9A shows a bilayer of HNT and
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Figure 6.6: AFM images show the influence of two different gas flow rates of 20 L/min
(A) and 40 L/min (B) (c: 0.5 g/L; LF: 0.5 mL/min; time: 200 s).

Figure 6.7: AFM images show the influence of two different concentration of 0.1 g/L (A)
and 0.5 g/L (B) (LF: 0.5 mL/min; GF: 40 L/min; time: 200 s).
Figure 6.9B the corresponding colorized part of this image according to the orientation of
HNTs. The substrate cannot be detected anymore and HNTs with different heights show
that more than one layer is produced. A preferred orientation as well as the multiple
layers of HNTs are visible. The colorized image underline preferential orientation in
spraying direction. This mechanism is similar to the build-up of PEMs but the thickness
per HNT layer is much larger.
AFM measurements were limited to scan areas of 20 × 20 µm2 . Therefore, polarization
microscopy was carried out to study the distribution over lager areas. Figure 6.10A-C
show three images with different angles of the sample with respect to the polarizer and
three corresponding images of an uncoated silicon wafer (Figure 6.10D-F). The analyzer
was set to 90◦ . HNTs are well distributed over the entire area and a preferential direction
is visible by eye although the diameter of HNTs are smaller than the resolution limit.
Figure 6.11 shows the mean grey value as a function of the angle between polarizer and
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Figure 6.8: Evaluation of the nematic order parameter Sn for different areas of the sample
(c: 0.1 g/L LF: 0.5 mL/min GF: 40 L/min time: 200 s). Measured areas
are shown larger for better visibility.
sample. A maximum is reached at 45◦ and a minimum is obtained either by parallel or
perpendicular orientation to the polarizer.

6.3 Discussion
Halloysite nanotubes differ greatly in size and shape depending on the mine. Additionally,
treatments after mining, e.g., milling, sieving, sonification, or chemical treatment, affect
shape and chemical composition. Unfortunately, these treatments are mostly company
secrets and are not accessible for HNTs used in this study. HNTs obtained from two
different mines differs in shape and size distribution but the electrophoretic mobility of
the particles stays constant. Depending on the purpose, it is possible to choose desired
HNTs. Spraying experiments were carried out with Chinese Halloysites because a high
aspect ratio favors a better alignment on the surface.
HNTs are semi-stable in suspension. Sedimentation is observed after several hours.
HNTs have two different axes, namely the length and the diameter. Among others, colloidal stability depends on the dimensions of the dispersed particles. In general, colloidal
stable domains are in the range of some nm up to 1 micron. They stay dispersed in the
surrounding medium because the repulsion of the single domains avoids sedimentation
and agglomeration. This can be achieved either by electrostatic or steric stabilization.
The diameter of HNTs is some tens of nm and thus in the range of colloidal domains. In
contrast, the length of HNTs varies considerably between some hundreds of nanometer
up to several microns. Therefore, longer HNTs sediment while shorter HNTs are colloidal
stable. This can be used for size separation.
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Figure 6.9: AFM image of (P EI/HN T )2 ) (A) and the respective evaluated part of this
image colorized according to the orientation (B) (c: 0.1 g/L; LF: 0.2 mL/min;
GF: 40 L/min; time: 200 s).
HNTs were loaded with PSS which should lead to a better colloidal stability. 81,80
This was not confirmed in this study. In general, the colloidal stability of HNTs can be
tuned by affecting the electrostatic repulsion and van-der-Waals attraction. Thus, higher
charged particles should lead to a more stable suspension. The overall particle charge
is a superposition of the inner and outer surface charge. Due to the positively charged
inner and negatively charged outer surfaces of the HNT, it is possible to load them with
negatively charged PEs. Additionally, an adsorption of negatively charged PEs on the
outer surface should lead to a higher net charge and a further repulsion. The dominant
adsorption process is not yet clear. An adsorption on the inner and/or outer surface is
possible. The adsorption on the outer surface was shown for silica particles and negatively
charged long chain olefins. 155 HNTs were size selected to get rid of agglomerates. After a
sedimentation time of 1 h large agglomerates sediment and the supernatant was collected
and centrifuged (see Section 3.2.6). Now, short HNTs stay dispersed while longer HNTs
sediment. The sediment is collected and redispersed by mixing with water and a short
sonification cycle.
Spraying experiments were carried out with loaded HNTs to ensure that suspensions
stay stable during the spraying, to increase the electrostatic attraction to the positively
charged substrate, and to be able to compare the results with Zhao et al. 80 Additionally,
the particles should stronger repel each other so that they do not agglomerate on the
surface.
Interaction between the surface and HNTs as well as spraying parameters are of crucial
importance. On the one hand, a strong HNT-substrate interaction leads to a sticking of
the particles without a preferential orientation. On the other hand, a weak interaction leads to rinsing particles off the substrate. The interaction between PSS loaded HNTs and
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Figure 6.10: Polarization microscopy images. From left to right the angle of the sample
with respect to the polarizer is 0◦ (A), 45◦ (B), and 90◦ (C) (c: 0.2 g/L;
LF: 0.5 mL/min; GF: 40 L/min; time: 200s). D-F: Respective images of
an uncoated silicon wafer.
PEI is lower than the interaction between PSS loaded HNTs and a PEM with PDADMAC
as the outermost layer. Nevertheless, the interaction with PEI is sufficient for orientation
of HNTs. The electrostatic interaction is stronger between PDADMAC and HNTs than
between PEI and HNTs because PDADMAC is a permanently positive charged polyelectrolyte while PEI is not fully charged at intermediate pH. For further experiments
PEI was used as a substrate because it was shown that the orientation occurs due to an
interplay between the liquid flow on the surface and the HNTs adsorption at the surface.
Therefore, a strong interaction does not favor an orientation because particles stick to
the surface immediately after impact and do not align.
Besides the interaction with the substrate, the alignment is strongly dependent on
the spraying parameters. A spraying time of 200 s is sufficient to obtain high coverage.
Longer spraying time does not lead to higher coverage because HNTs do not buildup multilayer due to electrostatic repulsion. While increasing the liquid flow rate, the
orientation decreases and more agglomerates are visible. Misalignment could be a result
of high pressure and shear forces at the tip of the nozzle and thus higher turbulence
while droplets move to the surface. In contrast, an insufficient liquid flow rate is not
able to develop a liquid film on the surface and thus, a random distribution is observed.
Higher gas flow rate leads to a higher coverage and stronger alignment. This may occur
due to a faster evaporation of the liquid and higher velocity of the liquid film on the
surface. Hence, more particles remain on the surface. An increase of the concentration
leads to a higher coverage on the surface. This is a result of a larger amount of HNTs per
sprayed volume. Based on these findings, a strong alignment occurs by using sufficient
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Figure 6.11: Mean grey value of polarization microscopy images as a function of angle
in respect to the polarizer in crossed polarizer setup. (c: 0.2 g/L; LF:
0.5 mL/min; GF: 40 L/min; time: 200 s.)
long spraying time, low liquid flow rate, high gas flow rate, and a concentration as high
as possible. The velocity and amount of liquid decreases with increasing distance to the
impact point. This causes a decrease of the nematic order parameter. HNTs may stick
less aligned to the surface with larger distance from the impact point because a directed
flow is not ensured and the liquid is partly evaporated. Polarization microscopy was
used to prove the homogeneity of these coatings. The images show that homogeneous
orientation is preserved over more than 150 µm. Furthermore, bilayers can be produced
with an interlayer of oppositely charged PEI.

Figure 6.12: Scheme of shear alignment. The suspension is vaporized during spraying and
a liquid flow occurs on the surface leading to an orientation of the adsorbed
HNTs.
Blell et al. suggested that orientation occurs due to shear alignment on the surface. 103
The same principal is suggest for this study. Figure 6.12 shows the mechanism during
spraying. The liquid is vaporized at the nozzle and the droplets move to the surface.
After impact, a thin liquid film is produced. The liquid is moved away from the impact
point on the surface and the particles align due to the liquid flow on the surface.
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6.4 Conclusion
HNTs are a versatile, natural material. HNTs are negatively charged at intermediate pH
and partially stabilized in colloidal suspensions. The different surface properties allow a
selective modification of the inner and outer surface. HNTs, suspended in water, can be
sprayed on positively charged surfaces. PEI coated silicon wafer show stronger aligned
HNTs than wafers coated with PSS/PDADMAC PEMs. The orientation is influenced by
different spraying parameters. A spraying time of 200 s is sufficient for highly covered
substrates. A low liquid and a high gas flow rate favor alignment. Increasing concentration of the suspension leads to higher coverage but is limited due to blocking of the
nozzle. Furthermore, bilayers of PEI and HNTs are produced by consecutive adsorption.
It is possible to align HNTs on a surface and to influence the ordering and coverage.
Therefore, HNTs are promising building blocks to introduce anisotropy to thin surface coatings. They can be used as a substrate, e.g. for directional cell growth or for hierarchical
structures including mutual interaction with other HNTs and/or other components.
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7 Conclusion and Outlook
This thesis gives an insight into thin coating consisting of different components. It
focuses on the internal composition of polyelectrolyte multilayers and their combination
with polyelectrolyte brushes. Furthermore, HNTs combined with polyelectrolytes are
used to obtain anisotropic coatings.
Responsive Polyelectrolyte Coatings The first part of this thesis deals with different polyelectrolyte coatings. Polyelectrolyte multilayers (PEMs) are a well-understood
and easy approach to coat charged surfaces. Different combinations of polyelectrolytes
and preparation protocols open a large variety of coatings. Additionally, most PEMs
are responsive to outer stimuli, e.g., humidity, temperature, and/or salt concentration.
PSS/PDADMAC PEMs form a polymer network with included voids rather than a compact polymer layer. Therefore, the question arises how tight PEMs are packed and how
the voids get filled with water by increasing humidity. Chapter 4 shows that ellipsometry
is a suitable method to investigate those thin coatings. Increasing humidity leads to PEM
swelling and replacement of air by water inside the voids. It is possible to calculate the
amount of voids and to get knowledge about how air is replaced by water with increasing
relative humidity. Data were evaluated with a self-written Python program based on the
extended void model. This study reveals a gradual replacement of air with water in the
voids up to 30% RH. Above 30% RH the voids are completely filled with water and
further water uptake leads only to further swelling of the entire PEM.
Combinations of PEMs and polyelectrolyte brushes even extend possibilities of smart
coatings due to their different architectures. Covalently bound brushes to a solid surface can be used as a substrate for PEMs. The internal composition of PEM coated
brushes was studied in Chapter 5. Polymer brushes and PEMs have similar refractive
indices. Therefore, ellipsometry is not suitable to investigate the internal structure and
can only give information about the swelling behavior of the entire composite. Neutron
reflectometry opens the possibility to generate a contrast between different parts of the
composite. The measurements show that brushes and PEMs interdigitate strongly. The
composite retains its responsiveness to the environmental humidity as the single components. A self-written fitting procedure, based on the procedure developed by Schneck et
al., was used to simultaneously interpret the data including mass conservation over the
entire humidity range. Increasing the relative humidity leads to swelling of the composite
and separation of the single components. Water accumulates in the transition region.
The swelling process is almost reversible.
Coatings Based on Halloysite Nanotubes Chapter 6 deals with Halloysite nanotubes (HNTs). Especially, the focus was drawn on the orientation of HNTs on a surface to
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obtain anisotropic coatings. HNTs are semi-stable in suspension but offer a sufficient stability to carry out spraying experiments. HNTs were sprayed on a silicon wafer precoated
with polyelectrolytes. It was shown that HNTs adsorb on PEI coated substrates as well
as on PSS/PDADMAC PEMs. The interaction with the substrate is of crucial importance for alignment. The interaction of HNTs and PEI showed a good balance between
adsorption and desorption for the alignment on the surface. Furthermore, the influence
of different parameters was investigated during spray deposition, namely spraying time,
concentration, liquid flow rate, and gas flow rate. Atomic force microscopy and polarized
microscopy were used to study the orientation of HNTs. It was shown that low liquid and
high gas flow lead to strong orientation. Increasing the spraying time and concentration
lead to a higher coverage. Additionally, it was shown that bilayers of HNTs are produced
when using an interlayer of PEI.
This work gave an insight into the composition of PEMs and composites of PEMs
and brushes. The results show that they are promising candidates for thin, responsive
coatings. The extended void model is transferable to all other PEMs and opens the
possibility to determine the PEM’s composition. With that, it is possible to precisely
tailor PEMs for specific applications. As open questions remain the distribution and
shape of the voids. Since PEMs are very flexible and swell with increasing humidity,
a determination of pore sizes with adsorption measurements is not possible. Therefore,
other techniques are necessary like a local sensitive tomography method with a smaller
scan volume than commercially available. Knowledge about shape and size opens the
possibility to tailor PEMs as carrier system with suited pockets for sensitive molecules.
PEMs, brushes, and a combination of both could be part of different future applications. On the one hand, they can be used to avoid or favor adsorption of specific molecules,
e.g., on hulls, contact lenses, pills, buildings or cars. PEMs can be used as a mediator
for medical applications to avoid unwanted side effects or as a matrix for sensors. On the
other hand, an incorporation and controlled release of small molecules could be a future
field of application. For technical applications, the longtime stability is one of the major
aspect which was not part of the study. Here, the focus was drawn to understand the
internal composition and show fundamental proof of principal. Nevertheless, tailoring a
coatings for technical applications should also include stability tests. Thus, these composites can act as a suitable matrix to embed molecules. Additionally, the composites can
be used as carrier and protective systems for sensitive molecules. The release of small
guest molecules can then be triggered by swelling and deswelling.
Furthermore, the alignment of HNTs on a surface was shown. An oriented embedding
into a polymer matrix opens the possibility to introduce anisotropy and versatile containers into thin coatings. Anisotropic layers open the possibility for different applications.
An oriented cell growth, new optical properties, or weight reduction of existing coatings
are possible applications. Furthermore, aligned HNTs can be used as nanocontainers for
active molecules which can be released under controlled conditions. This can be used to
prevent corrosion or cell degradation. The possibility to produce multilayers could be
another approach. On the one hand, different layers can be oriented in same direction.
With that, layers can be produced with thickness dependent anisotropy. On the other
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hand, different orientation of consecutive layers can lead to chiral properties or an increased mechanical robustness of the coating. Those structures are already reported for
natural materials. Therefore, mimic natural structures can be a field for further experiments based on HNTs coatings. So far, the spray mechanism and the reason of orientation
are still an open question. First hints leads to the conclusion that the alignment takes
place due to shear alignment on the surface. Further investigations of the entire procedure are necessary. Starting with the study of size and velocity of the droplets, e.g. with
the help of a phase Doppler interferometer. Furthermore, the liquid flow on the surface
could help to clarify the mechanism of particle alignment. In situ tracking of particles
could be a possibility to investigate HNTs coated with a fluorescent dye by a microscope
beneath glass substrates.
All in all, this work shows that surface coating are still an interesting field of research
with different possibilities for future applications. The knowledge of precise tailoring and
of the internal structure is of crucial importance and allows the design of coatings for
specific applications like sensors, carrier systems or protective coatings.
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Supporting Information for Chapter 4
X-Ray Reflectivity Data
Eillpsometry data were compared with X-Ray reflectometry data to validate the model for ellipsometry measurements. Figure 7.1 shows X-Ray reflectivity data and the
corresponding fits.
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Figure 7.1: X-Ray reflectivity data (open symbols) and corresponding best fits (solid
lines) as function of layer number.

Garnett Model
J. C. Maxwell Garnett reported on a correlation between the optical properties and the
volume fraction in metal glasses and metallic films. 50,51 Later on it was shown that this
can also be adopted to PEM-water systems. 37,137 It is possible to calculate iteratively the
permittivity ϵswollen of the system with respect to the polymer volume fraction (1 − S):
⎧
⎫
⎨
⎬
3(1 − S)
(
)
ϵswollen = ϵH2O 1 + ϵ +2ϵ
(7.1)
H2 O
dry
⎩
− (1 − S) ⎭
ϵdry −ϵH2 O

Here, ϵH2 O is the permittivity of water (1.777) and ϵdry the permittivity of the dry
polymer. To compare the data with measured values, the results were transformed to
√
the refactive index by n = ϵ.
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Figure 7.2: (A) Comparison of measured (closed squares) and calculated (open triangles)
thicknesses for a PEM of 29 single layers as a function of humidity. The
thickness is fitted with the recalculated values of the refractive index calculated with Equation 7.1. (B) Comparison of measured (closed squares) and
calculated refractive (open triangles) indices for a PEM of 29 single layers.
All experimental data are compared with this theoretical model. As an example, Figure
7.2A shows the comparison of the measured thickness and calculated thicknesses by the
Garnett model for a (P SS/P DADM AC)14 /P SS PEM. The calculated thicknesses are
higher than the measured values. Especially at low humidity, the calculated values differ
significantly from the measured ones. At higher humidity calculated values are higher but
within the error bars and also both, measured and calculated values, describe a nonlinear
swelling behavior. In contrast, the calculated refractive indices are on average 0.01 lower
than the measured ones as shown in Figure 7.2B. The trend of the refractive index as a
function of h is the same at high humidity but does not match at low humidity.
The Garnett model assumes a 2-compound system in humid air (polymer + water)
and a compact polymer film in dry conditions, i.e. 100 % polymer without any voids.
This leads to a lower refractive index of the pure polymer (without air) than the real one.
The exchange between air and water during the swelling is not considered by this model
and overestimates the decrease of the refractive index at low humidity. 47 Therefore, the
extended void model was applied to describe the refractive index during changing h.
Extended Void Model
Different transition values were tried out to get best fit results. Figure 7.3 shows 3
different values for a PEM of 29 single layers. The optimizing procedure was done to
get a maximal number of data points into increasing region without getting values larger
than one. A value larger than one for parameter a has no physical meaning due to the
definition of Equation 7.3.
ϵswollen = S · ϵH2 O + (1 − S) · [x · ϵP oly + (1 − x) · (a · ϵH2 O + (1 − a) · ϵair )]

(7.2)
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{
a=

b · S, for S < 0.08
1,
for S ≥ 0.08

(7.3)
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Figure 7.3: Parameter a for a PEM of 29 single layers as a function of relative humidity
for different transition values.

Void Fraction
To compare our results with other publications the void water can be converted to the
void fraction by
φvoid
(7.4)
1−S
the void water and S the swelling coefficient. The

x=1−
where x is the void fraction, φvoid
data are shown in Table 7.1.

Table 7.1: Comparison of different void fractions according to Equation 7.4.
Publication
φvoid
φswell
x
Zerball et al.
0.042
0.31
0.94
Delajon et al.
—
0.25
up to 0.75
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Figure 7.4: Reflectivity data and corresponding fits of the neat brush as a function of
relative humidity.
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Figure 7.6: Volume fraction profiles of the neat brush as a function of relative humidity.
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Figure 7.7: Reflectivity data and corresponding fits of the thin composite as a function
of relative humidity.
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Figure 7.8: Scattering length density profiles of the thin composite as a function of relative humidity
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Figure 7.9: Volume fraction profiles of the thin composite as a function of relative
humidity.
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Figure 7.10: Reflectivity data and corresponding fits of the thick composite as a function
of relative humidity.
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Figure 7.11: Scattering length density profiles of the thick composite as a function of
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Figure 7.12: Volume fraction profiles of the thick composite as a function of relative
humidity.

