Aus dem Max-Planck-Institut für Polymerforschung in Mainz

Functionalization of Polyurethane Dispersions
for Controlled Interactions with Different Substrates

Dissertation
zur Erlangung des Grades
“Doktor der Naturwissenschaften”
im Promotionsfach Chemie
am Fachbereich Chemie, Pharmazie und Geowissenschaften
der Johannes Gutenberg-Universität
in Mainz

Laura Breucker
geboren in Recklinghausen

Mainz, November 2015

Dekan: Prof. Dr. Dirk Schneider
1. Berichterstatter: Prof. Dr. Katharina Landfester
2. Berichterstatter: Prof. Dr. Michael Maskos
Tag der mündlichen Prüfung: 24. November 2015

Die vorliegende Arbeit wurde im Zeitraum von September 2012 bis November 2015 im Rahmen eines
Kooperationsprojekts bei der Henkel AG & Co. KGaA in Düsseldorf und am Max-Planck-Institut für
Polymerforschung in Mainz im Arbeitskreis von Prof. Dr. Katharina Landfester angefertigt.

Use your gifts faithfully, and they shall be enlarged;
Practice what you know, and you shall attain to higher knowledge.
(-Matthew Arnold)

Table of Contents
1.

Introduction and Motivation .............................................................................. 1

2.

Theoretical Background ................................................................................... 3
2.1.

2.1.1.

Introduction ..................................................................................... 3

2.1.2.

Surface tension or surface free energy ...................................................... 3

2.2.

Long-range interactions in particle-surface and particle-particle systems ................... 5

2.2.1.

Van der Waals forces ........................................................................... 5

2.2.2.

Electrostatic forces ............................................................................. 6

2.2.3.

DLVO Theory ..................................................................................... 7

2.3.

Short-range interactions ............................................................................. 8

2.3.1.

Born repulsion ................................................................................... 8

2.3.2.

Hydrophobic interactions ...................................................................... 9

2.3.3.

Steric forces ..................................................................................... 9

2.3.4.

Ion Bridging ...................................................................................... 9

2.4.

Deformational effects ............................................................................. 10

2.4.1.

Elastic deformations .......................................................................... 11

2.4.2.

Plastic deformations .......................................................................... 11

2.4.3.

Interlocking .................................................................................... 11

2.5.

Aqueous polyurethane dispersions ............................................................... 12

2.5.1.

Polyurethanes: from discovery to application............................................. 12

2.5.2.

Synthesis of PUs and raw materials......................................................... 12

2.5.3.

Synthesis of PUDs ............................................................................. 15

2.5.4.

Dispersion properties ......................................................................... 18

2.5.5.

Film properties ................................................................................ 19

2.6.

3.

Particles at solid surfaces ........................................................................... 3

Studied model surfaces ............................................................................ 24

2.6.1.

Hair surfaces .................................................................................. 24

2.6.2.

Hydroxyapatite ................................................................................ 28

2.6.3.

Stainless steel ................................................................................. 29

Relevant Characterization Methods .................................................................... 31
3.1.

Isocyanate titration according to the Spielberger method .................................... 31

3.2.

Particle size measurements ....................................................................... 32

3.2.1.

Dynamic light scattering ........................................................................ 32

3.2.2.

Laser diffraction ................................................................................. 33

3.3.
3.3.1.

Zeta potential analysis .......................................................................... 34

3.3.2.

Particle charge detection....................................................................... 34

3.4.

4.

Particle charge measurements ................................................................... 34

Measurements of particle functionalization .................................................... 36

3.4.1.

Bicinchoninic acid assay ........................................................................ 37

3.4.2.

Ellman’s test for free thiols .................................................................... 37

3.4.3.

Inductively-coupled plasma optical emission spectroscopy ................................ 38

3.5.

Quartz crystal microbalance with dissipation................................................... 38

3.6.

Differential scanning calorimetry ................................................................ 41

Results and Discussion ................................................................................... 43
4.1.

Unspecific coupling of a hydrolyzed protein to PUDs for adhesion to hair .................. 43

4.1.1.

Introduction and aim of the project ........................................................ 43

4.1.2.

Characterization of the starting materials ................................................ 44

4.1.3.

Method ......................................................................................... 48

4.1.4.

Peptide-stabilization of particles ........................................................... 50

4.1.5.

Quantification of the attached peptide .................................................... 53

4.1.6.

Stimuli-responsive dispersions and films ................................................... 56

4.1.7.

Adhesion to hair ............................................................................... 61

4.1.8.

Conclusions .................................................................................... 63

4.2.

Specific coupling of peptides to PUDs for adhesion to steel .................................. 64

4.2.1.

Introduction and aim of the project ........................................................ 64

4.2.2.

Synthesis of maleimide-functionalized PUDs .............................................. 65

4.2.3.

Use of a peptide designed for adhesion to stainless steel ............................... 67

4.2.4.

Coupling of the peptide to the PUDs ....................................................... 69

4.2.5.

Effect of the coupling on dispersion properties ........................................... 71

4.2.6.

Effect of the coupling on film properties .................................................. 73

4.2.7.

Adhesion to stainless steel surfaces ........................................................ 73

4.2.8.

Conclusion ..................................................................................... 76

4.3.

Phosphonate-functionalization of PUDs for adhesion to hydroxyapatite .................... 77

4.3.1.

Introduction and aim of the project ........................................................ 77

4.3.2.

Different synthetic routes to phosphonate-functionalized PUDs ....................... 79

4.3.3.

Method A to obtain P-PUDs .................................................................. 82

4.3.3.1. Colloidal stability of the dispersions ....................................................... 85
4.3.3.2. Quantification of the overall P-content of the dispersions .............................. 85
4.3.3.3. Quantification of P-groups at the interface ............................................... 86
4.3.3.4. Effect of the functionalization on film properties ........................................ 87

4.3.3.5. Substrate interactions ........................................................................ 88
4.3.4.

Method B to obtain P-PUDs .................................................................. 93

4.3.4.1. Colloidal stability of the dispersions ....................................................... 93
4.3.4.2. Quantification of the overall P-content of the dispersions .............................. 94
4.3.4.3. Quantification of P-groups at the interface ............................................... 94
4.3.4.4. Effect of the functionalization on film properties ........................................ 95
4.3.4.5. Substrate interactions ........................................................................ 96
4.3.5.

Conclusion ..................................................................................... 98

5.

Conclusion and Outlook ................................................................................ 100

6.

Experimental Part ....................................................................................... 102
6.1.

Raw materials ...................................................................................... 102

6.2.

PUDs for unspecific coupling of a hydrolyzed protein ........................................ 103

6.2.1.

Synthesis of PU prepolymer ................................................................ 103

6.2.2.

Partial dibutyl amine endcap............................................................... 103

6.2.3.

Fourier transform infrared spectroscopy ................................................. 103

6.2.4.

Gel permeation chromatography .......................................................... 104

6.2.5.

Nuclear magnetic resonance spectroscopy ............................................... 104

6.2.6.

Dispersing ..................................................................................... 104

6.2.7.

Dialysis ........................................................................................ 104

6.2.8.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis ........................... 105

6.2.9.

Isoelectric focusing .......................................................................... 105

6.2.10.

Laser diffraction ............................................................................. 105

6.2.11.

Bicinchoninic acid assay..................................................................... 106

6.2.12.

High-pressure liquid chromatography ..................................................... 106

6.2.13.

Zeta potential analysis ...................................................................... 106

6.2.14.

Turbidity-titration ........................................................................... 106

6.2.15.

Differential scanning calorimetry .......................................................... 106

6.2.16.

Transmission electron microscopy ......................................................... 107

6.2.17.

Scanning electron microscopy .............................................................. 107

6.3.

PUDs for specific coupling of peptides ......................................................... 107

6.3.1.

Synthesis of PU prepolymer ................................................................ 107

6.3.2.

Dispersing ..................................................................................... 108

6.3.3.

Dialysis ........................................................................................ 108

6.3.4.

Determination of the amount of maleimide at the interface .......................... 108

6.3.5.

Partial maleimide de-functionalization ................................................... 109

6.3.6.

Coupling of cysteine-containing peptide to PUD ......................................... 109

6.3.7.

Ellman’s test ................................................................................. 109

6.3.8.

Protein charge calculations ................................................................. 109

6.3.9.

Dynamic light scattering .................................................................... 109

6.3.10.

Ultraviolet-visible spectroscopy ........................................................... 110

6.3.11.

Quartz crystal microbalance with dissipation ............................................ 110

6.4.

P-functionalization of PUDs ...................................................................... 110

6.4.1.

Synthesis of PU prepolymer ................................................................ 110

6.4.2.

Endcap with dibutyl amine in solution .................................................... 111

6.4.3.

Endcap in dispersion ......................................................................... 111

6.4.4.

Dialysis ........................................................................................ 111

6.4.5.

Inductively-coupled plasma optical emission spectroscopy............................. 111

6.4.6.

Particle charge detection ................................................................... 112

6.4.7.

Quartz crystal microbalance with dissipation ............................................ 112

7.

Works Cited .............................................................................................. 113

8.

Abbreviations and Symbols ............................................................................. 120

9.

8.1

Abbreviations ...................................................................................... 120

8.2

Symbols ............................................................................................. 122

Scientific Contributions ................................................................................ 124

Danksagung .................................................................................................... 125
Curriculum Vitae.............................................................................................. 127

Introduction and Motivation
_____________________________________________________________________________________

1. Introduction and Motivation
In November of 2001, a group of Italian geologists made a monumental discovery during an
excavation near Florence, Italy. Alongside elephant and rodent remains, they exposed pieces of
stone partly covered by birch-bark tar which they were able to date back to the late Middle
Pleistocene (ca. 781 – 126 000 years ago). This finding constitutes the most ancient record of the
human use of adhesives ever discovered.1
Since the late Middle Pleistocene, adhesives have certainly come a long way. From plant-based
polymers in water used to join materials such as wood, paper, or clothing, to synthetic polymers in
organic solvents used to join metallic or polymeric materials, the structure and complexity of
adhesives have evolved alongside society’s needs. Congruently, adhesives have come to occupy a
tremendously important role in today’s developed world, touching virtually every aspect of it.
Curiously, in the more recent past, adhesives may appear to have experienced a regression which is
in fact not a regression at all: ecofriendly systems consisting of aqueous polymer dispersions or
adhesives containing naturally occurring molecules such as peptides are attracting a great amount
of attention from research scientists as well as from the industry. A general interest in such a topic
is easy enough to understand in light of the above-named, prehistoric example of how mankind has
always referred to nature for inspiration in the development of new skills and tools. However, one
might wonder where the momentum for this reorientation is coming from. On the one hand, it can
be attributed to an increase in global, environmental consciousness: the wish to limit the emission
of volatile organic compounds, accompanied by the corresponding legislation. On the other hand,
important advances have been made in the synthesis of polymeric nanoparticles and nanocapsules,2,
3

peptides,4 and in conjugation5, 6 and functionalization techniques7.

The present work is inscribed in this context and seeks to extend the reach of eco-friendly
nanoparticle systems from adhesives to other areas of application. Polyurethane (PU) nanoparticles
are chosen as the core component. PUs are a well-known class of polymers which are used for a wide
variety of applications including construction materials, coatings, and particularly adhesives. The
segmented block copolymer structure of PUs allows for a wide range of tailorable properties. 8 The
aim of this work is to achieve particular surface functionalizations of ecofriendly, waterborne PU
dispersions (PUDs) in order to introduce specific particle-substrate interactions and hence improve
the affinity for three model substrates, namely hair, stainless steel, and hydroxyapatite. The
substrates as well as the functionalization techniques chosen are intended to demonstrate the wide
range of possibilities in the synthesis and application of functionalized PUDs.
_____________________________________________________________________________________
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The first project concerns the synthesis of peptide-functionalized PUDs using a hydrolyzed protein
from wool in a simple, cost-efficient manner. Hydrolyzed proteins from natural resources are
comparatively cheap, available in large quantities, and are well-known in the food and personal care
industries. The goal of this project was to demonstrate that despite the challenge of functionalizing
particles with a mixture of protein fragments, interesting hybrid properties such as peptidestabilization, triggered coagulation, as well as complex film morphologies can be obtained.
Furthermore, due to the nature of the hydrolyzed protein, a favorable interaction with the hair
surface can be presumed and hence, the use of the resultant dispersions in hair care product
applications is currently under investigation.
The second project concerns a related, alternative method of obtaining peptide-functionalized
PUDs. In this case, both the peptide sequence as well as the method of coupling the peptide to the
particles are well-defined. A thorough analysis of the functionalization reaction as well as of the
resultant dispersion properties was intended. The peptide sequence used is known to show a strong
adhesion to stainless steel surfaces and an application in paints, adhesives, or as protecting agent
against corrosion is therefore intended.
The third project focuses on the synthesis of phosphonate-functionalized PUDs (P-PUDs) using an
industrially scalable approach for a so-far little-investigated application. The functionalization is
carried out in a single step and different analyses of the resultant interfacial and bulk compositions
of the particles are provided. Functionalization with phosphorus-containing moieties is a well-known
method for improving the adhesion of polymers to metallic surfaces9 and the specific affinity of the
P-PUDs for stainless steel is hence shown. However, phosphonate-functionalization has been much
less investigated for ceramic substrates such as hydroxyapatite (HAP). 10,

11

Thus, here, we also

examined the P-PUDs with regard to their affinity for HAP in order to allow for applications in e.g.
dentistry and orthopedics. Furthermore, HAP also serves as model substrate for ceramic and pigment
surfaces which are pertinent substrates for many technical applications.
In summary, the presented work was carried out to demonstrate the versatility of the possible
functionalizations of PUDs for diverse areas of “adhesive” applications. We show that PUDs can be
decorated with hydrolyzed peptides in a simple, one-step synthesis to yield a complex system useful
for hair care applications, that a similar system may also be functionalized with a peptide of defined
sequence to serve for metal adhesives, and that phosphonate moieties can be attached to PUDs to
extend their reach to adhesives for dentistry and orthopedics, ceramics or pigments. We hereby
hope to make a valuable contribution to the field of water-based coatings and adhesives in order to
move further towards sustainable solutions for tomorrow’s society.

_____________________________________________________________________________________
2

Theoretical Background
_____________________________________________________________________________________

2. Theoretical Background
2.1.

Particles at solid surfaces

2.1.1. Introduction
The interactions between small particles and solid surfaces play an important role in many areas of
application. On the one hand, the adsorption of dust particles to glass and ceramic surfaces in the
kitchen or the bathroom, and the attachment of tar to lung tissue are causes for concern. On the
other hand, the adhesion of dust particles to a cleaning rag, the adhesion of paint particles to a car
bumper, and the attraction of antimicrobial particles to door knobs are highly desirable interactions.
It can therefore easily be imagined that controlling and directing the behavior of particles at solid
surfaces is of importance for many applications. In order to achieve this, a general understanding of
the governing factors is a prerequisite.
It should be noted that in the above-named examples, the dust or paint particles in question are
colloidal particles (with dimensions in the nanometer to micrometer range). In this case, gravity is
not the predominant factor.12, 13 Instead, the observed macroscopic adhesion phenomena can be
traced back to the other types of forces present at the microscopic level. These forces can be
attractive or repulsive, large or small, short-range or long-range. They can be present between an
individual particle and the surface in question or amongst the particles.

2.1.2. Surface tension or surface free energy14, 15
A first understanding of interactions in colloidal systems can be gathered based upon the notions of
surface tension and surface free energy. To illustrate these concepts, we can consider the case of a
liquid or a solid which is divided into two parts separated by vacuum, creating two surfaces from a
bulk. Different, attractive interactions exist between the constitutive molecules of a liquid or a solid
(see section 2.2-2.4 for details) which can be viewed as equal forces due to surrounding molecules,
“pulling” every molecule in all directions (see Figure 2.1.1). In the bulk, the net force acting upon
every molecule is therefore zero. However, if an interface is created, the molecules present there
will experience a net force directed inwards. Or, put in other terms, the creation of an interface
always comes at an energetic cost because a certain energy barrier must be overcome in order to
compensate for the attractive interactions between the molecules to be separated. We can
therefore express the result in terms of an energy per unit area (in which case we speak of surface
_____________________________________________________________________________________
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free energy) or in terms of a force per distance (in which case we speak of surface tension). In case
of liquids, it is common to speak of surface tension whereas solids are usually considered in terms
of surface free energy. For liquid systems, due to the inwards-directed force, or again in order to
minimize the energetic cost of the interface, the system will always have a tendency to minimize
its surface area. This is commonly observed in water droplets which tend to adopt a spherical shape.

Figure 2.1.1: Illustration of the interactions among molecules in a liquid or solid and the evolution
of the system due to the division of the bulk, creating two surfaces.
A logical consequence is that the surface tension or surface free energy can be lowered due to the
presence of other molecules at the surface which may compensate for the loss of attraction from
neighboring molecules. The adsorption of particles to surfaces or the wetting of a liquid on a surface
can be understood in those terms. Obviously, if the interactions are unfavorable, adsorption or
wetting does not take place. This simple observation explains the immiscibility of hydrophobic and
hydrophilic liquids and constitutes the central problem for the synthesis of emulsions and dispersions
which display a specific adhesive behavior (see section 2.5 on aqueous polyurethane dispersions
below). Prior to considering this particular case of particle-particle and particle-surface interactions
which is of interest for this work, however, we will first present the basic types of interactions which
may enter into play.
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2.2.

Long-range interactions in particle-surface and particle-particle

systems
2.2.1. Van der Waals forces14, 16
Interactions between dipoles (permanent or temporary) cause an attractive force. The different
contributions can be further differentiated into interactions between two permanent dipoles
(Keesom forces), between a permanent and an induced dipole (Debye forces), and between two
induced dipoles (London dispersion forces). The principles of temporary and induced dipoles are
classically known for individual molecules, but can very well be extended to larger (colloidal)
systems. In the case of a sphere-plate interaction, the energy of interaction is given by
𝑉𝑊 𝑠𝑝 = −

𝐴𝑅
6𝐻

with R the radius of the spherical particle, H the distance of separation, and A the Hamaker constant.
By convention, an attractive potential is negative whereas a repulsive one is positive. A is named
after H.C. Hamaker17 for his work on extending F. London’s theory of the interactions between gas
atoms18 to solid surfaces by presupposing the additivity of molecular interactions. In this way, the
interaction of two solid bodies of a given material i in a vacuum can be calculated with
3
𝐴𝑖𝑖 = 𝜋 2 𝑁𝑖2 𝛼 2 ℎ𝑣0
4
with 𝑁𝑖2 the density of atoms per volume, 𝛼 the static polarizability of the atom i, ℎ the Planck’s
constant, and 𝑣0 the frequency of the electron in the ground state. In the case of two different
bodies (a and b) interacting in a medium c, the Hamaker constant is given by
𝐴𝑎𝑏𝑐 = (√𝐴𝑎𝑎 − √𝐴𝑐𝑐 )(√𝐴𝑏𝑏 − √𝐴𝑐𝑐 )
The value of the Hamaker constant for a given particle in practice is usually 𝑘𝐵 𝑇 ≤ 𝐴 ≤ 10 𝑘𝐵 𝑇 with
kB the Boltzmann constant and T the temperature.
It should be noted that in the case of two spheres, the expression for the Van der Waals potential of
interaction is the same if the distance of separation is small with regard to the radii of the spheres
(case of spheres in close proximity). However, if their distance of separation is very large with regard
to their radii, we find 𝑉𝑊𝑠𝑠 ∝

1
𝐻6

(which is the initial dependency for the interaction of two dipoles).

It can further be observed that in the case of two identical particles a in a medium b, the Hamaker
constant is given by
_____________________________________________________________________________________
5

Theoretical Background
_____________________________________________________________________________________
2

𝐴𝑎𝑏𝑎 = (√𝐴𝑎𝑎 − √𝐴𝑏𝑏 )

Its value is thus strictly positive. The force acting between two identical particles in suspension is
always attractive whereas the force between a particle and a surface of dissimilar nature may be
attractive or repulsive. This deduction is pertinent for polyurethane dispersions (see section 2.5)
because it summarizes the central problem in tuning the interactions of PUDs with substrates: we
are facing the dual challenge of synthesizing particles which repel each other (to avoid coagulation),
but have a high affinity for the substrate in question (to promote adhesion). This task is approached
from different angles in the three projects (see chapter 4), with electrostatic forces playing an
important role (see below).

2.2.2. Electrostatic forces12, 14
When immersed in an aqueous environment, all solid materials acquire a surface charge due to the
preferential adsorption of ions from the aqueous phase or due to the dissociation of surface groups.
This effect can be explained through the competition between the decrease in entropy and the
increase in electrical energy due to the charges created. For ions with a valence of 1, the electrical
energy is given by

𝐸𝑒𝑙 =

𝑒2
4𝜋𝜀𝑙

With e the electron charge, ε the electrical permittivity of the medium, and l the distance between
charges. Ionisation is favorable if 𝐸𝑒𝑙 < 𝑘𝐵 𝑇 and thus the condition for ionization is 𝑙 > 𝑙𝐵 =

𝑒2
4𝜋𝜀𝑘𝐵 𝑇

.

The characteristic length lB is the Bjerrum length. In water, it is approximately equal to 6 Å and as
a consequence, ionization is energetically favorable in water.
In practice, at neutral pH, most solid materials possess a net negative charge. Due to the presence
of charged moieties in the aqueous medium, ions of opposite charge from the solution will be
attracted to the solids whereas ions of equal charge will be repelled. In consequence, an electrical
double-layer is created close to the solid’s surface. For a charged surface, using the Debye-Hückel
approximation (𝜑 ≪

𝑘𝐵 𝑇
𝑒

), the electrostatic potential 𝜑 is given by
𝜑(𝐻) = 𝜑𝑜 𝑒 −𝐻/𝜆𝐷

With 𝜑𝑜 the electrostatic surface potential which depends on the density of charges at the surface
and 𝜆𝐷 the Debye length which describes the decrease in electrostatic potential with increasing
distance from the surface. For an electrolyte with monovalent ions, 𝜆𝐷 is given by
_____________________________________________________________________________________
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𝜀𝑘𝐵 𝑇
𝜆𝐷 = √
2𝑛0 𝑒 2
With 𝑛0 the density of counter-ions. It is important to note that if the density of counter-ions
decreases, the Debye length increases. 𝜆𝐷 can thus also be seen as the scope of the interaction due
to the charges which is strongly dependent upon the ionic strength of the medium.

2.2.3. DLVO Theory15
Derjaguin19 and Landau, and independently Verwey20 and Overbeek proposed to consider the
interaction between colloidal particles as resulting from the sum of the interactions due to the Van
der Waals attraction and the electrostatic repulsion of equally charged bodies. This approach is now
known as the DLVO-theory and can also be extended to the interactions present in a particle-surface
system. As mentioned previously, the ionic strength of the surrounding medium is very important in
determining which of the two contributions predominates. Three different cases of low, medium,
and high ionic strength are illustrated in Figure 2.2.1. In the case of low ionic strength, the
electrostatic repulsion outweighs the Van der Waals attraction as the two bodies approach one
another. An energy barrier exists which must be overcome in order to reach the primary minimum
of infinite depth. In the case of intermediate ionic strength, a secondary minimum exists which
corresponds to a reversible adhesion, for example. Brownian motion or external influences (such as
agitation or rinsing) may still cause a separation of the interacting bodies. 21 If, however, the ionic
strength is very high, the energy profile is entirely governed by the Van der Waals attraction. In the
case of a dispersion of solid particles, this translates to an irreversible coagulation.
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Figure 2.2.1: Illustration of the potential energy curve as predicted by the DLVO theory. From left
to right, the three curves correspond to the cases of low, medium, and high ionic strength,
respectively.

2.3.

Short-range interactions

2.3.1. Born repulsion
According to the DLVO theory, the adsorption of a particle to a surface should be an irreversible
process due to the primary minimum of infinite depth (see Figure 2.2.1). However, this is obviously
not what is observed in nature. The reason for this is that the observed primary minimum is of finite,
rather than of infinite depth due to the Born repulsion arising when non-deformable objects are
brought into contact. The interpenetration of these objects contradicts the Born exclusion principle
which leads to a minimum distance of approach, i.e. to a finite primary minimum. The corresponding
expressions of the Born repulsion interaction for a sphere-plate system is
𝑉𝐵𝑅𝑠𝑝 =

𝐴𝑅𝐻06
168𝐻7

With H0 the equilibrium distance corresponding to the primary minimum. 22 The resulting potential
of interaction is shown in Figure 2.3.1.

Figure 2.3.1: Curve of the potential of interaction according to the DLVO theory and corrected for
the Born repulsion.
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2.3.2. Hydrophobic interactions14
Hydrophobic interactions are based on Lewis acid/base (electron donor-electron acceptor)
interactions present in polar media such as water. Van Oss described those interactions which were
thus-far neglected in the DLVO theory and which are often observed in systems in which proteins
are present. The description is accomplished in terms of a surface tension for every substance
consisting of two terms: the Lifshitz-van der Waals term and the term due to Lewis acid-base type
interactions (including Hydrogen bonding)
𝛾 = 𝛾 𝐿𝑊 + 𝛾 𝐴𝐵
Where 𝛾 𝐿𝑊 is the Lifshitz-van der Waals term and 𝛾 𝐴𝐵 is the Lewis acid-base term of the surface
tension.

2.3.3. Steric forces15
Steric forces may contribute to particle-particle or particle-surface interactions if the particles or
the surface are coated with adsorbed or covalently attached polymers. If this polymer layer is very
small with regard to the radius of the particles, the effect on the Van der Waals interactions can be
neglected. However, if the size of the polymer corona is comparable to the dimensions of the
particle, the interaction potential may be greatly altered and the situation is rather complex. Three
effects must be taken into consideration which include a mixing effect due to the concentration of
the polymer in the zone of interaction, an entropic effect due to restriction of the polymer to the
interface, and a bridging effect which may arise if one chain is adsorbed/attached to more than one
component of the system. The mixing largely depends on the quality of the solvent for the polymer
in question. Also, non-adsorbed polymers may create depletion forces. If the dimensions of the freely
moving polymer coils are large with regard to the dimensions of the particles, a resulting force will
be created which will tend to bring the colloidal surfaces close in order to minimize the excluded
volume.23, 24

2.3.4. Ion Bridging
Two species (either two particles or a particle and a surface) may be brought into contact through
a mediator ion. This phenomenon has been observed for the adsorption of bacteria to metallic
surfaces. Ions such as Ca2+ or Mg2+ can have a great effect on bacterial adhesion, even though the
mechanism behind this may be complex.25 The usefulness of ion bridges has also been shown in the
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cohesion of clay platelets in which the distance between platelets was shown to depend upon the
degree of hydration of the ion in question.26

2.4.

Deformational effects27

If the particles and/or the surface in question are not rigid but deformable, when they enter in
contact, the imposed stresses result in strains which may cause deformations of elastic, plastic, or
viscoelastic nature. Historically, a number of different successive models were developed to treat
this situation. The basis for all is the Hertzian indenter model28 which describes the case of a rigid
indenter applying a compressive load P onto a substrate and causing a plastic deformation of a
certain radius a. If the indenter has a radius d, and the substrate has a Young’s modulus E and a
Poisson’s ratio ν, the radius of the deformation is given by
𝑎3 =

3(1 − 𝜈 2 )𝑑𝑃
4𝐸

This relation was taken as a basis by Derjaguin to explain adhesion-induced deformations for
particle-substrate interactions.29 Hamaker related the surface forces to the densities of atoms and
the Hamaker constant to the London dispersion forces by
𝐴 = 𝜋 2 𝑛𝑃 𝑛𝑆 𝜆𝑖𝑛𝑡
With λint the interaction parameter of the particle-substrate interaction and with 𝑛𝑃 and 𝑛𝑆 the
density of atoms in the particle and the substrate, respectively.17
The load P can then be calculated as follows
𝑃=

𝐴𝑑
6 𝑧02

With 𝑧0 the separation distance between the two materials. Lifshitz further related the Van der
Waals interactions to instantaneous dipole fluctuations which generate electromagnetic waves. He
thereby showed that those forces are not contact forces, but rather forces acting over a range.
Krupp showed that when all three approaches are combined, the contact radius is given by
𝑎3 =

3ℏ𝜛(1 − 𝜈 2)𝑑2
32𝜋𝑧02 𝐸

Adhesion can therefore induce stresses which may cause deformation of the materials. 30
In this work, polyurethane particles are used which have a very low glass transition temperature and
are therefore deformed easily at room temperature (see section 2.5). As a consequence, if
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adsorption of the particles to a particular surface occurs, deformational effects are expected to
enter into play.

2.4.1. Elastic deformations
Johnson and coworkers tried to apply the above-named theories on the study of adhesion-induced
contact radii to the interaction of polyurethane spheres on gelatin. Strikingly, the measured radii
were larger than predicted by the model and Johnson et al. attributed this to the existence of tensile
forces along with compressive forces. In 1971, the Johnson, Kendall, and Roberts theory (JKR theory)
was then published which explains that the total contact radius is due to two types of interactions:
a tensile and a compressive component. This model presupposes that there are no long-range
interactions and it is the basis for all subsequent studies on adhesion.31
An alternative model was proposed by Derjaguin, Muller, and Toporov (DMT model) in 1975.
Supposing that the adhesion-induced deformations follow the Hertzian indenter model, the
consequence is that half of the interactions take place in the region of adhesion and half take place
outside.32 This contradicts one of the assumptions of the JKR model and the predicted contact radii
are therefore very different.
Muller, Yushchenko, and Derjaguin reconciled both the JKR and the DMT theories in defining areas
of application in which each model is valid. They showed that the JKR model is applicable in the
case of large particles and for materials of low modulus and high surface energy whereas the DMT
model is applicable for cases of small particles, high modulus, and low surface energy.33

2.4.2. Plastic deformations
Another possibility which must be taken into account is that of plastic deformations. Maugis and
Pollock proposed in the MP theory34 that the force balance at the contact can be calculated from
the work of adhesion, the hardness of the material and the radius of the area of contact. The model
assumes a contact profile of the Hertzian intenter, but allows for the radius of curvature of the
material to be changed due to the plastic deformation.

2.4.3. Interlocking
If coagulation or deposition has occurred, interlocking of materials due to surface roughness or
partial interdiffusion may occur. This can create a mechanical obstacle to a separation of the two
components.27
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When studying the interactions in particle-surface systems, the nature of the interacting materials
is obviously of prime importance for determining if the interactions present are favorable and if
adhesion occurs. We will therefore go on to take a closer look at the particles of this study, i.e.
aqueous polyurethane dispersions and the surfaces of study, i.e. hair, hydroxylapatite, and stainless
steel.

2.5.

Aqueous polyurethane dispersions

2.5.1. Polyurethanes: from discovery to application
Polyurethanes are a well-known class of polymers which find use in a wide range of different
applications35 and account for about 5% of the total plastic production worldwide (2011).36 Since the
discovery of PUs in 1937 by Otto Bayer (I.G. Farben, Germany), many uses for PUs were quickly
discovered, including the use as adhesives between rubber, metal, and glass as one of the first in
1941 (see Figure 2.5.1). Since then, the fields of application grew immensely, ranging from
insulation (1948), shoe soles (1953), cushions (1954), spandex fibers for clothing (1958), lining for
space suits (1959), car bumpers (1969), spray building insulation (1979), to catheters (1993). The
wide variety of PU applications are on the one hand due to the strong inter- and intramolecular
forces present among PU chains (see section 2.5.5) and consequent good shock absorbance,
elasticity, and cohesion in the film. On the other hand, PUs show a very good adhesion to a range of
substrates including metals, synthetic polymer films, textiles, paper, and wood. 37

Figure 2.5.1: Timeline of PUs from their discovery to different applications, adopted from38.

2.5.2. Synthesis of PUs and raw materials
A PU polymer is most often synthesized through the polyaddition reaction between isocyanates and
alcohols to form the characteristic urethane link RNH-COOR’. Commonly, the reaction of some
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isocyanate groups with primary or secondary amines is also voluntarily included in the PU synthesis
although the result is, strictly speaking, not a polyurethane, but a poly(urethane/urea).8, 37, 39 Both
reactions are shown in Figure 2.5.2.

Figure 2.5.2: Reactions of isocyanates with alcohols or amines to yield urethane and urea groups,
respectively.
A polyaddition is a step-growth polymerization which is strongly exothermic, requiring cooling
systems in commercial production plants. A commonly encountered side-reaction is the reaction of
isocyanates with water which leads via a carbamic acid to the formation of a primary amine group.
This group may, in turn, react with other isocyanate groups to form urea links (see Figure 2.5.3).40
Although this side-reaction is generally undesirable, it is largely utilized for the production of foams,
the carbon dioxide generated serving as blowing agent.

Figure 2.5.3: Side reaction of isocyanates with water. The reaction proceeds via an intermediary
carbamic acid to the formation of an amine. This amine, in turn, may react with other isocyanates
to form urea links.
Batch polymerizations are usually carried out at moderate temperatures and with the addition of a
catalyst, most often a metal-based one containing tin, zinc, bismuth, or titanium. If the presence
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of metals is unwanted, tertiary amines may also be used.41 If, however, the temperature increases
above 120 °C during the polymerization, a significant degree of crosslinking reactions may occur
which can result in the generation of allophanat or biuret groups (see Figure 2.5.4).40

Figure 2.5.4: Crosslinking reactions of urethane and urea groups to form allophanate and biuret
groups, respectively.
The industrially synthesized PU structures are complex and diverse. However, only a handful of
different isocyanate types are commonly employed in the synthesis which fall into two basic
categories of aromatic and aliphatic diisocyanates. The aromatic ones are generally more reactive
than the aliphatic ones. As a result, they are more prone to side reactions with water and are
therefore less commonly used for the synthesis of water-based dispersions. Many diisocyanates are
in fact isomeric mixtures, and Figure 2.5.5 shows the predominant chemical structures of the
aromatic methylene diphenyl diisocyanate (MDI) and toluene diisocyanate (TDI) and the aliphatic
hexamethylene diisocyanate (HDI), fully hydrated MDI (H12MDI), and isopohorone diisocyanate
(IPDI).39 Due to its lesser reactivity and hence to minimize side reactions with water, in this
contribution, only IPDI will be used.
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Figure 2.5.5: Chemical structures of the predominant isomers of the isocyanates MDI, TDI, HDI,
H12MDI, and IPDI.
On the other hand, the alcohols used are numerous and often of high molecular weight. In this
manner, the number of urethane links in the polymer chain can easily be modified which is decisive
for the consequent film properties (see section 2.5.5).42 The alcohols can stem from natural
resources such as plant oils43 or sugars,44 possess interesting film properties through crystallization,45
etc.. For PUDs in particular, alcohols may be used which contain water-swellable and charge
moieties in order to stabilize the polymer chains upon emulsification and yield water-dispersible
structures (see section 2.5.4).46, 47

2.5.3. Synthesis of PUDs
Like for most synthetic polymers, a high molecular weight and strong inter- and intramolecular
interactions among PU chains lead to a bulk behavior resembling highly viscos liquids or even elastic
solids at ambient temperature. For manufacturing processes, polymerization is thus either carried
out in situ or, in the case of pre-synthesized polymers, high temperatures and/or organic solvents
are used to facilitate handling. Of those options, only the use of an organic solvent is convenient
and thus traditionally used for coating and adhesive applications in which a homogeneous surface
coverage is crucial. However, due to a growing environmental awareness, much effort has been
directed towards replacing PU solutions with their ecofriendly, water-based analogues, i.e. PUDs.
Since the 1980s, PUDs have begun to substitute PUs for many applications, particularly coating and
adhesive applications.42, 46, 47
PU nanocapsules or particles may be synthesized in dispersion directly. For instance, the
miniemulsion process can be used to generate nanometer-size droplets of a water-soluble diol in an
organic phase. An isocyanate may then be added via the continuous phase and the polyaddition
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reaction then occurs at the interface.48 However, this approach bears several drawbacks. Firstly,
the side-reaction of isocyanates with water must be taken into account. Furthermore, a surfactant
must be used in order to allow for dispersion formation. Also, the choice of diols and diisocyanates
is very limited. For uses in which variable particle surface and film properties are important, this
synthesis route is thus not well-suited.
To obtain nanoparticles with such specific interfacial and bulk properties, one might intuitively think
of simply synthesizing the desired polymer structure, and then emulsifying it to obtain nanoparticles.
However, due to the strong inter- and intramolecular interactions in PUs (see section 2.5.5),
dispersing a high molecular weight PU is often not feasible. In order to reconcile the high viscosity
of a presynthesized polymer with the low degree of compositional variability of a polymerization in
dispersion, different, intermediate routes can be chosen.49 One approach, the so-called “prepolymer
mixing process” (see Figure 2.5.6), consists of the synthesis of a reactive prepolymer of moderate
molecular weight (commonly Mn = 2 000 – 15 000 g/mol) in bulk as the first step. The polymerization
can be carried out at elevated temperatures and in nitrogen atmosphere, entailing a high degree of
control over the polymerization, molecular weight, and composition of the prepolymer. Through the
use of a slight excess of isocyanate groups with regard to alcohol groups, NCO chain termini can be
obtained which may be used for further reactions. The relatively short polymer chains possess a
rather low viscosity in the polymer melt and can therefore be dispersed in water. An auxiliary, low
boiling point solvent like ethyl acetate or acetone (which is also used in the “acetone process”
described below) may be added to further facilitate the process. The PU structures are usually
chosen such that the resultant particles are self-stabilizing in water, i.e. an aqueous dispersion can
be formed without the use of a surfactant. This can be accomplished through the use of hydrophilic
and/or charged segments (see following section). Once the PUD is formed, di- or polyfunctional
nucleophiles may be added in order to conduct a so-called “chain-extension” of the PU chains in the
particles and to introduce crosslinks into the system. This is for instance described in chapter 4.1
where polyfunctional protein fragments are added to a PU prepolymer in order to achieve a peptidedecoration of the particles. Also, monofunctional nucleophiles can be used to complete a so-called
“endcap” of the chains and/or to introduce specific functional groups. The chain extension or endcap
of PUDs in dispersion is a complex process: the locus of the reaction can be the particle surface or
its core, depending on the solubility of the reagent in question in the dispersed polymer solution,50
and the amount of reagent added can strongly alter the particle size as well as the adhesive strength
of the resultant polymer.44 Primary or secondary amines are common choices for nucleophiles
because they generally react much faster than the water molecules which they naturally compete
with. This method was used for the synthesis of phosphonic acid functionalized PUDs (see chapter
4.3). In this manner, even in dispersion, a high degree of control over the polymeric structure and
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the particle surface can be maintained. The subsequent removal of the auxiliary solvent allows for
the synthesis of a VOC-free adhesive or coating.47

Figure 2.5.6: Illustration of the prepolymer mixing process. An NCO-terminated prepolymer is
synthesized in bulk and dispersed in water. Endcapping or chain extension is the carried out via the
aqueous phase.
A closely related process is the so-called “acetone process” in which an isocyanate-terminated
prepolymer is synthesized and dissolved in acetone. However, in this case, a partial chain extension
using diamines is carried out prior to emulsification. This allows for a particularly tight control over
the chain extension and ensures a high reproducibility.51
Another method is the “ketamine/ketazine process” in which the isocyanate-terminated polymer is
blended with a blocked amine (ketamine) or a blocked hydrazine (ketazine). When the prepolymer
is then dispersed in water, the amino group is deprotected and chain extension occurs directly inside
the particle.46, 47
Many variations of the aforementioned, principal synthesis routes for PUDs exist. The type of method
is usually chosen according to the desired PU structure. In this work, the basic, underlying approach
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is the prepolymer mixing process. However, slight alterations of the method were required in order
to generate the desired film and surface structures.

2.5.4. Dispersion properties
When studying the interactions of PUDs with different substrates, a very important aspect is the
surface of the particles. As explained in more detail before, the large surface area of polymeric
nanoparticles as well as the numerous, strong inter- and intramolecular interactions between the
chains and general incompatibility with the surrounding water lead to a high surface tension of the
dispersions. As a consequence, a direct contact between the particles would lead to their
coalescence. Section 2 of this chapter describes the DLVO theory and how steric and electrostatic
contributions can provide long-range and medium-range repulsion, respectively.19, 20 Both of these
mechanisms can be exploited for nanoparticle stabilization.
In most cases, surface-active molecules (a.k.a. surfactants) are used which, due to their chemical
composition, possess both hydrophilic and hydrophobic segments and thus spontaneously adsorb to
the interface between a primarily hydrophobic particle and the surrounding water. Surfactants can
be ionic or nonionic. Ionic surfactants consist of a hydrophobic tail and a charged, hydrophilic head
group whereas nonionic surfactants also possess a hydrophobic tail, but an uncharged, hydrophilic
head group. Whereas nonionic surfactants thus stabilize particles through steric repulsion, ionic
surfactants provide stability through electrostatic interactions. Typical hydrophobic tails are
aliphatic chains and typical hydrophilic head groups are sulfonate (anionic) or ammonium (cationic)
groups or poly(ethylene oxide) chains of moderate length (uncharged).52
Surfactants may not only adsorb to the particle surface, but also be covalently attached to the
polymeric chains, in which case they are termed monomeric surfactants (or “surfmers”).53 For
applications entailing elevated temperatures or high sheer forces, surfmers are particularly useful
because desorption and hence coalescence can be avoided. However, depending on the nature of
the particles, they may not be compatible with the polymer and hence segregate during film
formation.54
In the case of PUDs, stabilization is commonly not due to any external, either adsorbed or covalently
attached molecule. Instead, the PU structure is typically designed to comport water-swellable
and/or charged groups.8,

37, 46, 47, 55

In this way, an effective stabilization is achieved while

maintaining a homogeneous polymeric structure. For steric stabilization, diols comporting
poly(ethylene oxide) or poly(ethylene oxide/propylene oxide) segments are often chosen. The
hydrophilicity of the polymer can easily be adjusted by altering the relative amounts of ethylene
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oxide and propylene oxide segments. Anionic charge repulsion can be provided by diols comporting
sulfonate groups or by dimethylolpropionic acid whereas cationic charge repulsion can be provided
by diols containing quarternary amines.46, 47, 56 Even though PUDs stabilized solely anionically,55, 57
cationically,58, 59 or nonionically60 have all been described in the literature, the preferred route for
stabilization is a combination of anionic and steric stabilization.46, 47
The method of stabilization is naturally very important for the interactions of PUDs with different
substrates and a primary goal of the present work is therefore to modify the particle surface with
different functional groups in order to tune the interactions with different substrates. The type of
substrates and consequently the types of modifications to be conducted will be explained further in
section 6 of this chapter.

2.5.5. Film properties
2.5.5.1.

Film formation

An aspect of particle-surface interactions which should also be considered is what happens after
particle deposition and evaporation of the solvent. In fact, the film formation process can have a
great effect on the resultant film properties and will therefore be described here. Film formation
can be described as a 3-step process (see Figure 2.5.7).61, 62 When the surrounding water evaporates,
the polymer particle concentration increases until the particles come in contact with each other. In
this first step, the particle identity and spherical morphology are maintained. In the second step,
subsequent water evaporation leads to the creation of capillary forces. These will lead to a
deformation of the particles to fill the interparticular voids if the particles are deformable, i.e. if
the process takes place above the minimum film formation temperature of the polymer. Due to the
weak plasticizing effect of the water, this temperature will be slightly lower than the glass transition
temperature of the polymer. The third and last step then consists of the interdiffusion of the polymer
chains to form a continuous film if the chains are sufficiently mobile (see section 2.5.5.2).
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Figure 2.5.7: Simplified illustration of the film formation process for polymer dispersions. The
process occurs in three stages: evaporation of water until the particles come in contact with one
another, deformation of particles due to capillary forces, and lastly interdiffusion to create a
homogeneous film.
2.5.5.2.

Physical crosslinking

Once a film is formed, the polymer (in this case PU) chain structure determines factors such as
modulus, cohesion, etc.. Polyurethanes synthesized from diisocyanates and diols are segmented
polymers.41 The low molecular weight diisocyanates are transformed into short, rigid segments with
urethane or urea groups on either side whereas the higher molecular weight diols constitute longer,
more flexible segments which can be at the origin of different, interesting properties (see below).
In terms of film properties, the distinctive characteristic of polyurethanes lies in the strong
interactions between urethane and urea groups through hydrogen bonding (see Figure 2.5.8).
Hydrogen bonding can occur between urethane groups, urea groups, and groups from the polyol
segments. Of all possible couples, the H-bonds formed between two (symmetrical) urea groups are
the strongest. Due to their high interaction, the urethane and urea groups tend to form associates.
Those urethane- and urea-rich domains are called “hard segments” and can serve as physical
crosslinking sites.63 The polyol-rich domains are called “soft segments” due to their increased chain
flexibility caused by weaker inter- and intramolecular interactions. In practice, those interactions
can easily be adjusted through the molecular weight of the starting materials. Using predominantly
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higher molecular weight diols and few diamines will lead to a lower concentration of urethane and
urea groups and therefore to weaker interactions in the film. Conversely, employing lower molecular
weight diols and particularly short diamines will increase film interactions.

42, 50, 64

Figure 2.5.8: Possible H-bond donor and acceptor sites in urethane and urea groups.
Depending on the isocyanate and diol structures, the hard segment interactions can lead to
amorphous or crystalline structures. With the isocyanate IPDI which was employed in all PUD
syntheses of this work, amorphous hard segment structures are usually obtained. However, with
symmetrical isocyanates like HDI or MDI, and in some cases with TDI, crystalline domains can result.
The corresponding melting ranges reported were commonly above 150 °C, even though hard segment
melting at temperatures as low as 25 °C has also been observed.65-67
The soft segments generally provide flexibility and elasticity to the PU films. However, the soft
segment compositions can be very diverse and hence the attainable properties can be as well. 42 For
instance, polyester polyols can be employed which can provide crystalline domains in the soft
segments. Such macromonomers can be produced from polyols and dicarboxylic acids or their
anhydrides by polycondensation. Common polyols include ethylene glycol, 1,4-butanediol or
neopentyl glycol, common dicarboxylic acids or anhydrides include adipic acid, terephthalic acid or
phthalic anhydride, for example.63

Nowadays, the synthesis of polyesters by ring opening

polymerization of lactones is also largely used.68
The incorporation of crystalline domains can be used as yet another way to form physical crosslinks
inside a PU film.47 Those crosslinks are reversible and highly sensitive to temperature (see Figure
2.5.9). Heating the film above the melting temperature of the crystalline domains will lead to an
adhesive, flexible, and easily deformable film. Decreasing the temperature will, after
crystallization, lead to a non-sticky, rigid film.63 This property is highly desirable for a number of
different applications and will be used as an important feature throughout this work. Furthermore,
the crystallization of the soft segments also gives valuable insight into PU microstructure
modifications. In fact, the crystallization behavior is very sensitive to changes in the PU chain
structure caused by, for example, different chain lengths of the constitutive blocks,69, 70 varying
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proportions of hard and soft segments,71 the type of soft segment used,72
extender,

64

the type of chain

etc.. Thus, the PU microstructure can also be expected to be affected by a

functionalization of the particles and it will therefore be analyzed here to draw conclusions to this
end.

Figure 2.5.9: Illustration of the reversible formation and dissolution of physical crosslinks due to
crystallization in PU films.
In order to permit an analysis of the crystallization behavior of the PUDs synthesized here, a general
understanding of the crystallization process is necessary. Crystallization generally describes the
association of chain segments to form highly ordered structures with translational symmetry.73 In
the absence of external influences, it is a two-stage process which begins with the association of
individual chain segments in Brownian motion to form small clusters. 74, 75 An interface between the
clusters and the surrounding, amorphous bulk is thus created. From an energetic point of view,
cluster formation can be seen as a competition between the energetically unfavorable creation of
an interface and the energetically favorable interactions in the cluster volume. 76 Small clusters
(clusters with a small radius) have a high surface-to-volume ratio and are thus less stable. In fact, a
critical radius value exists below which clusters cannot remain stable and redissolve. Larger clusters,
however, are stable and will evolve into crystals.77 This first stage is termed (homogeneous) crystal
nucleation. In the presence of impurities, the so-called heterogeneous nucleation occurs. In this
case, clusters form at the surface of the impurities because the interfacial area to the bulk and
hence the energetic cost of cluster formation is thereby greatly reduced. 74 It should be noted that
in confined systems, such as in the case of dispersions of polymer chains capable of crystallizing,
homogeneous nucleation is predominant due to the generally small number of heterogeneous nuclei
distributed over a great number of particles. In order to induce a homogeneous nucleation in each
particle individually, a much larger supercooling is required and the crystal morphologies obtained
from homogeneous and heterogeneous nucleation processes can therefore be very different. 78 The
second stage, crystal growt.h, then consists of the growt.h of the stable nuclei to form large crystals.
This is a dynamic process characterized by the addition and redissolution of polymer segments.79
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The final crystallite size and structure are highly dependent on the polymer structure and on the
conditions in which crystallization occurs.73 Hence, on the one hand, a constant heating-and-cooling
protocol was employed throughout this work (see chapter 6 for details) in order to provide a constant
“thermal history” for all films. On the other hand, an analysis of the crystalline structure of the
films was conducted in order to analyze the effects of a given functionalization on the
crystallization.
2.5.5.3.

Chemical crosslinking

Polymer chain interdiffusion during film formation is crucial for the consequent cohesion in the film.
If incomplete or only minor interdiffusion occurs, the remaining particle interfaces constitute weak
junctions along which fractures can easily propagate. Interdiffusion depends on chain mobility in the
film which, in turn, depends on chain length, crosslinking density, and temperature.80-82 If the chains
are short and linear, at a temperature above the polymer’s glass transition temperature,
interdiffusion can easily take place. In the extreme case of a densely crosslinked, infinite network,
on the other hand, interdiffusion can be suppressed. However, following the same line of reasoning,
short, linear chains also lead to poor film cohesion. In practice, for dispersion coatings and adhesives,
crosslinking after film formation is usually used to solve this dilemma.
Two types of crosslinking mechanisms can be used: chemical and physical crosslinking. Whereas
chemical crosslinking usually provides stronger, irreversible connections, physical crosslinking
provides reversible and weaker interactions. For chemical crosslinking of PUs, hydrophilic
polyisocyanates can be dispersed in the water phase. Upon film formation, the polyisocyanates are
evenly distributed inside the film and can react with hydroxyl or amine groups of the polyurethane.
A similar method entails the addition of a curing dispersion consisting of hydrophilic polyisocyanates
and hydrophobic polyols.8 In both cases, however, the high reactivity of polyisocyanates must be
taken into account. The polyisocyanates should therefore be added to the dispersion directly before
application.
Stability of the curing component is achieved in latent reactive systems in which, for example, solid,
aromatic isocyanates are dispersed in an amine solution. The surface groups of the isocyanates in
this case react with the amines, forming a protective shell. After film formation, further reactions
take place at temperatures above 60 °C.83 The main drawback of this method is the microscopic
distribution of the isocyanates inside the film due to the micrometer-size dispersion which leads to
inferior film properties.
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Many other methods, including blocked isocyanates, entirely different crosslinkers like epoxides,
carbodiimides, etc. can also be used and all possess respective advantages and disadvantages. 8
As mentioned previously, physical crosslinking due to intra- and intermolecular interactions in the
polyurethane film and due to the incorporation of polyester segments was a central aspect of the
present investigations. However, chemical crosslinking was intentionally not included because the
primary focus was the surface functionalization and subsequent interfacial interactions.

2.6.

Studied model surfaces

We will now take a closer look at the types of surfaces investigated. Three different model surfaces
where chosen to represent different surface categories used in various fields of application. Human
hair was chosen as an example of a proteinaceous, filamentous type of substrate often encountered
in personal care or biological applications. Hydroxylapatite was selected to represent crystalline,
hard surfaces present in medical and health care applications as well as organic pigment surfaces
encountered in coating and paint applications. Lastly, stainless steel was designated to represent
metallic, conducting surfaces used in construction, consumer products, and medicine. In order to
better understand the challenges associated with improving the interactions with the above-named
surfaces, a general knowledge of their composition and surface chemistry is important.

2.6.1. Hair surfaces
2.6.1.1. Basic hair structure
Hair is a highly hierarchical material with a structure and chemical composition which greatly vary
throughout.84 The apparent surface composition depends on the exposed area and thus, the general
structure of the entire fiber will be presented here. Figure 2.6.1 shows the overlay of an electron
microscopy image and a schematic depiction of a hair fiber and its constitutive parts.
A hair fiber typically has a diameter between 10 µm and 100 µm and is composed of two basic
components: the cuticle and the cortex.
The cuticle is the outer layer of the fiber and consists of dead, overlapping cells which are arranged
like tiles on a roof or scales on a fish. The scales point to the tip of the fiber. The cuticle consists of
four layers of varying amounts of disulfide and isodipeptide bonds whose cohesion is provided by the
cell membrane complex. From the exterior inwards, the first layer is the epicuticle which is only 5
nm thin and hydrophobic. Next is the a-layer, followed by the exocuticle, and the endocuticle.85
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The cortex is composed of different, spindle-shaped cells: the ortho-, para-, and meso-cortical cells
which differ in abundance and cystine (dimer of cysteine) content. 86, 87 Each cortical cell, in turn,
consists of 5-8 macrofibrils, each with a maximum diameter of 300 nm. Macrofibrils are surrounded
by a matrix consisting of cytoplasmic and nuclear remnants of keratinocytes. Each macrofibril is
composed of 500 – 800 microfibrils (also called intermediate filaments proteins (IFP) or keratin
proteins (KP)) bundled together and surrounded by intermediate filament- or keratin associated
proteins (IFAP or KAP).88-90 For more information on the amino acid composition of IFPs, see section
4.1.2. A microfibril contains 7 or 8 single or paired protofilaments. A protofilament is an association
of four chains: a pair of right-handed alpha-helices with each helix consisting of two keratin chains.
The two right-handed alpha-helices arrange in a left-handed coiled coil structure. The cross-section
of a microfibril thus contains 32 keratin chains.
Coarse hair fibers may also contain a medulla at their center which is composed of hollow cells made
up of amorphous proteins and fine filaments.91
Furthermore, pigment granules are also present in the hair fiber which range from black to brown
eumelanin and yellow to red pheomelanin. A granule is a disc-like arrangement of a diameter of 46
Å and a height of 12 Å. It is made up spheres with a diameter of 70-500 nm which, in turn, consist
of associations of 5 nm large particles. Those particles are composed of stacked oligomer sheets of
protomolecule. In fact, it is this well-defined, ordered structure which is responsible for hair color:
the color is thus a so-called physical color (due to a geometrical arrangement rather than to the
presence of chromophores).92

Figure 2.6.1: Major components of a hair fiber. Reproduced according to similar diagrams found in
the literature.86
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2.6.1.2. Properties of hair fibers
A consequence of the complex, heterogeneous composition of a hair fiber is the “hair paradox.”93
The phenomenon describes that the exterior of undamaged hair is hydrophobic because the cuticle
cells present predominantly aliphatic chains of fatty acid groups to the exterior. 94 The interior of a
hair fiber, however, is hygroscopic because it contains many hydrophilic amino acid residues (see
section 4.1.2). Furthermore, chemical treatments such as oxidation lead to an increase in surface
tension and hence to an increase in hydrophilicity. The apparent nature (hydrophilic/hydrophobic)
of the hair surface therefore very much depends on the exposed area and on its history. In practice,
swelling of hair fibers is also a very important factor which can affect the mechanical behavior.
The general insolubility of hair fibers, their high wet strength and thermal stability are a curtesy of
disulfide bridges.95 S-S bonds, along with isodipeptide links, are the only covalent interactions
amongst peptide chains, resulting in cross-linked structures of high resistance to external influences.
This tool is also exploited in hair care and textile applications. In both cases, the S-S bonds are
broken under the influence of a reducing agent (e.g. thioglycolic acid for human hair or sodium
bisulfite for wool), the fibers are molded into the desired shape (e.g. rolled onto curlers or pressed),
and the S-S bonds are then reformed under the influence of an oxidizing agent (like H 2O2).96

2.6.1.3. Damage to the hair fiber
In healthy hair, the surface of the epicuticle cells is exposed, presenting a hydrophobic surface.
However, in practice, different factors contribute to the gradual destruction of the hair fiber and
can therefore be at the origin of a varying, apparent surface chemistry and morphology.
Mere mechanical grooming, i.e. regular combing of hair can affect the hair structure. Exerting a
mechanical stress on the fiber causes it to expand and retract and a cyclic stress may therefore
cause abrasion of cuticle layers, cracking, or even breaking of the fiber. 97
Natural ultraviolet (UV) irradiation may also cause damage to the fiber because melanin granules
and keratin fibers absorb UV light. A destruction of the granule structure and a general decrease in
their size lead to a lightening or even to a loss of hair color. Furthermore, a loss of proteins from
the hair is observed due to UV-induced separation of protein and matrix associations or even
cleavage of intermolecular bonds, leading to a general weakening of the hair structure.98
The application of heat to the fiber, for instance through blow-drying after washing, also causes a
gradual degradation of the hair. Cracks are formed during blow-drying, originating at particularly
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dehydrated cell junctions and propagating several cell layers deep into the fiber. In this manner,
repeated blow-drying can cause severe damage to the hair and eventually lead to it breaking.99
Chemical alterations to the hair structure, for instance due to bleaching, permanent weaving or
straightening, also cause great damage. During chemical bleaching, a destruction of the granule
structure is observed: hydrogen peroxide binds to the melanin sheets and causes a delayering of the
discs, and lastly an elimination of the oligomeric sheets. In consequence, the granules shrink and
the apparent hair color is shifted to lighter shades. During weaving or straightening, damage is due
to the formation of cystine by-products and the consequent decrease in available cysteine for
stabilizing the fiber. It has been reported that only about 91% of initially present cystine bonds were
rebuilt after a single standard waving process.100 For cosmetic and textile applications, processes
have thus been developed to reduce this degradation effect (see below).101, 102

2.6.1.4. Adhesives for hair
In order to try and avoid or repair damage inflicted to the hair, different methods have been
developed in the cosmetic industry. In general, natural polymers such as proteins or polysaccharides
have been investigated and it has been demonstrated that some compounds are capable of attaching
to the hair surface, providing a protective superficial layer.103, 104 In particular, it has been shown
that keratin hydrolysates can be formulated into shampoos and rinse-off conditioners which are then
integrated into the hair fiber and deposited at cuticle junctions.105 Lipid-modified keratins are also
useful for reconstructing the lipid layer which is gradually eroded during a hair’s lifecycle. 106
For styling applications, it has been established that hairsprays which wet the hair surface and which
consist of polymers with a low glass transition temperature adhere well to the hair surface and
provide an elastic surface layer.107 Due to the great similarities in surface structure of healthy hair
and wool, many studies treat both cosmetic and textile applications. 93
In this work, a hydrolyzed protein from wool will be used to promote the adhesion of PUDs to hair
fibers. In spite of a slightly different amino acid composition due to insoluble products from the
hydrolysis, favorable interactions can be supposed due to generally similar structure motifs and
compositions of the hydrolyzed fragments as compared to the native hair. Furthermore, due to the
cost-efficient manufacture of hydrolyzed proteins from natural resources, we thereby hope to
extend their range of applications from food products and cosmetic additives to more sophisticated
structures and uses.
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2.6.2. Hydroxyapatite
2.6.2.1. Basic structure and occurrence108
Hydroxyapatite (HAP) is a naturally occurring crystal with a color ranging from colorless or white to
yellowish green. It is a type of calcium apatite, which is a group of phosphate minerals also including
fluoroapatite and chloroapatite. The chemical formula of hydroxyapatite is Ca5(PO4)3(OH), although
it is customarily written as Ca10(PO4)6(OH)2 to reflect that apatites crystallize in the dipyramidal
class of the hexagonal crystal system and a unit cell contains 2 entities. 109 It has a hardness of 5 on
the Mohs scale and is very brittle.
Aside from its natural occurrence in rocks, hydroxyapatite is also the major constituent of mammal
bone and teeth. During bone formation, hydroxyapatite crystallizes in a proteinaceous scaffold of
tropocollagen in the form of small crystallites. The resultant material is hard, but rather flexible. 110
Enamel, the top layer of teeth, is made up to 96 wt% of hydroxyapatite in the form of large rod- or
prism-shaped crystals (about 30 nm thick, 60 nm wide, and several micrometers long), rendering
enamel the hardest tissue in the body.111 The underlying dentine is similar in composition to compact
bone.112 Due to its natural presence in the body, hydroxyapatite is biodegradable and bioactive (i.e.
it bonds to bony tissue) and has thus been extensively investigated for the use as hard tissue
replacement. However, due to its weakness in tension and low resistance to fatigue, the general
consensus is that hydroxyapatite should not be used as a bulk material, but rather as a superficial
coating layer or in the form of small granules to repair minor defects. The probably mostinvestigated use is that of a coating for titanium implants.112, 113 It is therefore very important to
study the affinity of potential adhesives for bone or tooth replacements to the underlying substrates
and hydroxyapatite will be used here as a model surface.114

2.6.2.2. Adhesion to hydroxyapatite
Many routes have been developed in the past in order to improve the compatibility of generally
hydrophobic resins with hydroxyapatite-containing surfaces. A popular approach is to etch the
substrate, i.e. to partially remove the top layer by dissolution prior to application of the adhesive.
The goal is commonly to remove any pollutants from the interface and create cavities for the
adhesive to diffuse into, favoring intimate contact. 115 Most often, acrylates or methacrylates are
used and after etching, polymerization is carried out in situ. The wide-spread use of acrylates and
methacrylates is mostly due to their low cost, fast polymerization, and high mechanical stability. 116,
117

However, inherent drawbacks include general hydrophobicity, monomer volatility, and possible
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diffusion into tissues.118 Different kinds of acids have been used for etching and the incorporation of
phosphonic acid groups has been demonstrated to result in better biocompatibility and adhesion. 10
The much improved interaction with the tooth surface results from a dual interaction via the
adhesion/decalcification concept with hydroxyapatite.119 The acid groups partially dissolve calcium
ions from and bond to HAP,120 a process which is largely determined by the solubility of the resulting
salts in their own solutions, regardless of concentration and pH.11 The dissolved Ca2+ ions further act
as crosslinkers at the interface121 and the bond strength largely depends on the structure of the
acid.122, 123
In this work, the interactions between phosphonic acid groups and HAP surfaces will be exploited.
PUDs functionalized comporting phosphonic acid groups as chain termini will be synthesized and
their adhesive behavior to HAP will be evaluated.

2.6.3. Stainless steel
2.6.3.1. Basic description124
Since ancient times, iron has been used and mended for various uses such as weapons, containers,
utensils of different sorts, etc. due to its high abundance, durability and ductility. In order to adapt
mechanical properties like tensile strength and hardness, alloying elements such as carbon,
manganese, chromium, nickel, molybdenum, or tungsten were added. Although steel is the general
term for alloys of iron and carbon (with typically a maximum of 2 wt% carbon), the above-named
elements may also be present in small amounts, yielding a large palette of steel types with diverse
properties. In particular, stainless steels contain a considerable amount of chromium (typically at
least 10.5 wt%) which confers a highly desired property to the materials, namely corrosion
resistance. In fact, iron corrodes readily in humid, oxygen-containing environments to form an oxide
layer through which oxygen can diffuse. As a result, corrosion continues throughout the material,
leading to a drastic deterioration of properties. In contrast, in the case of stainless steel, chromium
forms a protective oxide layer through which oxygen cannot diffuse, thereby effectively hindering
corrosion. Depending on the properties demanded by the application, various kinds of stainless steels
of different composition were developed. As a model, we will investigate stainless steel type SS2343
which consists of carbon (max 0.05 wt%), silicon (max 1.0 wt%), manganese (max. 2.0 wt%),
phosphorus (max. 0.045 wt%), sulfur (max 0.03 wt%), chromium (16.0-18.5 wt%), nickel (10.5-14.0
wt%), and molybdenum (2.5-3.0 wt%).
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2.6.3.2. Adhesion to stainless steel
Due to the extensive use of stainless steel in construction, automotive, and other industrial
applications, the adhesion of coatings, adhesives, and other materials has been widely investigated.
In most cases, the goal of such investigations is to avoid damage to the materials due to corrosion
or separation of an adhesive joint. Different methods have thus been developed which may rely on
a pretreatment of a polymer to be attached using oxidative treatments such as corona discharge or
plasma treatments, or a pretreatment of the surface using e.g. acid treatments,125 or on the use of
reactive species.126 Oxidative treatments aim at increasing the polarity of the polymeric coating and
hence favor wetting between a metal of high surface tension and a polymer of rather low surface
tension. In the latter cases, the goal is to take advantage of specific surface-coating interactions
due to acid/base interactions, coordination of the metal, interfacial reactions, etc..127-129
For stainless steel in particular, phosphonic acid pretreatment has become a standard process in the
industry. The phosphonic acid groups bind to the metal oxide surface through strong acid/base
interactions in different bonding modes.130 Aside from pretreatments, phosphonic acids can also be
blended with an adhesive or covalently attached to it. The main drawback of the former method,
however, is that the distribution of phosphonic acid groups in the coating will not be homogeneous
and a loss of adhesion may result.131 It is therefore preferable to covalently attach the phosphonic
acid group to the coating, either via reaction in-situ or via a coating containing phosphonic acid
groups. Many researchers have focused their attention on such investigations. 132, 133
Another promising alternative consists in the use of adhesive peptides. Due to the monodispersity of
the peptide structure, peptide-substrate interactions are specific and can therefore be modified at
will.134, 135 Whereas for synthetic polymers, unspecific interactions like hydrogen bonds or charge
interactions often determine their adhesive behavior129, peptide adhesion may be modulated
through single amino acid side chains (their degree of oxidation, their orientation in space, etc.);
factors which can change dramatically due to minor modifications in the environment. 136 This
characteristic renders peptides particularly well-suited for playing the role of a functional
component of polymers, even bestowing upon them reversible adhesion to a particular substrate.137
Similarly to other adhesion promoters such as phosphonic acid groups, peptides can also be
covalently attached to a coating using many different approaches. 5, 6, 138 We will investigate here
the use of an amino acid sequence which has been shown to adhere to stainless steel (see section
4.2.3).139
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3. Relevant Characterization Methods
The following chapter describes the main characterization techniques employed in this work. When
appropriate, the theoretical background will also be explained. Practical details are given in chapter
6.

3.1.

Isocyanate titration according to the Spielberger method

The titration of isocyanate groups using the Spielberger method140 is a type of endgroup analysis and
a convenient method for monitoring the polymerization of polyurethanes. Aliquots are taken from
the reaction medium and reacted with an excess of a secondary amine (such as DBA) in an organic
(usually aromatic) solvent. The reaction product does not possess the general, basic character of
amines. Therefore, the residual, unreacted amine can be quantified by titration with hydrochloric
acid. Prior to the titration, a cosolvent (usually an alcohol) is added in order to improve the
miscibility of the aromatic solvent with the aqueous acid. The equivalence point can easily be
determined using a pH indicator (such as bromophenol blue). If the exact concentrations of both the
amine solution and the hydrochloric acid solution are known (for instance through reference
titrations of the amine solution with the HCl solution), then the residual NCO content can be
quantified.
An exemplary experimental procedure can be as follows (according to ISO 14896:2009-07 method A):
ca. 1 g of sample are precisely weighed and 4.00 mL dibutyl amine solution (0.5 M in xylene) is
added. 50 mL each of xylene and isopropanol are added and the sample is stirred while heating
moderately until the polymer is completely dissolved. Several drops of a bromophenol solution
(saturated solution in ethanol) are then added and titrated using a 0.5 M HCl solution. If the
equivalence point for a mass C (in grams) of polymer corresponds to a certain volume B (in mL) of
HCl solution and a blank reference measurement (same procedure without the addition of polymer)
corresponds to a volume A (in mL) of HCl solution, then the isocyanate content (in wt%) can be
calculated as follows:

%𝑁𝐶𝑂 =

𝑔
2.1 𝑚𝐿 ∗ (𝐴 − 𝐵)
𝐶

This method was used for following the PU synthesis for all prepolymers (see sections 6.2.1, 6.3.1,
and 6.4.1).
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3.2.

Particle size measurements

Two techniques, namely dynamic light scattering (DLS) and laser diffraction (LD) measurements were
used to determine the size of the particles in dispersion.

3.2.1.

Dynamic light scattering141

DLS is a method for determining the hydrodynamic size and the size distribution of nanoparticles in
dispersions.A laser sends photons of coherent light which pass through the sample and are scattered
in all directions by the particles. Interference of the scattered photons causes regions in space of
high intensity (constructive interference) or low intensity (destructive interference). Due to the fact
that all colloids in solution are in Brownian motion, the position of the scattering particles and hence
the interference pattern change overtime. The diffusion coefficient Dz of non-deformable, spherical
particles in Brownian motion can be related to their hydrodynamic radius rh using the Stokes-Einstein
equation as follows:
𝐷𝑧 =

𝑘𝐵 𝑇
6𝜋𝜂𝑟ℎ

with kB the Boltzmann constant, T the temperature, and η the dynamic viscosity of the surrounding
medium.
As a result of the diffusion of the particles, a detector placed at a given point in space will recollect
an intensity of light which fluctuates overtime. The fluctuations can be described by an
autocorrelation function g1(t) using the Wiener-Kinchim theorem:
𝑔1 (𝑡) = 𝑒 −𝐷𝑧 𝑞

2𝑡

With t the time and q the wave vector. Measuring the intensity of scattered light overtime thus
allows to determine the diffusion coefficient of the particles in motion which in turn permits to
calculate their hydrodynamic radius.
Generally, DLS can be used to determine particle sizes ranging from a few nanometers to a few
micrometers. Limitations merely arise in the case of small particles due to the low scattering
intensity and in the case of large particles due to their slow Brownian motion, requiring long
measurement times.
The particles synthesized in the present study were generally a few hundred nanometers in size and
therefore fall into the range of DLS sensitivity. However, in some parts of the work (section 4.1.4),
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particle stability was assessed through the formation of agglomerates. In that case, a method for
the detection of larger entities was necessary, i.e. laser diffraction.

3.2.2.

Laser diffraction142

LD is another method for determining particle size. It is also based upon the analysis of a light
pattern observed when light from a coherent source is scattered by a dispersion of particles.
However, whereas in DLS, the variation overtime of the intensity of light at a given point in space is
used to determine particle sizes, in LD measurements, characteristic variations in space of the
diffraction pattern (intensities and line spacing) at a given point in time are measured. Since the
observed pattern may not only be due to diffraction but also to other scattering phenomena (such
as refraction, reflection, etc.), this must also be taken into account.
The description of the scattering phenomena largely depends on the ratio of the particle diameter
D and the wavelength of incident light λ. If the particles are very large with regard to the wavelength
of light (D/λ > 5), the so-called Fraunhofer scattering occurs. If D/λ ≈1, Mie scattering occurs, and
if D/λ < 0.1, Rayleigh scattering occurs. In order to accurately describe the scattering pattern
observed, the Mie solution to Maxwell’s equations can be used which expresses the scattered light
intensity as a function of the scattering angle. The solution regroups all three cases, comporting a
term of Fraunhofer scattering and a term for Rayleigh scattering. According to the theory, the
scattering pattern intensities can thereby be related to the particle diameter, the scattering angle,
and the optical parameter of the system. Since the latter factor only appears in the Rayleigh term
of the Mie solution, it can be neglected if the particles are large with respect to the incident light.
This approximation is known as the Fraunhofer analysis and strictly speaking only applies for D/λ >
6, which for most light sources translates to particles larger than 4.5 μm (for λ = 750 nm).
Thus, if the scattering angle and the intensity of light are measured (if the Fraunhofer analysis is
applicable) and additionally the optical parameter is known (in cases in which it is not, the full Mie
solutions must be considered), the particle diameter can be deduced.
Aside from the above-named theoretical considerations, another limitation arises from the fact that
smaller particles scatter little and at large angles whereas larger particles scatter a lot of light to
smaller angles. Since the experimental setup is such that primarily diffracted light is measured
(meaning light scattered at small angles with regard to incident light), the sensitivity with regard to
smaller particles is reduced and there is an effective detection limit for particles smaller than 400
nm (for λ = 750 nm).
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The above-named limitations can be overcome by measuring with more than one wavelength of light
and by placing detectors at both large and small scattering angles. For instance, the device used in
this study thereby provided an extended measuring range from 10 nm to 5000 μm.

3.3.

Particle charge measurements

Two methods, namely Zeta potential (ZP) measurements and particle charge detection (PCD)
measurements, were carried out in order to determine the charge of the PUDs synthesized.

3.3.1.

Zeta potential analysis143

ZP measurements can be used to give information about the superficial charge of a particle. When
a charged particle is placed in an aqueous environment, a double layer of oppositely charged ions
will form around it (as explained previously in section 2.2.2.). The first layer is composed of strongly
adsorbed, immobile ions whereas the second is composed of more loosely attracted ones (due to the
repulsion originating from the first layer). Further from the surface of the particle, ions in the
solution will be less and less affected by the presence of the charged particle and therefore move
more freely. The ZP describes the potential at the slipping plane separating the double layer from
the surrounding medium.
In practical measurements, an electric field is applied across the dispersion which causes the
particles to move along the field lines due to osmosis. The particle motion can be tracked using a
laser and related to the particles’ zeta potential using the Smoluchowski equation.
The ZP is an important factor for determining particle stability. In fact, for particles such as PUDs
which are stabilized (an)ionically, as a rule of thumb, a zeta potential (ζ) inferior to -30 mV or
superior to +30 mV is necessary for long-term stability. In the case of -40 mV < ζ < -10 mV or +40 mV
> ζ > +10 mV, particles may be stable for short periods of time. For zeta potentials close to zero,
however, coagulation usually occurs rapidly. Thus, in this study, zeta potential measurements were
used to assess the mode of stabilization through functionalization in some cases, and to assess the
effect of functionalization on the stability in other cases.

3.3.2.

Particle charge detection

A particle charge detector is a device used for measuring the surface charge of colloids and
macromolecules through titration with an electrolyte. It consists of a measuring cell containing the
dispersion or solution to be analyzed, two electrodes at the cell wall, and a piston moving up and
down in the cell. This movement (which commonly has an amplitude of 5 mm and a frequency of 4
Hz) creates a stream of solvent in the cell which carries the charged particles with their fixed
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counterion layers along (see Figure 3.7.1). A displacement of the particles and their fixed
counterion layers relative to the mobile counterion layers is thus created. This effect is at the origin
of the creation of a streaming potential which is detected at the cell wall.

Figure 3.7.1: Illustration of a particle charge detector. Reproduced according to similar
illustrations found in the literature.144
Measurements are carried out repeatedly during titration with a polyelectrolyte (usually
Polydiallyldimethylammoniumchlorid (PDADMAC) for anionic analytes and sodium polyethylene
sulphate (PES-Na) for cationic ones, see Figure 3.7.2). The latter have a stretched conformation
due to repulsion of the charged monomer units and are insensitive to changes in pH and to addition
of ions over a large range.144
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Figure 3.7.2: Chemical structures of PDADMAC and PES-Na, polyelectrolytes often used in PCD
titrations.
The volume of added electrolyte at which a reversal of the streaming potential occurs gives the
equivalence point in the titration. Using the concentration of the electrolyte, the solid content of
the dispersion, and other characteristics of the dispersion (hydrodynamic diameter of the particles,
density of the polymer), and assuming certain conditions are met (all charges are accessible to
simplex formation, 1:1 stoichiometry of simplex, no coagulation during the measurement), the
charges per particle qparticle can be calculated using the following equation:145, 146
𝑞𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 =

8𝑞𝜋𝑑𝑟ℎ 3 𝜌
6

With rh the hydrodynamic radius of the particles, ρ the density of the polymer, and q the charges
per gram of polymer which are calculated as follows:
𝑞=

𝑉𝑐𝑁𝐴
𝑠

Where V is the volume of electrolyte consumed, c the concentration of the electrolyte, NA the
Avogadro constant, and s the solid content of the dispersion.
Here, titrations with PDADMAC of the phosphonic acid-functionalized PUDs were conducted in order
to calculate the number of phosphonic acid groups per particle (section 4.3.3.2 and 4.3.4.2).

3.4.

Measurements of particle functionalization

For the three types of particle functionalization, three different techniques were used in order to
assess the extent of particle functionalization. For the first project of functionalization using a
hydrolyzed protein, the Bicinchoninic acid assay (BCA assay) was used (see section 4.1.5). For the
second project of functionalization using an adhesive peptide of defined sequence, the Ellman’s test
for free thiols was used (see section 4.2.4.). And for the third project of phosphonic acidfunctionalization, inductively-coupled plasma optical emission spectroscopy (ICP-OES) was used (see
sections 4.3.3.2 and 4.3.4.2).
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3.4.1.

Bicinchoninic acid assay

The BCA assay is a method to quantify peptide concentrations in solution. It relies on the biuret
reaction between peptides with alkaline Cu2+ to give a purple complex. The divalent copper is
coordinated by at least two peptide links as shown in Figure 3.9.1, causing the color shift. It has
been shown that the intensity of the complex increases linearly with the amount of peptide
present.147 A colorimetric measurement thereby easily permits a quantification. However, the
complexation interactions are rather unspecific; particular residues (such as Tyrosine) have also
been shown to be capable of coordinating copper and generating the purple color. 148 In this study,
the BCA assay was used to quantify a hydrolyzed protein, i.e. a mixture of different peptide
components. The hydrolyzed protein itself was used to establish a calibration curve to try and avoid
uncertainties arising from specific residues.

Figure 3.9.1: Schematic representation of the biuret reaction between two peptides with Cu2+ to
generate a purple complex.

3.4.2.

Ellman’s test for free thiols

Alternatively, specifically for cases in which the peptide’s amino acid composition is known,
individual residues can be used for quantification. In the case of the Ellman’s test, cysteine residues
react with the colorless 5,5’-Dithiobis(2-nitrobenzoic acid) (DTNB) to produce equimolar quantities
of 5-Mercapto-2-nitrobenzoate (MNB) (see Figure 3.10.1).149, 150 The characteristic absorption of
MNB at 412 nm increases linearly with concentration and can therefore be used for quantification of
the peptide.151
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Figure 3.10.1: Reaction between DTNB and a cysteine-containing peptide. The reaction product
MNB displays a characteristic absorption at 412 nm which allows for the quantification of the
peptide sample.

3.4.3.
Inductively-coupled plasma optical emission
spectroscopy152
Inductively-coupled plasma optical emission spectroscopy (ICP-OES) is a common technique for
determining trace elements in soils and rocks, drinking and waste water, in biological and medical
tissues and liquids, etc.. Liquid or gaseous samples are measured; solid samples may be measured
after extraction or acidic decomposition to generate solutions. Solutions or liquids are in turn
nebulized and channeled towards the first part of the device, i.e. the inductively coupled plasma.
Due to the high temperature of the ICP (ca. 10 000 K), the sample is vaporized and the elements
present are freed and excited through further collisions in the ICP, often generating excited ions.
Those excited atoms and ions may then return to the ground state through the emission of photons.
A measurement of the wavelength and of the quantity of photons emitted can then be used to
characterize and quantify the elements present, respectively. This is achieved in the second part of
the instrument, the spectrometer. The emitted photons are collected and focused using a lens or a
concave mirror, then specific wavelengths are selected using a monochromator. The signal detected
is amplified and converted to an electronic signal which is lastly used for the analysis.
It was used here to measure the amount of phosphorus present in dispersions for the phosphonatefunctionalization of PUDs for adhesion to hydroxyapatite (see section 4.3). Freeze-dried samples
before and after dialysis were measured in order to calculate the conversion of the endcap reaction.

3.5.

Quartz crystal microbalance with dissipation153

The quartz crystal microbalance with dissipation (QCMD) is a measuring device to monitor adsorption
phenomena in gaseous or liquid environments and to simultaneously investigate the characteristics
of the adsorbed layer. It consists of a quartz sensor across which an electric field is created through
the deposition of electrodes. As the piezoelectric effect (or more precisely, the reverse piezoelectric
effect) describes, the application of an electric field across a piezoelectric material (such as a
quartz) causes a mechanical strain. Similarly, the application of an alternating current causes an
oscillation of the sensor with the frequency of oscillation being proportional to its mass. Thus, if the
sensor is immersed in a medium containing absorbing species, a shift in the frequency of oscillation
can be related to a change in mass caused by adsorption or desorption. Sauerbrey was the first to
propose a model for this phenomenon.154 He defined the area density of the quartz by mq = tqrq with
rq the density of the quartz plate and tq its thickness. Assuming that for small changes in mass, the
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adsorbed layer can be treated as an extension of the thickness of the quartz itself, he derived that
the change in frequency Δf is given by
∆𝑓 =

𝑓
𝑓
𝑛
∆𝑚 = −
∆𝑚 = − ∆𝑚
𝑚𝑞
𝑡𝑞 𝑟𝑞
𝐶

with Δm the change in mass, C the so-called mass-sensitivity of the QCMD, and n the order of the
frequency (for the fundamental frequency n = 1, for the first overtone n=2, and so on). In this
manner, a change in mass can be calculated from a change in frequency of the sensor. In fact, an
increase in mass (through adsorption) manifests itself through a decrease in frequency (see Figure
3.12.1).

Figure 3.12.1: Illustration of the change in frequency of oscillation of a sensor due to the
adsorption of particles.
Sauerbrey further showed that the crystal vibration only occurs in the area of overlap of the
electrodes (which is termed the active area of the crystal) and that it decreases along a Gaussian
curve radially from the center (see Figure 3.12.2).155
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Figure 3.12.2: Schematic representation of the decrease of the amplitude of vibration radially
outwards from the center of the quartz.
Another important aspect of QCMD measurements is the determination of the dissipation factor D
which is defined by
𝐷=

𝐸𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑒𝑑
2𝜋𝐸𝑠𝑡𝑜𝑟𝑒𝑑

With Edissipated and Estored the energy dissipated and stored during one period of oscillation of the
quartz, respectively. D regroups all causes for dissipation of energy in the system, particularly losses
from a viscous behavior of the adsorbed layer. It can be determined from the decay rate of the
oscillation after the excitation current has been switched off. In practice, this means that a current
is applied to excite the sensor into oscillation, and when the current is switched off, the response
of the system (meaning the decay of the oscillation) is measured. The resulting oscillation curve can
be seen in Figure 3.12.3. The higher the dissipation, the faster the signal decay.
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Figure 3.12.3: Illustration of the evolution of the amplitude of oscillation upon switching off of
the current. This method is used to determine the dissipation of the system: the faster the decay
of the system, the higher the dissipation.
In this work, QCMD was used to compare the affinities of the functionalized dispersions for the
surfaces in question, i.e. stainless steel and hydroxyapatite. The respective QCMD sensors are
commercially available and of highly reproducible surface composition and morphology.
Unfortunately, to our knowledge, there are no QCMD sensors currently available which mimic the
hair surface.

3.6.

Differential scanning calorimetry156, 157

Differential scanning calorimetry (DSC) is a technique for measuring the thermal properties of a
sample and changes thereof as a function of time and temperature. Two general types of DSC exist,
namely heat-flux DSC and power-compensated DSC. Only the former will be explained because it is
the method used in this work. The analyte is placed in a pan and subjected to a temperature protocol
(heating/cooling) in parallel to an empty reference pan under adiabatic conditions. Both pans are
placed on the same thermoelectric disk equipped with a furnace in order to ensure a uniform heating
or cooling. The pans are thus heated indirectly through the disk and thereby experience a linear
heating rate. Due to differences in heat capacity of the sample and of the empty reference pan, a
change in temperature would result which can be detected by area thermocouples. From this,
differences in heat flow can be deduced by using a relation reminiscent of Ohm’s law
𝑄 = ∆𝑇/𝑅
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with Q the heat flow of the sample, ΔT the temperature discrepancy between the sample and the
reference, and R the resistance of the thermoelectric disk.
Differences in heat flow may occur due to various phenomena, for instance due to chemical
reactions, and in particular due to phase transitions such as melting or crystallization. Recording
changes in heat flow as a function of time when the sample is heated linearly can therefore be
translated directly to changes in heat flow as a function of temperature. For polymers specifically,
depending on the heating rate used (commonly 2 K/min – 10 K/min), precise measurements of
melting temperature ranges, glass transition temperatures, etc. can be conducted using DSC. Melting
is a so-called first order transition, i.e. it is characterized by an abrupt change in fundamental
thermodynamic properties. In practice, melting is represented by an endothermic peak in the DSC
diagram giving the heat flow as a function of temperature. A glass transition, on the other hand, is
a second order transition because it is characterized by an abrupt change in heat capacity of the
sample. In a DSC diagram, glass transitions are therefore detected as baseline shifts. In this work,
DSC was used in order to detect melting of the partially crystalline PUs and to observe changes
therein due to the different functionalizations conducted.
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4. Results and Discussion
This chapter regroups the results from the three functionalization projects. Section 4.1 illustrates
the synthesis of peptide-decorated PUDs for adhesion to hair and fibers, section 4.2 explains the
specific coupling of peptides for adhesion to stainless steel, and section 4.3 is about the phosphonic
acid-functionalization of PUDs for adhesion to ceramic and metallic surfaces.

4.1.

Unspecific coupling of a hydrolyzed protein to PUDs for

adhesion to hair*
4.1.1. Introduction and aim of the project
The first project of the thesis concerns the synthesis of peptide-decorated PUDs in a simple and
cost-efficient manner in order to generate a system which may later serve for textile or hair care
applications. As explained in the theoretical background chapter (section 2.6.1), natural polymers
such as proteins or polysaccharides have been investigated for avoiding or repairing damage inflicted
to the hair. In this context, it has been demonstrated that some compounds are capable of attaching
to the hair surface, providing a protective superficial layer. 103, 104 In particular, it has been shown
that keratin hydrolysates can be formulated into shampoos and rinse-off conditioners which are then
integrated into the hair fiber and deposited at cuticle junctions.105 The aim of this project is thus to
try and combine those types of hydrolyzed proteins with PUDs and in order to fully exploit the
vastness of possibilities in both PUD and peptide properties, a rather complex system was chosen.
On the one hand, a PU structure was designed which combines chemically dissimilar soft segment
blocks to enrich the material microstructure and to obtain an adaptive material with temperatureresponse properties. We utilized poly(dimethylsiloxane) (PDMS) soft segments which possess a low
interaction parameter and hence total incompatibility with the polyurethane hard segments and
other soft segments.159 The very low Tg of the PDMS segments further leads to a polymeric backbone
structure with low activation energy for morphological changes. Furthermore, we incorporated
polyester diols based on poly(tetramethylene adipate) (PTMA) with a strong tendency to
crystallize.160 The corresponding polymeric materials are able to undergo a soft segment
crystallization, which is a well-known mechanism of physical crosslinking for reinforcement of
polyurethane films (see section 2.5).45, 70
___________________________________________________

*This section is based on the publication “Polyurethane Dispersions with Peptide Corona: Facile Synthesis of StimuliResponsive Dispersions and Films” by Laura Breucker, Susanne Schöttler, Katharina Landfester, and Andreas Taden,
published in 2015 in ACS Biomacromolecules, volume 16 on pages 2418 to 2426.158 Reprinted with permission. Copyright
2015 American Chemical Society.
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On the other hand, a hydrolyzed protein from wool was used as natural counterpart. Traditional
routes of peptide synthesis yield monodisperse macromolecules, but involve relatively tedious and
costly synthetic steps, requiring large amounts of different solvents, and consuming a lot of energy.
The method of obtaining mixtures of peptides through enzymatic cleavage or hydrolysis of naturally
occurring proteins from wool, corn, soya, and so on is much more cost-efficient and thus particularly
attractive industrially.161,

162

Although they are not sequence-defined and show considerable

molecular weight distributions, hydrolyzed proteins can still display desired properties such as
amphiphilicity, stimuli-responsiveness, and pronounced interactions with certain molecules and
interfaces.105, 163 For the purpose of this study, a peptide mixture was used to serve as dispersion
stabilizer and in order to introduce stimuli-responsiveness in dispersion through pH-triggered
coagulation.
Presented below are thus PU-peptide hybrid particles which can be synthesized easily. During
emulsification of the PU prepolymer in a hydrolyzed protein solution, attachment and adsorption of
the peptides to the forming particles can be achieved simultaneously. Although covalent attachment
could not be proven directly, a comparison of properties between hybrid particles consisting of a
reactive prepolymer and those consisting of a nonreactive prepolymer show markedly divergent
properties. In particular, a major focus of this work was stabilization of particles through the peptide
component and sustained colloidal stability could only be achieved using reactive dispersions. The
peptide corona surrounding the particles is hereby used to introduce particle repulsion and enable
more specific interactions at the same time. The attached peptide chains can also be viewed as a
multifunctional hard segment. Upon film formation, the biological hard segment influences the PU
microstructure, affecting in particular the crystallization behavior of the films. We present a general
approach to hybrid nanoparticles with hydrolyzed proteins, proceeding via a preliminary
characterization of the hydrolyzed protein using isoelectric focusing. Consequently, laser diffraction
is used to monitor long-term colloidal stability and the particle-water interface is characterized
through a quantification of the unattached peptide. A pH-triggered coagulation of the particles in
the same pH-range as can be observed for the hydrolyzed protein solution is demonstrated using
titration experiments. The effect of the peptide segments on the film properties is shown using
differential scanning calorimetry.

4.1.2. Characterization of the starting materials
As a first step, both the synthetic and the natural starting materials were characterized using
different techniques such as sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
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and isoelectric focusing (IEF) for the hydrolyzed protein, and gel permeation chromatography (GPC)
and endgroup titration for the macrodiols used in the PU synthesis. A detailed explanation of the
experimental procedures and apparatuses can be found in section 6.2.
4.1.2.1.

Characterization of the peptide mixture

The peptide mixture is derived from the keratin type I microfibrillar 48 kDa protein from wool,
component (C-1), also known as low-sulfur keratin164 (see section 2.6.1 for information on the
general structure of hair fibers). For the present study, the presence of potentially reactive amino
acid side chains in the peptide mixture is important and the latter was shown to comport hydroxyl,
amino, guanidinyl, α- and β-carboxyl groups, imidazolyl groups, thioether, indoyl, and phenolic
hydroxyl groups.165, 166
SDS-PAGE of the mixture was conducted (see Figure 4.1.1) to show a broad distribution of molecular
weight fragments, as expected with this type of protein fragmentation.

Figure 4.1.1: Results of SDS-PAGE analysis of the hydrolyzed protein, showing a broad distribution
of molecular weight fractions. Noticeably, slightly smaller fractions than the native protein (of 48
kDa) were detected. The presence of a wide variety of molecular weight species is expected due to
the hydrolysis; distinct bands can commonly only be observed in the case of enzymatic degradation.
This figure is reproduced from the publication “Polyurethane Dispersions with Peptide Corona: Facile Synthesis of Stimuli-
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Responsive Dispersions and Films” by Laura Breucker, Susanne Schöttler, Katharina Landfester, and Andreas Taden,
published in 2015 in ACS Biomacromolecules, volume 16 on pages 2418 to 2426.158 Reprinted with permission. Copyright
2015 American Chemical Society.

In order to maximize the reactivity of the different amino acid moieties present in the peptide
mixture towards the NCO endgroups in the PU, the peptide was also analyzed using IEF. IEF is a type
of electrophoretic method useful for separating peptides and proteins based on their isoelectric
point (IP). Generally, the peptide solution is distributed over an immobilized pH gradient gel. Due
to the fact that peptides are charged at any pH different from their IP, the application of an electric
current causes the peptides to move to the spot on the gel at which they are not charged, i.e. to
their IP. Fragments with IPs of 3.9, 6.0, and fragments with IPs between 4.2 and 4.8 were identified.
In order to ensure that a large quantity of residues was available to react with the NCO endgroups
in the polymer and to favor this reaction over hydrolysis, a pH well above the highest IP in the
peptide mixture was chosen for the dispersion solution, i.e. a pH of 6.5 to 6.8. These pH values were
reached when the hydrolyzed protein was dissolved in water such that no additional acid or base
was added.
4.1.2.2.

Characterization of the macrodiols

GPC and endgroup analyses were used in order to allow for an accurate determination of molecular
weights of the macrodiols used in the PU synthesis and results thereof are displayed in Figure 4.1.2.
The molecular weights from endgroup analysis were used for subsequent calculations (see section
6.2.1 for details).
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endgroup analysis1

GPC
Mn (g/mol)

PDI

Mn (g/mol)

PPOE

2600

1.2

2200

PTMA

2700

2.1

2100

PDMS

1300

1.8

2200

Hydroxyl titration according to DIN 53240

Figure 4.1.2: Characterization of macrodiols using GPC and hydroxyl titration according to DIN
53240. a) GPC elution diagram overlay of the three macrodiols used in the synthesis, i.e.
poly(oxypropylene, oxyethylene) (PPOE) (red dotted line), PTMA (green dotted line), and PDMS
(purple dotted line). GPC was carried out in tetrahydrofuran (THF) against a polystyrene standard.
b) Table showing the number-average molecular weights (Mn) and PDI as determined by GPC and
endgroup analyses. Due to the fact that GPC-derived molecular weights are relative values which
depend on many factors (solubility in the solvent used, similarity in structure to the standard, etc.),
results from endgroup analysis were deemed more appropriate to be taken as basis for theoretical
calculations. This figure is reproduced from the publication “Polyurethane Dispersions with Peptide Corona: Facile
Synthesis of Stimuli-Responsive Dispersions and Films” by Laura Breucker, Susanne Schöttler, Katharina Landfester, and
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Andreas Taden, published in 2015 in ACS Biomacromolecules, volume 16 on pages 2418 to 2426.158 Reprinted with
permission. Copyright 2015 American Chemical Society.

4.1.3. Method
The general synthesis route employed is shown below (Figure 4.1.4). A linear PU prepolymer with
a calculated Mn of 8 000 g/mol was synthesized and the polymerization was monitored by isocyanate
endgroup titration (according to ISO 14896:2009-07 Method A, see section 3.1 for details). The
obtained, so-called reactive prepolymer was also characterized by nuclear magnetic resonance
(NMR) spectroscopy in order to demonstrate the presence of urethane links and to show the absence
of urea links. The NMR spectrum is shown in Figure 4.1.3. Signals at δ = 121-122 ppm can be
attributed to the presence of residual NCO.167 The signal at δ = 174 ppm stems from the carbonyl of
the polyester. The two double peaks detected at δ = 155.8-157.2 ppm can be attributed to urethane
links with the double peak at lower chemical shift originating from the secondary urethanes and the
one at higher chemical shift stemming from the primary urethane. The chemical shift values are in
good agreement with results found in the literature.167-169 The splitting is most likely due to the
detection of cis/trans conformations thanks to the high measurement frequency (600 MHz). Urea
links were not detected and would appear at slightly higher chemical shift than urethane links (δ =
157.9-158.8 ppm).168

_____________________________________________________________________________________
48

Results and Discussion
_____________________________________________________________________________________
Figure 4.1.3: 13C NMR spectrum of the reactive PU prepolymer to investigate the presence of urea
links in the polymer. This figure is reproduced from the publication “Polyurethane Dispersions with Peptide Corona:
Facile Synthesis of Stimuli-Responsive Dispersions and Films” by Laura Breucker, Susanne Schöttler, Katharina Landfester,
and Andreas Taden, published in 2015 in ACS Biomacromolecules, volume 16 on pages 2418 to 2426.158 Reprinted with
permission. Copyright 2015 American Chemical Society.

The prepolymer was then dissolved in ethyl acetate and dispersed in different concentrations of the
peptide (0 wt%, 4 wt%, 6 wt%, and 8 wt%) with regard to the prepolymer. The amount of continuous
phase was chosen such that after dispersion, the initial concentration of NCO functional groups in
the system was 0.175 wt%. A nonreactive PU prepolymer was synthesized alongside the reactive one
(by simply reacting the residual NCO groups with DBA prior to emulsification), in order to investigate
the importance of potential, covalent peptide attachment.

Figure 4.1.4: General synthesis scheme showing as a first step the synthesis of the PU prepolymer
in bulk, followed by the emulsification of the latter in a peptide solution to obtain peptidedecorated PUDs. This figure is reproduced from the publication “Polyurethane Dispersions with Peptide Corona: Facile
Synthesis of Stimuli-Responsive Dispersions and Films” by Laura Breucker, Susanne Schöttler, Katharina Landfester, and
Andreas Taden, published in 2015 in ACS Biomacromolecules, volume 16 on pages 2418 to 2426.158 Reprinted with
permission. Copyright 2015 American Chemical Society.
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The FTIR spectrum of the endcap reaction is shown below (Figure 4.1.5). The disappearance of
the NCO band at 2300 cm-1 indicates the complete reaction of the terminal NCO groups.

Figure 4.1.5: FTIR spectroscopy graphs of the prepolymer during the endcap reaction with DBA.
The green line shows the absence of NCO groups in fully endcapped prepolymer (termed
“nonreactive prepolymer”). This figure is reproduced from the publication “Polyurethane Dispersions with Peptide
Corona: Facile Synthesis of Stimuli-Responsive Dispersions and Films” by Laura Breucker, Susanne Schöttler, Katharina
Landfester, and Andreas Taden, published in 2015 in ACS Biomacromolecules, volume 16 on pages 2418 to 2426.158 Reprinted
with permission. Copyright 2015 American Chemical Society.

4.1.4. Peptide-stabilization of particles
Commonly, PUDs are designed as self-stabilizing ionomers.170 Self-stabilization in water is most often
achieved via the incorporation of ionic polyols like dimethylolpropionic acid (DMPA) or
sulfated/sulfonated segments which induce repulsive electrostatic interactions. PUDs obtained from
quarternization with methyl iodide are also known.171 In our approach, we have purposefully neither
incorporated ionic polyols, nor utilized any external synthetic surfactant in order to attempt
stabilizing PUDs in another way. It is known in the literature that proteins and peptides can be used
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as stabilizers for emulsions, and hence are of high interest for food science and pharmaceutics.172,
173

However, they typically do not serve as multifunctional building blocks. For investigating the

stabilization through peptide attachment, particle stability overtime was studied using LD. For
comparison, the NCO-reactive prepolymer and the non-reactive prepolymer were both used for
monitoring. Measurements were carried out every week over the course of 1 month and results are
displayed in Figure 4.1.6.
We can first note that the 8 wt% sample of the reactive dispersion possesses an average particle size
of 290 nm and a narrow size distribution. No changes in particle size distribution could be measured
over the course of one month, indicating sustained long-time stability. Particles synthesized with
less peptide, on the other hand, showed broader size distributions as well as significant coagulation
occurring after one week. Strikingly, the nonreactive dispersions all show poorer particle stability
than the reactive ones. In particular, even for the 8 wt% sample of the nonreactive dispersions,
larger particle sizes were measured as early on as one week after synthesis. This observation is most
likely due to the dynamic nature of the interface: peptides adsorb and desorb reversibly, leaving
the particle surface “unguarded” for short periods of time and thereby allowing for coagulation to
occur. The fact that particle stability is consistently enhanced for the reactive dispersions suggests
that in this case, peptide desorption is inhibited through covalent attachment.
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Figure 4.1.6: LD measurements of PUDs synthesized with 4 wt%, 6 wt% or 8 wt% peptide using a
reactive prepolymer (a-c) or a nonreactive one (d-f). The legend in a) applies to all graphs.
Measurements were carried out every week for 1 month and show the average of 3 individual
measurements. Particles of small size (about 290 nm) could be synthesized which remained
perfectly stable for over 1 month using a reactive prepolymer emulsified in 8 wt% aqueous peptide
solution. This figure is reproduced from the publication “Polyurethane Dispersions with Peptide Corona: Facile Synthesis
of Stimuli-Responsive Dispersions and Films” by Laura Breucker, Susanne Schöttler, Katharina Landfester, and Andreas
Taden, published in 2015 in ACS Biomacromolecules, volume 16 on pages 2418 to 2426.158 Reprinted with permission.
Copyright 2015 American Chemical Society.
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It can also be noted that a removal of peptide, for instance through dialysis (see section 6.2.6),
leads to slight sedimentation. This can be attributed to the critical stabilization of the particles,
which is a well-known aspect of nanoparticles synthesized by the miniemulsion process.174 While
particle formation takes place, the high sheer forces applied lead to the arrangement of the
stabilizing molecules (the hydrolyzed protein in this case) to stabilize a maximum surface area. If
less peptide is used in the synthesis, as discussed above, particle stability is decreased. A posterior
removal of peptide has a similar effect.
We thus found that stable PUDs could be synthesized from a reactive PU prepolymer with 8 wt%
peptide.

4.1.5. Quantification of the attached peptide
For both the reactive and the nonreactive dispersions, we also investigated how much of the added
peptide interacted with the particles. Extensive dialysis was performed against deionized water and
the dialysis water batches were analyzed using the BCA. This assay relies on the biuret reaction
between a peptide with alkaline Cu2+ to give a purple complex. It has been shown that the intensity
of the complex increases linearly with the amount of peptide present147 (see section 3.1.4.1). A
solution of the peptide was subjected to the same treatment to show that over the course of the
dialysis time, all of it passed the membrane and could be detected using the BCA.
Figure 4.1.7 shows the results of the BCA for both the reactive and the nonreactive dispersions, i.e.
how much peptide was flushed out during dialysis at different points in time. Values represent
averages of three independent dialysis experiments and error bars represent the standard deviation.
It can be seen that the sample with the highest peptide content of 8 wt% also consistently shows the
highest fluorescence intensity in the dialysis water. Furthermore, for all six samples, a plateau is
reached at the end of the dialysis time span which shows that the system has reached a stable state
at that point, i.e. all peptides that were either free in solution or merely weakly adsorbed have
been dialyzed out. In sum, the total amount of attached peptide relative to the total amount added
for the reactive dispersions ranges from 92% ± 4% to 75% ± 2% to 73% ± 1% as the amount of peptide
added increases, indicating that in all three cases, a large quantity of the added peptide was
attached.
The same general trend and conclusion can be drawn for the results of the BCA for the nonreactive
dispersion. The amount of peptide dialyzed out increases with the initial peptide content of the
dispersions. However, it can clearly be seen that the amount of unattached peptide is constantly
higher in case of the nonreactive dispersions as compared to the reactive ones. Furthermore, the
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total amount of peptide which is attached to the dispersions is significantly lower for the nonreactive
dispersions, ranging from 70% ± 3% to 69% ± 2% to 67% ± 1% as the quantity of peptide added increases
(average values and standard deviation from three independent dialysis experiments). The
differences between the reactive and the nonreactive dispersions may appear small in view of the
number of possible nucleophilic groups in the peptide. A plausible explanation can be given by the
conformation-related, reduced reactivity of endogenous amino acids. In addition to the protonation
state, steric effects strongly affect the chemical modification of peptides via their nucleophilic sites
and typically require the presence of third parties such as transition metals or enzymes, etc..175, 176
In this case in which a mixture of peptide components of unknown sequence is used, a more thorough
analysis of possible conjugation mechanisms would be necessary to draw exact conclusions with
regard to the covalent attachment. However, taking into consideration the results of the dialysis
experiments, we can observe that the trends shown are again indicative of the covalent attachment
of the peptide to the reactive dispersions.

Figure 4.1.7: Results of the BCA for the reactive and the nonreactive dispersions. Variation of the
quantity of peptide flushed out with dialysis time. Values represent averages of three independent
dialysis experiments and error bars represent the standard deviation. This figure is reproduced from the
publication “Polyurethane Dispersions with Peptide Corona: Facile Synthesis of Stimuli-Responsive Dispersions and Films”
by Laura Breucker, Susanne Schöttler, Katharina Landfester, and Andreas Taden, published in 2015 in ACS
Biomacromolecules, volume 16 on pages 2418 to 2426.158 Reprinted with permission. Copyright 2015 American Chemical
Society.

_____________________________________________________________________________________
54

Results and Discussion
_____________________________________________________________________________________
It may be supposed that changing the conditions of dialysis (most importantly the pH) may alter the
results of the BCA. However, we performed a control experiment in which a reactive dispersion
emulsified at pH 7 in 8 wt% peptide was dialyzed in parallel at pH 7 and at pH 10 (see Figure 4.1.8)
and it was found that only a small increase in the amount of peptide flushed out was detected .

Figure 4.1.8: Results of the BCA for a reactive dispersions emulsified in an 8 wt% peptide solution
and dialyzed at different pH for one week. Variation of the quantity of peptide flushed out with
dialysis time. Values represent averages of three independent dialysis experiments and error bars
represent the standard deviation. Results suggest that the effect of the elevated pH on the peptide
solubility and hence on the dialysis is very small. This figure is reproduced from the publication “Polyurethane
Dispersions with Peptide Corona: Facile Synthesis of Stimuli-Responsive Dispersions and Films” by Laura Breucker, Susanne
Schöttler, Katharina Landfester, and Andreas Taden, published in 2015 in ACS Biomacromolecules, volume 16 on pages
2418 to 2426.158 Reprinted with permission. Copyright 2015 American Chemical Society.

In addition, the amino acid compositions of the initial hydrolyzed protein and of the unattached
peptides were determined. See Figure 4.1.9 for details. However, a detailed analysis is not
presented here due to inherent limitations to the technique, in particular regarding the detection
of cysteine.
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Figure 4.1.9: Amino acid profiles of the hydrolyzed peptide and of the pooled dialysis water from
the 8 wt% peptide sample. Results are displayed in mol% relative to the total amount of amino
acids found. This figure is reproduced from the publication “Polyurethane Dispersions with Peptide Corona: Facile
Synthesis of Stimuli-Responsive Dispersions and Films” by Laura Breucker, Susanne Schöttler, Katharina Landfester, and
Andreas Taden, published in 2015 in ACS Biomacromolecules, volume 16 on pages 2418 to 2426.158 Reprinted with
permission. Copyright 2015 American Chemical Society.

4.1.6. Stimuli-responsive dispersions and films
Surface functionalization with and stabilization through the peptide component might also confer
an additional property to the dispersions: by using stimuli-responsive peptides which undergo
conformational changes through a slight change in pH, temperature, ionic strength, etc., one might
be able to transfer this responsiveness to the particles. Here, our intention was to show that the
anionic stabilization can be bestowed by the peptides when using a mixture of peptides with low
IPs. Thus, the zeta potential of the particles from reactive and nonreactive dispersions after dialysis
were measured. Indeed, the measured ZPs of all peptide-containing samples ranged from -28 mV to
-38 mV, with no significant differences between reactive and nonreactive dispersions. The colloidally
completely unstable particles without peptides are virtually uncharged with a zeta potential of 1
mV (measurement directly after emulsification, accompanied by partial coagulation and
precipitation; afterwards, complete phase separation). In addition to characterizing the dispersions
in the way of their stabilization, stability, and morphology, titration experiments of the dispersions
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after dialysis were performed and results thereof for the 8 wt% sample are displayed in Figure
4.1.10. The pH value and the turbidity of the dispersions were measured while titrating with an acid
or a base. It was observed that in basic conditions, the dispersion remained turbid and thus stable
throughout the measurement. When titrating with an acid, however, coagulation occurred abruptly
as the pH dropped below 5.5. It was therefore concluded that even a slight change in pH suffices in
order to trigger a destabilization of the particles. The pH-induced destabilization is probably the
simplest experiment to demonstrate that stimuli-response properties originating from the biological
component were successfully transferred to the otherwise long-term stable peptide-PUDs and this
in fact is a very interesting feature for many applications.

Figure 4.1.10: Results of titration experiments of the 8 wt% peptide reactive dispersion after
dialysis. Turbidity of the dispersion is displayed as a function of the pH. It can be seen that a pH
change below 5.5 leads to an abrupt destabilization of the dispersions. This figure is reproduced from the
publication “Polyurethane Dispersions with Peptide Corona: Facile Synthesis of Stimuli-Responsive Dispersions and Films”
by Laura Breucker, Susanne Schöttler, Katharina Landfester, and Andreas Taden, published in 2015 in ACS
Biomacromolecules, volume 16 on pages 2418 to 2426.158 Reprinted with permission. Copyright 2015 American Chemical
Society.In

order to elucidate the thermal properties of the peptide-decorated dispersions, DSC

measurements of their respective films were carried out with a heating rate of 10 K/min. The heating
rate was chosen in order to visualize possible polymorphism and microstructure variances and is too
fast to progressively drive formation of the thermodynamically preferred α-form crystals of PTMA
segments during the measurement.45, 46 Prior to this, the films were subjected to a heating and
cooling protocol (see section 6.2.14) in order to ensure a uniform thermal history. Figure 4.1.11
shows the heat flow as a function of temperature. It can first be noted that the peptide (green
curve) does not show any type of crystallinity. The prepolymer possesses the most pronounced and
the narrowest melting peak (with a Tm of 50 °C), which can be explained by the fact that the short
PU prepolymer chains have the highest mobility in the film. Correspondingly, a relatively high degree
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of crystallization can be achieved and the crystallites formed are more uniform, have fewer defects
and a high melting point regime.
For the three nonreactive, peptide-containing dispersions (dashed yellow, blue and purple lines),
the displayed melting behavior is very similar. A single melting peak is observed which occurs in the
same temperature range as for the nonreactive prepolymer. The melting enthalpy is reduced
(ranging from 11.5 J/g to 10 J/g), indicating a lower degree of crystallinity caused by the presence
of the peptides. Those two facts indicate that a high degree of phase separation seems to occur
between the peptides and the PTMA segments of the polymer. As a result, the crystallization still
proceeds in the same way, but leads to the formation of fewer crystallites.
In contrast, for the three reactive samples dispersed in peptide solution (solid yellow, blue or purple
lines), similar heating curves are observed. In all cases, melting occurs over a very broad
temperature range (between 35 °C and 45 °C) with a significantly reduced melting enthalpy which
points to the formation of fewer and smaller crystallites. This is also indicated by the reduced
melting enthalpies (ranging from 8.5 J/g to 7.5 J/g) with increasing quantity of peptide present
during dispersion, which is again indicative of a covalent attachment of the peptides. A plausible
explanation is that the peptides act as multifunctional chain extenders and lead to a branched or
even locally crosslinked macromolecular structure that prevents the pronounced formation of
crystalline structures of high order. However, it should be noted that in all cases, homogeneous films
were obtained.
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Figure 4.1.11: a) DSC results of the different samples showing the melting peak(s) of the crystalline
domains within the PU. b) Comparison of melting enthalpies. The solid green line represents the
pure peptide, the solid black line represents the nonreactive prepolymer. Solid yellow, blue and
purple lines represent the reactive dispersions with 4 wt%, 6 wt%, and 8 wt% peptide, respectively,
and the dashed lines and bars represent their nonreactive analogues. This figure is reproduced from the
publication “Polyurethane Dispersions with Peptide Corona: Facile Synthesis of Stimuli-Responsive Dispersions and Films”
by Laura Breucker, Susanne Schöttler, Katharina Landfester, and Andreas Taden, published in 2015 in ACS
Biomacromolecules, volume 16 on pages 2418 to 2426.158 Reprinted with permission. Copyright 2015 American Chemical
Society.

Furthermore, TEM was also conducted from highly diluted dispersions after drying and astonishingly
revealed some highly crystalline areas (see Figure 4.1.12). Both TEM images show selected areas
where nucleation has taken place and other areas which appear amorphous. This phenomenon can
be explained by an altered crystallization behavior in confined areas on the nanoscale particles,
which especially in polymer systems requires strong undercooling.78 Depending on the system,
homogeneous and surface-catalyzed nucleation can occur in parallel, leading to the observed
structures.
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Figure 4.1.12: TEM images prepared from the PUD with 8 wt% peptide showing a) highly crystalline
domains and b) general morphology of the particles. Images were kindly recorded by Ingo
Lieberwirth. This figure is reproduced from the publication “Polyurethane Dispersions with Peptide Corona: Facile
Synthesis of Stimuli-Responsive Dispersions and Films” by Laura Breucker, Susanne Schöttler, Katharina Landfester, and
Andreas Taden, published in 2015 in ACS Biomacromolecules, volume 16 on pages 2418 to 2426.158 Reprinted with
permission. Copyright 2015 American Chemical Society.

The reversible, temperature-induced transition from a semi-crystalline to an amorphous film and
vice versa is of high importance for many applications, for example as physical setting mechanism
for adhesives or other applications. In particular, the model system represented throughout this
investigation could be used for hair care products, intended to form a film on the hair which is later
curled or straightened through the application of heat.
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4.1.7. Adhesion to hair
As mentioned above, the peptide-decorated PUDs described in this part of the work are intended to
serve for hair care and textile applications. The hydrolyzed peptide used is derived from wool, so
the peptide’s primary structure resembles that of human hair and a favorable interaction with the
hair surface is expected. In fact, the manufacturer claims that the smaller molecular weight
fragments in the mixture penetrate into the hair fiber while the larger molecular weight fragments
serve for film formation, thereby protecting the hair from external influences.177 The PU, on the
other hand, may protect the hair from heat damage and permit for shaping of the hair through
partial crystallinity in the film. Figure 4.1.13 shows how the dispersion may be applied to form a
continuous, tough film with crystalline domains. Through the application of heat, the film becomes
amorphous and hence flexible and can be used to give the hair a desired shape. Cooling then leads
to recrystallization of the film and hence a retention of the hair shape.

Figure 4.1.13: Illustration of the use of peptide-decorated PUDs for hair applications. The peptide
component provides a good affinity for the hair fiber and the partially crystalline PU can be used
for shaping and smoothing of the hair and for heat protection.
In order to obtain a qualitative assessment of the affinity of the dispersions for hair surfaces and to
estimate the effect on the topology, we treated damaged (bleached) hair strands with the 8 wt%
reactive dispersion. Figure 4.1.14 shows scanning electron microscopy (SEM) images in two
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magnifications of the untreated, bleached hair (left-hand column) and of the bleached hair treated
with the dispersion (right-hand column). The observed surface structure of the bleached hair is rough
with cuticle cells angled away from the core and partly chipping off due to the bleaching treatment.
For the hair treated with the 8 wt% peptide reactive dispersion, the dispersion appears to have partly
covered the hair surface, forming a smooth film on top of the cuticle cells. This first indication of
the effect of the dispersion is a promising result for further hair care applications.

Figure 4.1.14: SEM images of untreated, bleached hair (left-hand column) and of the same batch
of bleached hair treated with the 8 wt% peptide reactive dispersion. Scale bars apply to each row.
The dispersion forms a film on top of the damaged hair, smoothening its surface.
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4.1.8. Conclusions
In this section, we present a study on the synthesis of polyurethane dispersions with a peptide corona
using a mixture of peptides from the hydrolysis of the intermediate filament protein from wool as
model substance. Hybrid particles were obtained in a facile process by coupling of the peptides to
previously synthesized NCO-functional polyurethane prepolymer chains during the emulsification
step. The water-soluble peptide segments confer an electrostatic repulsion to the particles,
rendering the use of charged chain segments for colloidal stabilization unnecessary. Unattached
peptides can be separated from the dispersion by dialysis and were quantified using the bicinchoninic
acid assay to show a high coupling efficiency. Properties of NCO-reactive dispersions are compared
to nonreactive ones to suggest the effects of a covalent attachment of the peptides. The synthetic
concept is highly malleable and allows for the use of various hard and soft segments to fully exploit
the rich possibilities of PU chemistry. As an example, we combined two dissimilar soft segments in
our model system, namely PDMS (low Tg, fully amorphous, highly flexible and strongly incompatible
with other soft and hard segments), and PTMA polyester. The polyester leads to a crystallization
tendency, which can be utilized as a reversible, physical crosslinking mechanism and can be
triggered by temperature. In addition to colloidal stabilization and peptide-guided stimuli-response,
the creation of a biopolymer corona also influenced the PU microstructure after film formation,
causing a strongly modified crystallization behavior. We therefore propose to consider the peptides
as multifunctional, biological hard segments, to emphasize the segmented structure and modular
concept of these novel PU-bioconjugate structures. In general, our approach should furthermore also
be suited for other water-soluble (bio)polymers carrying nucleophilic functionalities, e.g. certain
polysaccharides. Due to the fact that hydrolyzed proteins are readily available and that polyurethane
dispersions are already produced in large scale in the industry, we believe that the present study
gives a valuable alternative to classically laborious and expensive routes for the synthesis of
segmented bioconjugates and hybrid particle systems.
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4.2.

Specific coupling of peptides to PUDs for adhesion to steel

4.2.1. Introduction and aim of the project
In addition to the synthesis of peptide-polymer hybrid particles from hydrolyzed proteins presented
in the previous section, a second project is presented here which consists in the synthesis of peptidepolymer conjugates from a single peptide of defined sequence. This project was again inspired by
the great attention which peptide-polymer conjugates have received in past years. The prospect of
combining the specific interactions characteristic of proteins with the high resistance to external
influences (pH, temperature, etc.) common for synthetic polymers has sparked the interest of
researchers in many fields, including biomedicine, personal care, adhesives, and so on.6, 178
A wide variety of peptides, ranging from large proteins like bovine serum albumin179 or fragments
thereof,158 to smaller peptides with distinct properties180 to single amino acids181 have been used for
coupling, demonstrating the far reach of this field. Among the sought-out, unique properties of
peptides, their adhesion to particular substrates is a particularly interesting topic. Due to the
monodispersity of the peptide structure, peptide-substrate interactions are specific and may be
modified at will.134,

135, 182

Whereas for synthetic polymers, unspecific interactions like hydrogen

bonds or charge interactions often determine their adhesive behavior,129 peptide adhesion is often
modulated through single amino acid functionalities (their degree of oxidation, their orientation in
space, etc.); factors which can change dramatically due to minor modifications in the
environment.136 This characteristic renders peptides particularly well-suited for playing the role of
a functional component of polymers, bestowing upon them stimuli-responsive, or even reversible
adhesion to a particular substrate.137
Concerning the synthetic polymer counterpart, initial efforts concentrated largely on water-soluble
polymers like poly(ethylene glycol) (PEG).178However, the consequent investigations of peptidefunctionalized nanoparticles and nanocapsules extend the scope to water-insoluble polymers and
inorganic matter and their respective properties.2, 7, 183 For instance, metal-incorporating particles
can be used as contrast agents for magnetic resonance imaging184 and drug-loaded particles may be
used for targeted drug delivery.185 The before-mentioned examples illustrate the traditional areas
of application of peptide-polymer conjugates. Nevertheless, polymer-peptide hybrids are also
gaining importance in other fields of application like coatings and adhesives,180, 186 where polymer
backbones other than PEG may be desirable. One versatile class of polymers which is often used in
those fields are polyurethanes. PUs are variable in structure, they may incorporate crystalline
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domains, charged moieties or water-swellable segments, conferring properties to them like heatactivation, charge interactions and dispersibility in water (see section 2.5).
In order to obtain peptide-polymer hybrids, two routes have been investigated which proceed either
via coupling of pre-synthesized natural and synthetic polymers (the “grafting-onto” approach) or via
an in-situ polymerization, starting from the peptide moiety (the “grafting-from” approach).178
Although the latter method has been used successfully,179, 187 the possible polymer structures are
somewhat limited and the PU structure envisioned here, for instance, cannot be synthesized in this
way. However, the main drawback of the grafting-onto method consists in unspecific coupling which
can greatly affect peptide activity. Formerly, coupling was often achieved via lysine residues,
several of which are usually present in a peptide chain and a precise control of the attachment site
was therefore difficult.188 A valuable alternative consists in using cysteine residues for coupling189
because free cysteines (which are not engaged in disulfide bridges) are rare in peptides. Cysteines
are reactive towards molecules like vinyl sulfones, acrylates, or maleimides, and often undergo a
Michael addition of the SH function to a C=C double bond to form a chemically stable thioether
bond.190 Furthermore, in case of maleimide-functionalized polymers, a precisely controlled pH
allows for a selective addition.138
Thus, in contrast to the previous approach (section 4.1), this project aims to take advantage of the
monodisperse peptide structure and the associated properties in order to obtain a well-defined
peptide-polymer system with tunable adhesive properties. In more detail, we show how maleimidereactive PU particles can be functionalized with cysteine-containing peptides to transfer the
adhesive behavior of the peptide to stainless steel surfaces onto the dispersions. The PU particles
are complex in structure, containing segments which crystallize upon film formation and moieties
rendering the particles self-stabilizing in water. The peptide sequence was chosen due to its unique
and tunable adhesion to stainless steel surfaces investigated previously.139 We show a high degree
of control over the extent of particle functionalization and provide a detailed investigation of the
functionalization as well as of the resultant dispersion and film properties.

4.2.2. Synthesis of maleimide-functionalized PUDs
The first step in the synthesis of peptide-functionalized, adhesive PU particles consisted in the
synthesis of the PU prepolymer in bulk. In employing a slight excess of diisocyanate with regard to
diol monomers, a PU with terminal NCO endgroups is obtained. Subsequently, hydroxyethyl
maleimide (HEMI) is added to functionalize the linear polymer chains with terminal maleimide
groups, as previously reported in the literature.191 The chemical structure of HEMI as well as the
functionalization reaction occurring are shown in Figure 4.2.1.
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Figure 4.2.1: Reaction between an NCO-reactive PU prepolymer and HEMI to yield terminally
maleimide-functionalized PU chains.
An excess of HEMI is used in order to ensure that every chain end is functionalized. The reaction can
be monitored by FTIR and the results thereof are displayed in Figure 4.2.2. The decrease in the
NCO band at 2300 cm-1 confirms that the reaction has taken place.
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Figure 4.2.2: FTIR spectra of PU before (red line), during (blue dotted line), and after (green
dashed line) successful endcap with HEMI. The inlay shows the NCO band at 2300 cm-1 which permits
to conclude that 1 h after HEMI addition, the endcap reaction is virtually complete.
Then, an auxiliary solvent (acetone) was added to facilitate the subsequent dispersion in water.
Maleimide-functionalized particles (MI-PUDs) were obtained with a z-average particle diameter of
223 nm and a PDI of 0.115. After dialysis to remove the excess HEMI, it was found that the solid
content of the dispersion was 9.85% (measured by freeze-drying), and the average particle size of
the MI-PUDs was 204 nm with a PDI of 0.125.

4.2.3. Use of a peptide designed for adhesion to stainless steel
The peptide sequence to be used for coupling originates from a previous project for the screening,
identification, and sequencing of peptides which adhere to stainless steel surfaces, described in a
recent patent.139 After a large-scale prescreening of randomly generated peptide sequences
consisting of twelve amino acids, ten peptides were selected for cell expression investigations.
Escherichia coli cells were transfected to express those peptides at the cell surface using the
autodisplay method.192 The latter consists in the transfection of cells to not only synthesize the
desired sequence, but also a barrel domain which allows the sequence to pass the cell membrane
and hence be presented at its surface. It is therefore a useful technique to investigate the properties
of the expressed peptides, circumventing the laborious step of peptide isolation.193
The transfected cells were incubated on stainless steel platelets and subjected to a repeated
washing protocol with phosphate-buffered saline solution. The adhering cells were harvested and
sequenced in order to identify the most strongly binding peptides. The peptide sequence
HMISTMNAASRR (see Figure 4.2.3a) was found to adhere rather strongly to stainless steel as well as
to porcelain surfaces and was therefore selected for this study. In order to couple this peptide motif
to the MI-PUDs, a slight alteration was made to the sequence: at the C-terminus, the four amino
acid long linker GSGC was added (see Figure 4.2.3b). The sequence HMISTMNAASRRGSGC was thus
used for the subsequent peptide-functionalization of the MI-PUDs through a cysteine-maleimide
reaction.
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Figure 4.2.3: Sequence, chemical structures, and three dimensional illustrations of a) the peptide
sequence identified in the binding assay on stainless steel,139 and b) the slightly altered sequence
used for coupling.
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4.2.4. Coupling of the peptide to the PUDs
Cysteine residues in peptides have been used previously for a selective coupling to synthetic
polymers via the cysteine residue.189 A possible reaction pathway is a Michael addition of the SH
function to a C=C double bond (present in acrylates, maleimides, and other compounds) to form a
chemically stable thioether bond (see Figure 4.2.4).190 Furthermore, in case of maleimidefunctionalized polymers, a precisely controlled pH set between 6.5 and 7.5 allows for a selective
addition of cysteines with respect to other nucleophilic side chains.138 In specific, at pH 7.0, the
Michael addition of cysteines occurs 1 000 times faster than that of amines, whereas at higher pH,
the reaction with lysine residues becomes more important. It can therefore be concluded that a
carful control of the reaction conditions (i.e. the pH value) permits to selectively couple cysteinecontaining peptide structures to maleimide-functionalized polymers.190 The peptide sequence
described above (HMISTMNAASRRGSGC) allows for this type of coupling reaction.

Figure 4.2.4: Michael addition between a cysteine-containing peptide and a maleimide-containing
polymer to form a stable peptide-polymer conjugate.
The Ellman’s test is a type of colorimetric method for detecting free thiols in solution and has
previously been proven useful to quantify the concentration of a cysteine-containing peptide.149, 150
The test relies on the reaction between the colorless DTNB and the thiol group of the peptide,
producing equimolar quantities of 5-mercapto-2-nitrobenzoate (MNB) (see also section 3.10). The
characteristic absorption of MNB at 412 nm increases linearly with concentration and can therefore
be used for quantification of the peptide.151
In this work, as a first step, the MI-PUD was analyzed with regard to the amount of MI available for
reaction. Thus, the MI-PUD was incubated with a large excess of N-acetyl-L-cysteine (ACC)
(n(MI):n(SH) =1:3) at room temperature and the Ellman’s test was performed immediately after
addition and after 24 h. The chemical structure of ACC as well as the reaction between the
maleimide-containing polymer and ACC are shown in Figure 4.2.5.
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Figure 4.2.5: Michael addition between ACC and a maleimide-containing polymer to yield an ACCfunctionalized (and hence nonreactive) polymer.
It was assumed that the reaction was completed after 24 h. Furthermore, since SH groups are
susceptible to oxidation in solution, forming unreactive disulfide links, a non-reactive control
dispersion was treated in the same way to quantify this side-reaction. The amount of available MI
was calculated according to the equation:
% available MI =

(∆𝑛𝐴𝐶𝐶 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑 𝑓𝑜𝑟 𝑀𝐼−𝑃𝑈𝐷 − ∆𝑛𝐴𝐶𝐶 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑 𝑓𝑜𝑟 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑃𝑈𝐷 )
𝑛𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑀𝐼 𝑔𝑟𝑜𝑢𝑝𝑠 𝑖𝑛 𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛

With ∆𝑛 = 𝑛𝐴𝐶𝐶 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑 𝑎𝑓𝑡𝑒𝑟 0 ℎ − 𝑛𝐴𝐶𝐶 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑 𝑎𝑓𝑡𝑒𝑟 24 ℎ .
And with the theoretical number of MI groups in the dispersion being calculated from the amount of
dispersion used, the solid content (9.85% by freeze-drying), and the theoretical number average
molecular weight of dually functionalized polymer chains (Mn = 8282 g/mol). We calculated that
99% of theoretical MI groups have reacted after 24 h which indicates a successful functionalization,
a good stability of the MI groups in the dispersion, and a good superficial availability of MI groups for
reaction. Using this information, dispersions were prepared with 50% and 25% functionalization
through incubation with the corresponding amounts of ACC, termed MI-PUD(50), and MI-PUD(25),
respectively.
Subsequently, the Ellman’s test was used to follow the reaction between the MI-PUDs and the
cysteine-containing peptide. A control PUD was again measured in parallel to account for
dimerization of the peptide. As can be seen in Figure 4.2.6, the oxidation of cysteine accounts for
a loss of 20% of the initially added amount of peptide over the course of 24 h. The oxidation is rather
fast, seen as 15% have already reacted within the first hour. In comparison to this, when the MI-PUD
is present in the peptide solution, about 60% of the cysteine groups present react within 24 h. The
amount reacting within the first hour is also much greater (about 55%), indicating that coupling
strongly predominates over oxidation. It may further be noted that coupling is virtually complete
after 6 h with the cysteine content reaching a plateau. The same trends are observed for the two
dispersions with intermediate MI-functionalization.
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Figure 4.2.3: Results of the Ellman’s test performed during incubation of three maleimidefunctionalized dispersion and one unreactive control dispersion with a slight excess (molar ratio
1:1.5) of a cysteine-containing peptide. The test shows that the coupling is very fast and
predominates over the oxidation of the peptide in solution. In case of the MI-PUD, 40% of the
cysteine present in the reaction medium are thus covalently attached to the particles.

4.2.5. Effect of the coupling on dispersion properties
It should be noted that during both coupling and dialysis, despite low solid contents (ca. 0.35%),
minor coagulation of particles was observed. Coagulation was interestingly lowest for the
functionalized MI-PUD and higher in case of the MI-PUD(50) and the MI-PUD(25). For electrostaticallystabilized particles, coagulation is most commonly due to high salt concentrations weakening the
effectiveness of the electrostatic stabilization (see section 2.2.2 on electrostatic forces). However,
we observed that coagulation could not be remedied by decreasing the buffer concentration, but
rather seemed to stem from the peptide attachment because all MI-PUDs were stable in the 0.01 M
P-buffer in absence of the peptide. Charge calculations of the peptide (see section 6.3.10 for details)
indicated that it is positively charged with a net charge of 2.1 at pH 7 (see Figure 4.2.4a). We
therefore concluded that during peptide coupling, the electrostatic repulsion between particles is
compromised, leading to coagulation. Since coupling is fastest for the MI-PUD (see Figure 4.2.3),
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coagulation is least pronounced. We further conducted zeta potential measurements during addition
of increasing amounts of peptide to the MI-PUDs and observed that the ZP of the particles remained
negative as long as n(SH)/n(MI) < 0.08. For larger values, the ZP of the particles was reversed (see
Figure 4.2.4b).

Figure 4.2.4: a) Net charge of the peptide as a function of pH, calculated using a charge
calculator.194 The peptide is cationically charged below pH 10. b) Zeta potential measurements of
the dispersion during addition of small amounts of peptide. The ZP of the anionically stabilized
particles is approximately zero for a stoichiometry of n(MI):n(SH) = 1:0.08 and becomes positive
with increasing amounts of peptide added.
The phenomenon of ZP reversal is well-known for the layer-by-layer technique for particle synthesis
or modification where oppositely charged polyelectrolytes are consecutively and alternatingly
adsorbed to particle surfaces. Due to the fast adsorption kinetics, stability can be maintained.195, 196
We therefore attempted to increase the reaction kinetics by increasing the concentration of both
reaction partners by a factor of up to 10 and by increasing the stoichiometry of n(SH):n(MI) by a
factor of 3. Although improvements were observed, neither approach completely avoided
coagulation. We therefore also attempted the more economical alternative of partial
functionalization, i.e. using very small stoichiometries of n(MI):n(SH) of 1:0.01 to 1:0.03. Although
those functionalized dispersions remained perfectly stable, they did not show the desired, improved
adhesion to stainless steel and the approach was therefore not pursued further. All subsequent
results therefore relate to the mostly stable, previously mentioned MI-PUD functionalized with the
peptide.
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4.2.6. Effect of the coupling on film properties
DSC measurements were conducted in order to assess the effect of the peptide functionalization on
the film properties. The dispersions were dialyzed to remove any remaining, unattached peptide
and films were cast and tempered to ensure a uniform thermal history (see section 6.2.15 for the
temperature treatment protocol). Results of the DSC measurements are shown in Figure 4.2.5. The
melting enthalpy for the maleimide-functionalized dispersion and for the peptide-functionalized
dispersion after dialysis are 99 J/g and 64 J/g, respectively. Those values indicate that crystallization
is greatly affected by the presence of the peptide. Furthermore, the graph indicates the presence
of two peaks, one at 49 °C and one around 52 °C corresponding to two types of crystallites formed.
The maleimide-functionalized dispersion shows both peaks with a greater proportion of crystallites
melting at 52 °C. The peptide-PUD shows the same behavior although in comparison, the proportion
of crystallites which melt at lower temperatures is higher. This observation indicates that the
presence of the peptide impedes the formation of larger crystallites from the small ones during
tempering, as is observed for the unfunctionalized sample.

Figure 4.2.5: DSC measurements of the MI-PUD and of the peptide-functionalized dispersion.
Results show that peptide coupling greatly affects the degree of crystallization.

4.2.7. Adhesion to stainless steel surfaces
In order to investigate if the peptide’s adhesive properties have been transferred to the particles,
QCMD measurements on stainless steel (type SS2343) sensors were performed using the dialyzed
peptide-functionalized dispersion, the nonfunctionalized MI-PUD, and a solution of the peptide at
the calculated concentration at which it was present in the peptide-functionalized dispersion (0.45
µmol/ml). Results thereof are displayed in Figure 4.2.6. It can firstly be noted that the peptide
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itself does not seem to show a measurable adhesion to the surface at the concentration used. This
may appear puzzling in light of the strong affinity for stainless steel measured in the assays used for
selecting the peptide sequence. However, it is very likely that the concentration used here is too
low for a pronounced frequency shift to be detected. This is due to the fact that a frequency shift
is on the one hand due to the number of adsorption events taking place, but on the other hand, it is
also due to the mass of the adsorbing species. In consequence, it is much more difficult to detect
small molecules than large ones. We are observing here a combination of two factors: firstly, the
concentration of the peptide is very low and hence the adsorption events are few, and secondly, the
peptide itself is small and as a consequence, the frequency shift is very small as well. Also, it can
be seen that the maleimide-functionalized particles adsorb to a small extent to the stainless steel
surface, resulting in a frequency change of about -12 Hz. Furthermore, the fact that the dissipation
does not increase significantly and that the frequency overtones hardly spread indicates that the
particles form a rather rigid film on the sensor surface. This observation can be explained by the
deposition of single, isolated particles which do not coalesce. The extent of adsorption is too little
to allow for a continuous polymer film to form which would show a viscoelastic behavior. In contrast,
to those two control samples, the peptide-functionalized particles adsorb very well to the stainless
steel surface, leading to a frequency change of about -75 Hz. In addition, after the initial decrease,
the frequency change is lessened with ΔF increasing by about 5 Hz. This behavior is characteristic of
the adsorption of peptides. When in solution, the latter are surrounded by water molecules which
adsorb to the sensor surface alongside the peptides in a first step. Consequently, when the peptide
layer condenses, the water molecules are expulsed, leading to a decrease of adsorbed mass and
causing the increase in the frequency change observed here. Upon close examination, we can see
the same effect mirrored in the dissipation curves. We can therefore conclude that the adhesion of
the peptide-functionalized particles is indeed due to the attached biomolecules.
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Figure 4.2.6: Results of QCMD investigations performed on stainless steel sensors using a solution
of the peptide (dotted lines), a maleimide-functionalized dispersion (dashed lines), and a peptidefunctionalized dispersion (solid lines). Measurements include three phases: 1 h of rinsing with
deionized water, then 1 hour of letting the dispersion run over the sensor and lastly another hour
of rinsing with deionized water. The graphs show that adsorption is much more pronounced for the
peptide-functionalized dispersion than for the reference samples.
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4.2.8. Conclusion
Presented in this section are results on to the synthesis of peptide-polyurethane conjugates using a
peptide of defined sequence and designed for adhesion to stainless steel surfaces.139 We use a
cysteine-maleimide coupling and provide a detailed analysis of the reaction kinetics. The peptide’s
cationic charge at the working pH (pH 7) is shown to cause a reversal of the zeta potential of the
particles and is therefore at the origin of a slight destabilization of the particles, particularly for
partial peptide functionalizations. The peptide coupling also affects the film properties of the
polyurethane backbone, leading to a pronounced decrease in the film’s degree of crystallinity. We
finally show that the peptide’s adhesive properties can be transferred to the particles, as
demonstrated with quartz crystal microbalance with dissipation measurements. Although the
peptide itself does not show a pronounced adhesion at the concentration at which it is present in
the functionalized dispersions, we observe a distinct, peptide-mediated adhesion of the latter. The
results presented are taken as first indications of the viability of this method to transfer the
peptide’s specific properties to the PUDs. Further investigations are planned which will include the
coupling of the same peptide to cationically charged PUDs in order to circumvent stability issues as
well as investigations of the adhesive properties of the system at different pH values. The system
and method presented here will be taken as basis for such additional studies. This project as well as
the planned work is intended to be of great interest for paints and adhesives for stainless steel and
shows, in relation to the previous section on peptide-polymer hybrids, how sequence-defined
peptides may also be used in order to confer interesting adhesion properties to polyurethane
dispersions.
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4.3.

Phosphonate-functionalization of PUDs for adhesion to

hydroxyapatite#
4.3.1. Introduction and aim of the project
The third project of the thesis consisted in the functionalization of PUDs with phosphorous-functional
groups for adhesion to metallic and organic surfaces. Polymers containing phosphorus-groups can
possess fascinating properties like complexation and ion conductivity,198-200 biodegradability,
biocompatibility,201, 202 and flame retardancy,203, 204 and govern vital interactions in biological and
technical systems.205-207
Depending on the desired function, low degrees of phosphorous functionalization can already cause
strong effects, i.e. drastically increased adhesion and pigment-binding. Phosphoric and phosphorous
acid units for example are well-known adhesion promoting sites and especially enhance the
interaction towards metals and inorganic substrates. For durable applications, phosphonates are
typically preferred over the corresponding phosphate derivatives due to the higher hydrolytic
stability of the former.208 In any case, phosphorous functionalization in general has become an
important tool for many applications like anti-corrosion coatings, structural adhesives, biomedicals,
and dental fillings.10, 116
Similarly to solvent-born polymer systems, phosphorous units have also been introduced in their
aqueous analogs, i.e. water-based polymer dispersions. For instance, polymer dispersions based on
free-radical polymerization have received much attention. The obtained materials and their
respective applications are diverse and are described mostly in recent patents, concerning for
example paints and coatings with improved pigment binding and increased gloss,209 liquid applied
sound dampening systems for automotive,210 anti-corrosion,211 and adhesive applications.212
Accordingly, examples of enhanced binding interactions of vinyl-based dispersions were also
reported in the peer-review literature, again based on different phosphorous monomers, special
designed surfmers (combining surfactant and monomer properties in one molecule) or preparation
techniques, and describing a variety of applications, like biomineralization, biomedical implants,
cellular uptake, or corrosion protection.9, 146, 213-215
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In light of the great importance of phosphate- and/or phosphonate-functionalization via free-radical
emulsion polymerization, it seems surprising that PUDs have rarely been investigated in this regard.
As explained in more detail in the theoretical background (section 2.5), PUs already serve a wide
variety of applications, including foams and construction materials, flexible and shock-absorbing
layers, adhesives and coatings. They further display an extraordinarily rich chemistry due to the
reversibility of isocyanate-based bonds40, 46 (urethane, urea, biuret, allophanate, etc., see section
2.5 for details) and allow for facile modification reactions, e.g. to integrate thermal- or UV-curing
capabilities.216,

217

In the recent past, due to a rising environmental concern and increasingly

stringent governmental regulations restricting the production of volatile organic compounds,
researchers have begun to shift their focus from traditional, solvent-based PUs to aqueous PUD
systems.42, 46 In particular, complex structures may be obtained which range from, for instance, selfstabilization and specific surface functionalization of the dispersions to semi-crystallinity in the
film.158, 218 Surprisingly, only a few reports on PUDs comporting phosphorous groups can be found in
the literature. For flame retardancy purposes, a polyphosphate polyol219, 220 and a phosphorous spiro
compound were utilized.221 Mequanint et al. synthesized soft segments based on 1,2,4phosphonobutane tricarboxylic acid57 and investigated the basic wetting and adhesive properties of
the respective P-PUDs.222 Finally, phosphorous-containing aziridinyl curing agents were combined
with classical PUDs to improve flame retardancy, but remain questionable in terms of health and
safety considerations and were not designed to improve adhesive properties.218
The previously reported phosphorus-containing PUDs are limited to a certain composition, i.e. the
use of phosphorous diols as specialty soft segments, and are prone to hydrolysis (polyphosphate
backbone) or gelation (triacid-based polyol with functionality > 2). In consequence, the attainable
thermomechanical properties of the polymer films are rather limited and desirable features such as
partial crystallinity in the film may not be obtained. So far, only few systems were investigated in
terms of substrate interaction and adhesion. However, none of these previous reports describe
dynamic adsorption behaviors of the dispersions, interactions with substrates other than metals,
utilization of bisphosphonic adhesion moieties. Furthermore, they do not provide the synthetic
freedom and thermos-responsive properties explained above.
In this part of the work, a facile route to obtain PUDs comporting phosphonate groups (P-PUDs) with
improved adhesion properties is presented. HAP, stainless steel, and gold serve as model substrate
in QCMD measurements to observe and quantify enhanced substrate interactions, which can also be
expected for other inorganic materials and metal interfaces. The conversion of the functionalization
reaction is evaluated and localization of the phosphonate groups (P-groups) is achieved using
inductively-coupled plasma optical emission spectroscopy (ICP-OES) and particle charge detection
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(PCD) measurements, respectively. We further show that a crystalline structure in the film can be
maintained, which provides heat-activated physical crosslinks for an initial setting mechanism and
is of great importance for adhesive applications.

4.3.2. Different synthetic routes to phosphonate-functionalized PUDs
As previously mentioned in the theoretical background (section 2.5), PUDs are commonly synthesized
from a mixture of polyols and a polyisocyanate. Through addition of a slight excess of isocyanate
with regard to alcohol functionalities, a prepolymer of moderate molecular weight with NCO
endgroups is obtained. These endgroups can be used for a chain extension under aqueous conditions
(after dispersion) to increase the molecular weight of the PU chains and/or for an endcap in order
to introduce a desired functionality into the polymer structure.44, 47, 158 For this procedure, highly
nucleophilic chain extenders and/or functionalization agents are required in order to kinetically
subdue the unwanted side reaction with water. For the same reason, most systems solely rely on
aliphatic polyisocyanates because they are less sensitive towards water. To carry out the same
reaction in bulk or in solution is highly unfavorable because of the associative nature of the PU
macromolecules, leading to a pronounced viscosity increase with higher chain length and severe
handling issues.
Functionalization of pre-synthesized PUDs via the aqueous phase was thus conducted here. This
method allows for the use of the amine-containing Phosphonate-functionalized reagents (P-reagents)
generally insoluble in organic media. Two general synthesis approaches for P-PUDs were used (see
below). In either case, an NCO-reactive PU prepolymer was synthesized in bulk. For Method A (shown
in Figure 4.3.1), the prepolymer was dispersed in water, the endcap reagent was then added to the
reactive dispersion and the pH was adjusted to allow for the reaction to occur. For Method B (shown
in Figure 4.3.2), the prepolymer was dispersed in the endcap reagent solution at elevated pH such
that dispersion formation and endcapping occurred simultaneously. In the latter case, the endcap
reaction may take place during emulsification and a higher endcap efficiency might be expected due
to the high sheer forces employed and the increased mixing.
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Figure 4.3.1: Method A for the synthesis of P-PUDs, consisting of 1. The synthesis of an NCOterminated prepolymer in bulk, 2. Its dispersion in water, and 3. The endcap in dispersion through
addition of the amine-reactive, P-containing endcap reagent and an increase of the pH to pH 12 to
yield P-functionalized particles. This figure is reproduced from the publication “Phosphonic Acid-functionalized
Polyurethane Dispersions with Improved Adhesion Properties” by Laura Breucker, Katharina Landfester, and Andreas
Taden, to be published in 2015 in ACS Applied Matierals & Interfaces, DOI: 10.1021/acsami.5b06903.158 Reprinted with
permission. Copyright 2015 American Chemical Society.
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Figure 4.3.2: Method B for the synthesis of P-PUDs, consisting of 1. The synthesis of an NCOterminated prepolymer in bulk, 2. Its dispersion in a solution of the amine-reactive, P-containing
endcap reagent at pH 12 to yield P-functionalized particles. This figure is reproduced from the publication
“Phosphonic Acid-functionalized Polyurethane Dispersions with Improved Adhesion Properties” by Laura Breucker,
Katharina Landfester, and Andreas Taden, to be published in 2015 in ACS Applied Matierals & Interfaces, DOI:
10.1021/acsami.5b06903.158 Reprinted with permission. Copyright 2015 American Chemical Society.

For clarity, the two methods will be treated separately: section 4.3.3 will show results obtained
with Method A and section 4.3.4 will display results from Method B.
We investigated the use of two different endcap reagents, namely neridronic acid (NA) and
aminomethylphosphonic acid (AMPA). NA was chosen because previous investigations related to UVcured, (meth)acrylate-based coatings containing bisphosphonic monomers have shown excellent
results in terms of adhesion to metal and anticorrosion properties.223 Furthermore, certain
bisphosphonates, including NA, are commercially available and widely used in the biomedical field
to treat bone diseases such as osteoporosis, indicating a favorable interaction with HAP.224 AMPA
only contains a single phosphonic acid group per molecule, and whereas NA was used for both Method
A and Method B, AMPA was only investigated using Method B.
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It should be noted that amino-alkyl-phosphonic acids form zwitterions in water. In the case of NA,
the pKa of the amino group is 11.94225 and in case of AMPA, the pKa is 10.2.226 Consequently, the
standard experiments were carried out at an adjusted, respective pH of 12 or 11 for amine
deprotonation and to ensure a highly nucleophilic state for the endcapping reagent. Obviously, the
pH and the reaction time for the endcapping reaction in aqueous dispersion are important
parameters, and can also favor unwanted side reactions with water. For this reason, additional
experiments at lower pH and different reaction times were conducted and are summarized in section
4.3.3.

4.3.3. Method A to obtain P-PUDs
The results presented in this section derive from the above-termed Method A where the NCO-reactive
prepolymer is dispersed in deionized water, the endcapping reagent NA is added promptly and the
pH of the dispersion is increased thereafter to allow for the reaction to take place. Lastly, dialysis
is conducted for desalting.
Different stoichiometry ratios of isocyanate to endcap reagent (n(NCO)/ n(NA)) ranging from 1:1 to
4:1 were used in order to gain a better understanding of the system. The results were assessed based
upon the conversion (i.e. how much of the endcap reagent that was added could be covalently
attached to the PU as indicated by ICP-OES), the surface coverage (i.e. how many of the attached
P-groups are localized at the interface), and most importantly the adhesion to HAP (i.e. how much
strongly adsorbed to HAP surfaces as indicated by the frequency shift in QCMD measurements). As
control sample, a non-functionalized dispersion was synthesized through an endcap in bulk. In this
case, dibutylamine was added to the prepolymer until the NCO band at 2300 cm-1 in the FTIR
spectrum had disappeared (see Figure 4.3.3). The prepolymer was then emulsified to yield a nonfunctionalized PUD.
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Figure 4.3.3: FTIR spectra showing the DBA endcap of the NCO-terminated prepolymer. The three
spectra were recorded before (yellow), during (green), and after reagent addition (red). The inset
shows the absorbance region associated with the isocyanate group (around 2300 cm-1) and the
disappearance of the peak is proof of the successful endcap. The resultant nonreactive polymer was
dispersed in water to yield the control dispersion. This figure is reproduced from the publication “Phosphonic
Acid-functionalized Polyurethane Dispersions with Improved Adhesion Properties” by Laura Breucker, Katharina
Landfester, and Andreas Taden, to be published in 2015 in
158

10.1021/acsami.5b06903.

ACS Applied Matierals & Interfaces, DOI:

Reprinted with permission. Copyright 2015 American Chemical Society.

As mentioned above, the coupling pH and the coupling time are important factors in determining
the endcap efficiency and the consequent dispersion properties. Thus, as preliminary experiments,
the coupling time (i.e. the time for which the dispersion was maintained at elevated pH) as well as
the coupling pH were varied and the conversion was measured. This was done using Method A and
NA as endcap reagent with a stoichiometry of 1:0.25 (n(NCO):n(NA)). The results thereof are
displayed in Figure 4.3.4. Figure 4.3.4a shows that the conversion remains constant with about
20% for the first 2 h and is increases to 30% after 24 h. In light of the high salt concentrations
necessary to increase the pH to pH 12 and the adverse effects on the stability of electrostatically
stabilized dispersions, we chose 30 min as an adequate time window for the endcap reaction. Figure
4.3.4b indicates that at a pH below 7, the conversion is close to 0% and then gradually increases
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between pH 8 and pH 12 to 20%. The conversion mirrors the titration of the amino group and hence,
a pH of 12 (which is above the pKa of 11.94 of the amino group) was chosen for the endcap reaction.

Figure 4.3.4: Variation of the conversion of the endcap reaction as a function of the coupling time
(a) and as a function of the coupling pH (b). The conversion was calculated from the quotient of
the P-content before and after dialysis in the freeze-dried dispersions (which was measured with
ICP-OES). The coupling time refers to the time for which the dispersions were stirred at pH 12 in
presence of the endcap reagent. The coupling pH refers to the pH at which the dispersion was
stirred for 30 min, again in presence of the endcap reagent. For both investigations, a stoichiometry
of 4:1 (n(NCO)/n(NA)) was chosen to minimize charge interactions at the interface. Results are
averages of three independent measurements and error bars indicate the standard deviation.
Coupling efficiency and localization of phosphonate groups. This figure is reproduced from the publication
“Phosphonic Acid-functionalized Polyurethane Dispersions with Improved Adhesion Properties” by Laura Breucker,
Katharina Landfester, and Andreas Taden, to be published in 2015 in ACS Applied Matierals & Interfaces, DOI:
10.1021/acsami.5b06903.158 Reprinted with permission. Copyright 2015 American Chemical Society.
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4.3.3.1. Colloidal stability of the dispersions
Prior to the NA endcap, the measured z-average particle size of the dispersions was 162 nm with a
PDI of 0.108. After dialysis, the NA-functionalized PUD based on a 1:1 stoichiometry (sample
“NA100”) had an average diameter of 233 nm with a PDI of 0.230 (see Table 4.3.5). The increase in
particle size and in particle size distribution can most likely be attributed to the high salt
concentration during endcap and dialysis. This conclusion is supported by the fact that when less NA
was used, the effect on the particle size and the PDI was much less pronounced. In any case,
colloidally stable P-PUDs were obtained after desalting, which maintained their particle size
distribution even at solid contents of up to 20% for at least 6 months.
Table 4.3.5: Chemical structure of the endcap reagent, stoichiometry for reaction, and DLS
measurements before and after dialysis for the different PUDs synthesized. This table is reproduced from
the publication “Phosphonic Acid-functionalized Polyurethane Dispersions with Improved Adhesion Properties” by Laura
Breucker, Katharina Landfester, and Andreas Taden, to be published in 2015 in ACS Applied Matierals & Interfaces, DOI:
10.1021/acsami.5b06903.158 Reprinted with permission. Copyright 2015 American Chemical Society.
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4.3.3.2. Quantification of the overall P-content of the dispersions
In order to assess the conversion of the functionalization reaction, samples before and after dialysis
were freeze-dried and the P-content was measured using ICP-OES. The results thereof are displayed
in Figure 4.3.6a. The coupling efficiency is derived from the quotient of measured P contents before
and after dialysis.
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The results show that, for all NA samples, conversion was moderate with approximately 20%. It is
interesting to notice that the conversions of the different NA samples were very similar and showed
only a minor trend toward higher conversions with increasing isocyanate to endcap reagent
stoichiometry. This observation is rather puzzling as one would expect that the higher the excess of
NCO, the higher the conversion. The present results led us to conclude that the endcap reaction
does not seem to be limited by the availability of NCO at the interface in the first place, but rather
appears to be dominated by the adsorption of the negatively charged endcap reagent to the anionic
particles. This is further supported by the rather similar conversions obtained for samples using the
alternative method of reagent addition and pH increase in the aqueous phase prior to dispersing (see
section 4.3.4). It can further be noted that surprisingly slow reaction kinetics of NCO-functional PUDs
with nucleophiles have been observed before from our group, although a quite different system was
investigated, namely the preparation of PUDs stabilized with a protein corona.158 However, the
results indicate that with more complex, partially charged endcapping reagents of pronounced
hydrophilicity, interfacial adsorption can dominate the reaction. Additionally, macromolecular chain
mobility and reorganization phenomena at the interface or inside the colloidal particle should be
kept in mind, at least in PUD systems with complex interaction capabilities and a highly segmented
block copolymer structure.

4.3.3.3. Quantification of P-groups at the interface
Since the crucial factor for the particles’ adhesive behavior is not the bulk composition but rather
the composition of the particle-water interface, titration experiments were used to quantify the
effective number of interfacial P-groups. Calculations were conducted as described in the
literature.146, 217 As can be seen in Figure 4.3.6b, for the NA100 sample, surface coverage is highest
with 2.4 P-groups/nm2 and decreases to a value of 0.9 P-groups/nm2 for the NA25 sample. It is highly
interesting to notice that for the former sample, only 28 mol% of P-groups were localized at the
interface whereas for the latter sample, all of the P-groups are detected there. The result seems
surprising, but clearly indicates a considerable spatial requirement of the P-groups and limited
compressibility or stacking at the interface. The interfacial interaction between the individual Pgroups is supposedly dominated by ionic repulsion, and depending on hydrophobicity, either favors
dissolution into water or drives the functional groups inside the droplet. In our systems with only
terminal functionalization, the hydrophobicity obviously favors the latter case. Another possible
explanation is based on the partial solubility of the endcap reagent in water and in the particles,
leading to the molecule’s adsorption, and even its migration inside the particles, such that the
endcap reaction might also take place there. This phenomenon has previously been observed for the
chain extension of PUDs.50
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Figure 4.3.6: Results of ICP-OES and titration experiments. a) ICP-OES measurements were used to
determine the P-content of freeze-dried samples. The conversion was determined from the quotient
of the P-content before and after dialysis. All NA samples surprisingly yielded similar conversions.
b) The surface coverage per unit area and the percentage of P-groups on the surface were calculated
from titration experiments. The percentage of P-groups on the surface was calculated from the
surface coverage and the number of P-groups after dialysis. This figure is reproduced from the publication
“Phosphonic Acid-functionalized Polyurethane Dispersions with Improved Adhesion Properties” by Laura Breucker,
Katharina Landfester, and Andreas Taden, to be published in 2015 in ACS Applied Matierals & Interfaces, DOI:
10.1021/acsami.5b06903.158 Reprinted with permission. Copyright 2015 American Chemical Society.

4.3.3.4. Effect of the functionalization on film properties
The polymeric backbone of the polyurethane particles was designed to be rather complex. Polyester
segments capable of crystallizing were included in order to provide a temperature-induced change
in modulus. Indeed, the incorporation of crystalline moieties is a well-known method to provide a
reversible setting mechanism in the film.45, 70 Furthermore, as was described in section 2.5, since
crystallization in the film is strongly dependent upon polymer composition and separation between
hard and soft segments in PUs, an analysis of the heat flow diagrams often gives valuable information
about the film composition.158
As can be seen in Figure 4.3.7, melting transitions can be observed in all four phosphonic-acid
functionalized samples with melting enthalpies ranging from 20 J/g to 28 J/g. Strikingly, melting
enthalpies are reduced by a factor of 2 approximately in phosphonic acid-functionalized samples as
compared to the control sample. Furthermore, as can be seen in the heat flow diagram, the melting
range is shifted from 55 °C to much lower temperatures ranging from ca. 40 °C to 50 °C and the
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overall melting peak is much broader. We therefore concluded that the phosphonic acid groups
greatly hinder crystallization, leading to the formation of smaller crystalline structures.

Figure 4.3.7: DSC results consisting of a) heat flow curves as a function of temperature and b)
melting enthalpies of crystalline domains. Values are averages from three separate measurements
and error bars represent the standard deviation. Results indicate a strongly modified crystallization
behavior due to phosphonic acid-functionalization with an overall decrease in crystallinity and a
broader melting range shifted to lower temperatures. This figure is reproduced from the publication
“Phosphonic Acid-functionalized Polyurethane Dispersions with Improved Adhesion Properties” by Laura Breucker,
Katharina Landfester, and Andreas Taden, to be published in 2015 in ACS Applied Matierals & Interfaces, DOI:
10.1021/acsami.5b06903.158 Reprinted with permission. Copyright 2015 American Chemical Society.

4.3.3.5. Substrate interactions
In order to assess the adhesive behavior of the P-PUDs, QCMD measurements on HAP and SS2343, as
model substrates were conducted and results thereof are displayed in Figure 4.3.8-9. The figures
also show the general principle behind a QCMD measurement. The sensors are first rinsed with the
liquid matrix (DI water in this case) until a steady state is reached. This step ensures that no
adsorption or desorption events of pollutants from the tubes or from the sensors occur during a
measurement. Secondly, the dispersions to be analyzed are measured. In the case of a strong
interaction with the surface, many particles adsorb to the surface, leading to a pronounced
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frequency shift. In the last step, the sensors are again rinsed with the liquid matrix (DI water) in
order to assess whether the adsorption observed previously is reversible in the conditions used. In
the case of a strong particle-surface interaction, few particles desorb and when a steady state is
reached, many particles remain deposited on the surface.
In Figure 4.3.8, it can be seen that the control sample without P-functionalization shows a very
weak adhesion to HAP, reflecting in a frequency shift of only about -4 Hz and a strong desorption
after rinsing such that almost no frequency change is detected. For all P-PUDs, on the other hand,
an 8 to 10-fold higher frequency shift is observed. The highest adsorption could be measured with
the NA100 sample with a frequency shift of -40 Hz. In general, the more NA was used for
functionalization, the higher was the affinity for HAP. With respect to the discussion above on the
quantification of P-groups at the interface of the particles, this result indicates that, upon
adsorption from aqueous dispersion, significant PU chain rearrangements take place, because a large
fraction of the phosphorous functionalities are expected to be buried inside the P-PUD particle. It
can also be noted that a pronounced increase in dissipation (ΔD) was measured which indicates that
the adsorbed layer was rather viscoelastic. Furthermore, a decrease of the dissipation values during
rinsing also points towards a strong interaction between the adsorbed layer and the surrounding bulk
phase. Overall, the QCMD results correlate well with the surface coverage of the particles and it can
be concluded that the improved adhesive behavior is indeed due to the P-functionalization.
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Figure 4.3.8: QCMD results of dispersions on HAP-coated sensors. The samples with NA endcap show
strongly improved adhesion compared to the control sample. Overall, P-functionalization greatly
improved the affinity for HAP. This figure is reproduced from the publication “Phosphonic Acid-functionalized
Polyurethane Dispersions with Improved Adhesion Properties” by Laura Breucker, Katharina Landfester, and Andreas
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Taden, to be published in 2015 in ACS Applied Matierals & Interfaces, DOI: 10.1021/acsami.5b06903.158 Reprinted with
permission. Copyright 2015 American Chemical Society.

Similarly, Figure 4.3.9 shows the QCMD results of the various NA-PUDs on stainless steel surfaces.
It can be seen that a frequency shift of only about -10 Hz is observed for the control sample, which
is indicative of a rather weak affinity for SS2343. In comparison, the adhesion of the P-PUDs is much
stronger with frequency shifts ranging from -40 to -50 Hz. As in the case of HAP surfaces, the general
trend of an increased affinity with an increase in NA used in the synthesis also holds true on stainless
steel. However, during the adhesion step, the differences between the different NA samples are
rather small, merely the NA25 sample shows a significantly lower adhesion than the other P-PUDs.
Interestingly, upon rinsing, the resultant frequency shifts indicate a clearer separation of the
samples, again shown through the adhesion increasing with the amount of NA used for the
functionalization. It can again be noted that in all samples, a pronounced increase in dissipation was
observed which is characteristic of a viscoelastic layer and that a return to very small dissipation
values can be noted during the rinsing step which points towards a good interaction between the
adsorbed layer and the dispersion flowing over the sensor. We can therefore see in Figure 4.3.9
that the P-PUDs synthesized in this section can very well be used for improved adhesion to stainless
steel, the traditional area of application of phosphonic acid-functionalization.
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Figure 4.3.9: QCMD results of dispersions on SS2343-coated sensors. The samples with NA endcap
show a much improved adhesion compared to the control sample. As observed on HAP, Pfunctionalization greatly improved the affinity for SS2343. This figure is reproduced from the publication
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“Phosphonic Acid-functionalized Polyurethane Dispersions with Improved Adhesion Properties” by Laura Breucker,
Katharina Landfester, and Andreas Taden, to be published in 2015 in ACS Applied Matierals & Interfaces, DOI:
10.1021/acsami.5b06903.158 Reprinted with permission. Copyright 2015 American Chemical Society.

4.3.4. Method B to obtain P-PUDs
The results presented in this section derive from the above-termed Method B where the NCO-reactive
prepolymer is dispersed in alkaline solutions of the endcapping reagents NA or AMPA. The pH of the
respective reagent solution is adjusted to 11 for AMPA and to 12 for NA in order to allow for the
reaction to take place during the dispersing step. Lastly, dialysis is conducted for desalting.

4.3.4.1. Colloidal stability of the dispersions
As can be seen in Table 4.3.10, before dialysis, the z-average particle size for the AMPA sample
was 235 nm with a PDI of 0.223. The z-average particle size for the NA sample was 201 nm with a
PDI of 0.167. Compared to the P-PUD preparation using Method A, larger particle sizes and broader
size distributions were observed in case of NA, which can be attributed to a significantly increased
salt concentration/ionic strength during the homogenization step which weakens the colloidal
stabilization by reduced electrostatic repulsion. Furthermore, an influence of the covalent
endcapping reaction and side reaction with water leading to chain extension cannot be excluded.
The overall increase in molecular weight as well as specific interactions between phosphonic acid
groups may additionally hinder particle formation.
After dialysis, the measured z-average particle sizes and distributions were 257 nm with a PDI of
0.253 for NA, and 311 nm with a PDI of 0.182 for AMPA, respectively. The increase in both z-average
size and PDI can be attributed to minor coagulation occurring due to the high salt concentration (as
was also observed with Method A, see section 5.3.3.1). Despite the fact that the obtained results
are inferior to those with the method described previously, we can conclude that this approach still
yielded stable nanoparticles.
Table 4.3.10: DLS measurements before and after dialysis for the P-PUDs based on NA and AMPA
following Method B. The increase in particle size and PDI can be attributed to minor coagulation
due to high salt concentrations. This table is reproduced from the publication “Phosphonic Acid-functionalized
Polyurethane Dispersions with Improved Adhesion Properties” by Laura Breucker, Katharina Landfester, and Andreas
Taden, to be published in 2015 in ACS Applied Matierals & Interfaces, DOI: 10.1021/acsami.5b06903.158 Reprinted with
permission. Copyright 2015 American Chemical Society.
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4.3.4.2. Quantification of the overall P-content of the dispersions
In order to assess the conversion of the endcap reaction for both reagents, samples before and after
dialysis were freeze-dried and the P-content was measured using ICP-OES. The results thereof are
displayed in Figure 4.3.11a. It can be seen that the conversion for the NA sample is almost three
times higher than for the AMPA sample. This may be attributed to a more hydrophobic structure of
NA due to its longer alkyl chain. The driving force towards the interface between the aqueous phase
and the forming particle is thus higher and the endcap conversion is as well.

4.3.4.3. Quantification of P-groups at the interface
These samples were also characterized using titration experiments to calculate the surface coverage
of the particles and the percentage of the attached P-groups localized at the interface (see Figure
4.3.11b). The calculated values are very high with 1.0 P-groups/nm2 for the AMPA sample and 2.8
P-groups/nm2 for the NA sample. However, taking into consideration that for the AMPA sample, 83
mol% of attached P-groups are localized at the interface whereas for the NA sample, the value is
much smaller with 29 mol%, we drew the same conclusions as in section 4.3.3.3. NA reacts more
readily than AMPA, leading to a higher conversion. However, the particle surface is very densely
covered with P-groups, forcing a large majority of the attached groups inside the particles.
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Figure 4.3.11: Results of ICP-OES measurements of the P-content of freeze-dried samples and
results of PCD measurements of the dispersions. a) The conversion (green line) was determined
from the quotient of the P-content before (solid columns) and after dialysis (striped columns) for
AMPA (in orange) and NA (in blue). The coupling efficiency is higher for the NA sample which can
be attributed to its more hydrophobic structure. b) The surface coverage per unit area (striped
columns) and the percentage of P-groups on the surface (purple line) were calculated from titration
experiments. The percentage of P-groups on the surface was calculated from the surface coverage
and the number of P-groups after dialysis. This figure is reproduced from the publication “Phosphonic Acidfunctionalized Polyurethane Dispersions with Improved Adhesion Properties” by Laura Breucker, Katharina Landfester, and
Andreas Taden, to be published in 2015 in ACS Applied Matierals & Interfaces, DOI: 10.1021/acsami.5b06903.158 Reprinted
with permission. Copyright 2015 American Chemical Society.

4.3.4.4. Effect of the functionalization on film properties
In the same way as for functionalization using Method A, changes in the PU composition can be
expected to affect the crystallization behavior of the PTMA segments. As can be seen in Figure
4.3.12, melting transitions can be observed in both phosphonic-acid functionalized samples. The
measured enthalpies are again much lower than that of the control of 46 J/g. However, it is
interesting to note that the melting enthalpy of the NA sample of 18 J/g is drastically lower than
that of the AMPA sample of 35 J/g. Furthermore, whereas melting occurs in a temperature range of
45 °C – 60 °C for the AMPA sample, the melting range of the NA sample is broader and shifted to
much lower values (35 °C - 55 °C). The results are in concurrence with the trends presented
previously (see section 4.3.3.4): overall, the phosphonic acid groups greatly hinder crystallization,
leading to the formation of smaller crystalline structures. But, whereas for the dispersions
functionalized with Method A, melting regimes and enthalpies were very similar, we observed here
that low concentrations of P-groups (0.13 wt% P detected in the AMPA sample) affect crystallization
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much less than higher concentrations (0.79 wt% P detected in the NA sample). Also, interestingly,
although the NA25 sample from section 4.3.3.4 contains the same amount of P-groups as the AMPA
sample, the crystallization of the bisphosphonate sample is much more affected. We can therefore
also conclude that bisphosphonates generally affect crystallization more than single phosphonic
acids.

Figure 4.3.12: DSC results consisting of a) heat flow curves as a function of temperature and b)
melting enthalpies of crystalline domains. Values are averages from three separate measurements
and error bars represent the standard deviation. Results indicate a strongly modified crystallization
behavior due to phosphonic acid functionalization with an overall decrease in crystallinity and a
broader melting range shifted to lower temperatures. This figure is reproduced from the publication
“Phosphonic Acid-functionalized Polyurethane Dispersions with Improved Adhesion Properties” by Laura Breucker,
Katharina Landfester, and Andreas Taden, to be published in 2015 in ACS Applied Matierals & Interfaces, DOI:
10.1021/acsami.5b06903.158 Reprinted with permission. Copyright 2015 American Chemical Society.

4.3.4.5. Substrate interactions
In order to assess the effect of the P-functionalization on the adhesive behavior of the dispersions,
QCMD measurements on HAP surfaces were conducted and results thereof are displayed in Figure
4.3.13. The graph shows that both P-PUDs show much higher adhesion to HAP than the control
sample. Surprisingly, despite their drastically different surface coverage, both P-PUDs seem to show
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rather similar adhesive behavior. This may be attributed to a polyelectrolyte effect weakening the
interactions between individual P-groups and the interface. In any case, it should be noted that the
results of Figure 4.3.13, despite the drastically increased interaction, are inferior to those
presented previously (see section 4.3.3.5). For this reason, this method was not further pursued and
QCMD measurements on other model substrates (in particular SS2343) were not performed.

aqueous dispersions
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Figure 4.3.14: QCMD results of dispersions on HAP-coated sensors. It can be concluded that sample
with NA endcap showed the strongest adhesion and that the control sample showed the weakest
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adhesion. Overall, P-functionalization greatly improved the affinity for HAP. However, the results
presented here are slightly inferior to those presented with Method A. This figure is reproduced from the
publication “Phosphonic Acid-functionalized Polyurethane Dispersions with Improved Adhesion Properties” by Laura
Breucker, Katharina Landfester, and Andreas Taden, to be published in 2015 in ACS Applied Matierals & Interfaces, DOI:
10.1021/acsami.5b06903.158 Reprinted with permission. Copyright 2015 American Chemical Society.

4.3.5. Conclusion
In this section 4.3, we provide two facile routes to phosphonic acid-functionalized polyurethane
dispersions with drastically improved adhesion properties. The functionalization is achieved via a
heterophase endcapping process, i.e. the reaction of amino-group carrying (bis)phosphonic acid
derivatives with NCO-reactive polyurethane particles in aqueous dispersion. The synthetic approach
is not limited to a certain polyurethane composition and circumvents solubility issues of the reaction
partners. However, the process is certainly affected by various parameters like pH, ionic strength,
reaction time, or stepwise reagent addition. Different reaction conditions and endcapping reagents
were evaluated. The first subsection (section 4.3.3) describes the results obtained from the
preferred procedure with neridronic acid as encapping reagent and different functionalization
degrees and the second subsection (section 4.3.4) describes results obtained using neridronic acid
and aminomethyl phosphonic acid. The dispersions were first characterized based upon their particle
size and size distribution using light scattering and showed high colloidal stability after dialysis.
Dialysis was used to separate any non-attached phosphorus-containing reagents, which constitutes
a prerequisite to determining the conversion of the endcap reaction. The latter was shown to depend
on the nature of the endcapping reagent. However, it was surprisingly observed that the conversion
is almost independent of the stoichiometry for reaction, which points toward an adsorptiondominated process at the interface. This hypothesis is supported with calculations of the surface
coverage using titration experiments. It is shown that a maximum surface coverage of 2.4
groups/nm2 is attained, but only at the expense of forcing the majority of the attached groups inside
the particles. Furthermore, the surface coverage and the overall functionalization degree are shown
to reflect in the adsorption to hydroxyapatite, utilized as model substrate in quartz crystal
microbalance measurements. The experimental data reveal drastically improved adsorption
behavior of the P-PUDs, and additionally indicate polymer chain rearrangements and film formation
even under wet conditions. We believe this work to be of great value for many applications due to,
on the one hand, the great industrial importance of phosphorous-functional dispersions obtained
from free radical emulsion polymerization. On the other hand, typical “high performance”
polyurethane properties are attainable with our synthetic approach because the latter is not limited
to a specific PUD composition. The high degree of synthetic freedom in combination with the
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simplicity and control of the functionalization can therefore be seen as a step towards improved
waterborne, environmental benign polyurethane coatings and contributes to further close the
performance gap compared to classical, solvent-borne systems.
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5. Conclusion and Outlook
The present thesis describes the functionalization of polyurethane dispersions in order to provide
specific interactions with three model surfaces, namely hair, stainless steel, and hydroxyapatite.
Three types of functionalizations are accomplished and the resultant systems are analyzed and
described.
For the first project (section 4.1), peptide-functionalized polyurethane dispersions are synthesized
using a hydrolyzed protein from wool. On the one hand, this part of the work demonstrates the
usefulness of hydrolyzed proteins for the synthesis of peptide-decorated nanoparticles, and it shows
on the other hand how those hydrolyzed proteins can be used in order to confer interesting
properties to dispersions and films. The peptides are used as sole stabilizing entity for the particles
and hence also permit to introduce a pH-triggered coagulation to the system. Furthermore, the
peptides strongly influence the polyurethane film properties by affecting the partial crystallization.
In order to demonstrate the usefulness of the peptide-decorated polyurethane dispersions for hair
care applications, first results concerning the adhesion and film formation on hair substrates are
presented. We believe this project to be of great interest for commercial applications (for protection
of the hair fiber against heat and radiation, to reconnect split ends, etc., and to allow for a reversible
shaping of the hair) and such investigations are currently underway.
For the second project (section 4.2), an alternative, rather more traditional route to peptidefunctionalized particles is presented. In this case, a single peptide sequence is used which was
screened from a library of peptides for its affinity for stainless steel surfaces. The coupling of the
peptide to the dispersions is conducted in a very well-defined manner using a cysteine-maleimide
reaction and a detailed analysis of the coupling reaction is provided. An important aspect of the
project is the effect of coupling the cationally charged peptide to the anionically stabilized particles
and investigations pertaining to the particle stability are presented. Ultimately, the affinity of the
hybrid particles for stainless steel surfaces is shown. Consequently, we believe this project to be
useful for ecofriendly adhesives for stainless steel, for instance for the construction or automotive
industries.
In the last project, phosphonic acid-functionalized PUDs are synthesized using two different
functionalization methods and two types of phosphonic acid-containing reagents. The resultant
particle compositions are characterized and the particle interface in particular is analyzed. Although
phosphonic acids are well-known adhesion promoters for stainless steel and although the particles
synthesized here are also shown to be interesting in that regard, an intention in this project was to
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also obtain dispersions with a high affinity for hydroxyapatite surfaces. The latter property is proven
and we therefore believe this project to be valuable for adhesives or other materials in the fields of
orthopedics and dentistry.
Overall, the three projects constituting this thesis show the large degree of variability in the
synthesis of polyurethane dispersions for adhesive properties to a wide variety of different
substrates. We thereby demonstrate that such an ecofriendly system can be rendered very complex
in order to further extend the field of sustainable materials for demanding applications.
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6. Experimental Part
This chapter will provide information on the raw materials used in the syntheses (section 6.1) and
describe the experimental procedures and techniques used in each project (sections 6.2-6.4).

6.1.

Raw materials

Name
(3-((3-cholamidopropyl) dimethylammonio)1-propanesulfonate)

Abbreviation

5,5'-dithiobis-(2-nitrobenzoic acid)

DTNB

Trade name

CHAPS

Thermo Fischer
Ellman's reagent

Acetone (anh.)
Aminomethyl phosphonic acid

Supplier

Sigma-Aldrich
Roth

AMPA

Solvay P&S

BCA reagents

Roth

Bromophenol blue

Sigma-Aldrich

Catalyst (dimethyl tin neodecanoate)

Fomrez UL-28

Momentive

Defoamer

Foamaster 223

BASF GmbH

Dibutyl amine

DBA

Merck

Dithiothreitol

DTT

Sigma-Aldrich

Ethanol

Sigma-Aldrich

Ethyl acetate (anh.)

EA

Roth

Hydrochloric acid

HCl

Roth

Hydrogen peroxide (30% solution)

Sigma-Aldrich

Hydrolyzed protein from wool

Keratec IFP PE

Croda

Hydroxyethyl maleimide

HEMI

Chongoing Werlchem

Isophorone diisocyanate

IPDI

Sigma-Aldrich

Lithium citrate buffer

Sigma-Aldrich

Molecular sieve 3Å

Roth

N-acetyl-L-cysteine

ACC

Alfa Aesar

Neridronic acid

NA

Solvay P&S

N-Hydroxyethyl maleimide

HEMI

Chongoing Werlchem

Nitric acid

Roth

Poly(dimethyl siloxane)

PDMS

Tegomer H-Si
2311

Poly(oxypropylene, oxyethylene) glycol

PPOE-1

K-HN-8200

Hannong Chemicals

Poly(oxypropylene, oxyethylene) glycol

PPOE

Tergitol L-61

Dow Chemical

Polydiallyldimethylammonium chloride

PDADMAC

Polyester resin

PTMA

Evonik Industries

Roth
Realkyd XTR
20112

Arkema Coatings Resins

Potassium dihydrogen phosphate

Roth

Potassium hydrogen phosphate

Roth
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SDS-PAGE buffers and reagents

Thermo Fischer

Sodium acetate

NaOAc

Alfa Aesar

Sodium chloride

NaCl

Roth

Sodium hydroxide solution

NaOH

Roth

Steel-binding peptide
Sulfonated glycol

Thermo Fischer
SPPO

SG

tert-butylcatechol
Tetrahydrofuran

Yedang G&B
Aldrich

THF

Roth

Tris buffer solution

Millipore S.A.S.

Urea

Sigma-Aldrich

6.2.

PUDs for unspecific coupling of a hydrolyzed protein

6.2.1. Synthesis of PU prepolymer
A prepolymer with a theoretical Mn of 8 000 g/mol was synthesized. PPOE (25.00 g ; 11.36 mmol),
PTMA (70.44 g ; 33.54 mmol), and PDMS (125.0 g ; 56.82 mmol) were heated to 80 °C until molten,
then vacuum ( P < 0.1 mbar) was applied for 1 h to remove traces of water. N2 was fed into the flask
and the temperature was allowed to drop to 70 °C. IPDI (29.56 g ; 133.1 mmol) was added. Under
nitrogen atmosphere and reflux, 0.02 g of catalyst (50 wt% in dried ethyl acetate) were added. After
the initial increase in temperature, the reaction was carried out at 80 °C. The NCO content was
checked every half hour according to ISO 14896:2009-07 Method A until it had reached the
theoretical residual value of 1.05% (2 h).

6.2.2. Partial dibutyl amine endcap
The prepolymer was split into two flasks, containing 125 g each. Dibutyl amine (DBA) was added
slowly to one flask in order to react with the residual NCO groups (approximately 4.045 g ; 31.25
mmol). The reaction was followed using FTIR and the DBA-endcapped prepolymer was characterized
using GPC.

6.2.3. Fourier transform infrared spectroscopy
Fourier transform infrared (FTIR) spectroscopy measurements were taken using an Alpha FT-IR
Spectrometer from Bruker Optik GmbH, Ettlingen Germany. It was operated in Platinum ATR single
reflection diamond module. Aliquots of the polymer melt were taken and measured directly.
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6.2.4. Gel permeation chromatography
Gel permeation chromatography (GPC) measurements of the macrodiols and of the DBA-endcapped
prepolymer were carried out in THF at 40 °C according to DIN 55672-1 using APC XT Columns 450 A,
125 A, and 45 A from the Waters Corporation, Milford, MA, USA. APC RI-detectors were used and
molecular weights were determined by using narrowly distributed polystyrene standards from PSS
Polymer Standards Service GmbH, Mainz, Germany.

6.2.5. Nuclear magnetic resonance spectroscopy
13

C Nuclear magnetic resonance (NMR) spectroscopy measurements were carried out in CDCl3 using

a 600 MHz Agilent spectrometer (Agilent Technologies, Santa Clara, CA, USA). 5 000 scans were
performed at 25 °C to generate the spectrum.

6.2.6. Dispersing
Both prepolymers were treated identically. For each one, dried ethyl acetate (125 g) was added
under vigorous stirring and reflux and the temperature was allowed to drop to 40 °C. From the
prepolymer solution, four batches of 35.5 g each were taken. To each solution, one drop of defoamer
was added. Three solutions of peptide were prepared containing 0.71 g, 1.06 g, and 1.42 g of peptide
(corresponding to 4, 6, and 8 wt% relative to PU prepolymer, respectively) and deionized water was
added to each for a total respective mass of 70.0 g. For the negative control, 70.0 g of deionized
water were prepared. The prepolymer solutions and the peptide solutions were heated to 40 °C.
Dispersions were formed using an UltraTurrax (T25 basic from IKA Labortechnik, Staufen, Germany)
operating at 13 000 rpm for 10 min. Each dispersion was then passed four times through a
homogenizer (M-110Y Microfluidizer from Microfluidics, Newt.on, USA) containing two chambers of
400 µm and 200 µm diameter and operating at a pressure of 6 bar.

6.2.7. Dialysis
In order to separate the non-attached peptides from the PUDs, dialysis was performed after
dispersion for both the reactive and the nonreactive dispersions. A dialysis membrane from cellulose
ester with a molecular weight cut off (MWCO) of 100 kDa was obtained from Carl Roth GmbH & Co.
KG, Karlsruhe, Germany. Each piece of membrane was filled with 40.0 g of the dispersions
(containing 0 wt%, 4 wt%, 6 wt% or 8 wt% peptide) and closed off with clamps. Dialysis baths each
containing 4.00 l of deionized water were prepared and dialysis was carried out for one week in
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total. The dialysis water was changed after 1.5 h, 3 h, 18 h, 66 h, and 168 h (1 week). Samples of
the dialysis water were held back in order to permit quantifying the peptide flushed out.

6.2.8. Sodium dodecyl sulfate polyacrylamide gel electrophoresis
For sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), 10 µg of the hydrolyzed
protein was mixed with 4x NuPAGE LDS Sample Buffer and 10x NuPAGE Sample Reducing Agent and
loaded onto a NuPAGE 10% Bis-Tris Protein Gel. The electrophoresis was carried out in NuPAGE MES
SDS Running Buffer at 150 V for 1.5 h. As a molecular marker SeeBlue Plus2 Pre-Stained Standard
was run in parallel. Proteins were visualized with SimplyBlue SafeStain. Buffers, gel, standard and
stain were all obtained from Thermo Fisher Scientific, Waltham, MA, USA.

6.2.9. Isoelectric focusing
The isoelectric focusing (IEF) experiment was conducted in a similar manner as described in the
literature.228 100 µg peptide was diluted in 500 µl rehydration buffer containing 8 M Urea, 3 mg/ml
DTT, 4% (w/v) CHAPS, 0.001% (w/v) Bromophenol blue and 2% (v/v) ampholytes (Servalyt 3-10, SERVA
Electrophoresis GmbH, Heidelberg, Germany). The sample was loaded onto an immobilized pH
gradient (IPG) strip (SERVA IPG BlueStrip 3-10, 24 cm, SERVA Electrophoresis) by overnight passive
in-gel rehydration at 20 °C. The rehydrated strip was focused using an IEF100 isoelectric focusing
unit (Hoefer Inc., Holliston, USA) at 20 °C under a layer of Immobiline DryStrip Cover Fluid (GE
Healthcare, Solingen, Germany). For improved sample entry, initial voltage was limited to 500 V for
3 h, 1000 V for the next 3 h, and then increased with a gradient up to 5000 V using a total of 50 000
V/h. After IEF the strip was fixed with 20% (v/v) trichloroacetic acid and stained with SimplyBlue
SafeStain (Life Technologies, Carlsbad, USA).

6.2.10.

Laser diffraction

Laser diffraction (LD) measurements were carried out using a Horiba LA-950 Particle Analyzer
(Retsch Technology GmbH, Haan, Germany). Samples from each synthesis (using 4 wt%, 6 wt%, and
8 wt% peptide) prepared with a reactive and a nonreactive dispersion were measured three times
every week for one month after synthesis according to ISO 13320. Particle size distribution results
are reported as percentages given at the respective mean volume averages.
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6.2.11.

Bicinchoninic acid assay

To perform the Bicinchoninic acid (BCA) assay, 50 ml samples from each batch of dialysis water (1.5
h, 3 h, 18 h, 42 h, 66 h, 168 h) from each synthesis (0 wt%, 4 wt%, 6 wt%, and 8 wt% peptide) for
both the reactive and the nonreactive dispersion were freeze-dried and redissolved in 500 µl of
deionized water. The same was done with control samples containing 1.2510-3 wt%, 2.5010-3 wt%,
7.50 10-3 wt%, 1.5 10-2 wt%, 3.0 10-2 wt%, 7.50 10-2 wt%, and 1.0 10-1 wt% peptide in deionized
water. The BCA solution was prepared by adding 50 ml of reagent 1 and 1 ml of reagent 2 from a
BCA kit (Carl Roth GmbH & Co. KG, Karlsruhe, Germany). Of each solution to be analyzed, three
times 25 µl were taken and poured into a 96-well plate. 200 µl of working reagent were added and
the plates were incubated at 40 °C for 45 min. Fluorescence intensity was measured at 590 nm using
a Tecan M1000 infinite plate reader (Tecan Group Ltd., Männedorf, Switzerland).

6.2.12.

High-pressure liquid chromatography

High-pressure liquid chromatography (HPLC) measurements were conducted in order to elucidate
the amino acid composition of the peptides recovered after dialysis. 7.66 mg of each sample after
freeze-drying was hydrolyzed in acidic medium and ion exchange chromatography was performed as
described in the literature.34 Peptides were dissolved in 5 ml of lithium citrate buffer pH 2.2 and
diluted 1:5 (v/v) prior to the measurement.

6.2.13.

Zeta potential analysis

Zeta potential measurements of samples after dialysis were carried out using a Zetasizer Nano ZS
(Malvern Instruments Ltd., Malvern, United Kingdom). Only the samples without peptide were
measured right after synthesis because it did not remain stable thereafter.

6.2.14.

Turbidity-titration

For turbidity-titration experiments, the 8 wt% peptide reactive dispersion after dialysis was diluted
to a solid content of 3 % and titrated using 2 M NaOH and HCl solutions. Turbidity measurements
were carried out using a 662 photometer from Metrohm Lt., Herisau, Switzerland.

6.2.15.

Differential scanning calorimetry

For differential scanning calorimetry (DSC) experiments, films were cast from the reactive and the
nonreactive dispersions containing 4 wt%, 6 wt%, and 8 wt% of peptide, and from the reactive
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prepolymer before dispersion formation. The films were stored at 70 °C for 1 h, then at 5 °C for 1
h, and at 40 °C for 3 days in order to permit for melting of crystalline domains, crystal nucleation
and growt.h, respectively. DSC was conducted with a Universal V4.3A (TA Instruments, Wetzlar,
Germany). Experiments were performed under nitrogen atmosphere with 6-7 mg of sample in an
open-top aluminum crucible with a heating rate of 10 K/min in a temperature range of -30 °C to 120
°C.

6.2.16.

Transmission electron microscopy

For transmission electron microscopy (TEM) sample preparation, a drop of the diluted dispersion
containing 8 wt% peptide was applied on a carbon-coated grid. Water was evaporated at RT. TEM
images were obtained with a Tecnai F20 (FEI Deutschland GmbH, Frankfurt, Germany) operating at
an acceleration voltage of 200 kV.

6.2.17.

Scanning electron microscopy

For scanning electron microscopy (SEM) sample preparation, bleached European brown hair was
coated with the 8 wt% peptide reactive dispersion by waving the hair through the solution for 3
seconds, subsequent rinsing with water and drying at room temperature. Pieces of coated and
uncoated hair were then depicted using a field emission microscope (LEO (Zeiss) 1530 Gemini,
Oberkochen, Germany) with an acceleration voltage of 10 kV.

6.3.

PUDs for specific coupling of peptides

Similarly to the previous section (6.2), FTIR measurements were carried out to follow the endcap
reaction (see section 6.2.3), zeta potential measurements were conducted out to assess the charge
of the particles (see 6.2.13), films were cast and tempered, and DSC measurements were carried
out (see 6.2.15.). Please refer to the corresponding subsections for information on the sample
preparation and on the apparatus used.

6.3.1. Synthesis of PU prepolymer
PPOE (4.00 g ; 2.05 mmol), PPOE-1 (4.00 g ; 2.06 mmol), PTMA (76.35 g ; 26.4 mmol), and SG (4.00
g ; 9.41 mmol) were heated to 80 °C until molten, then vacuum (P < 0.1 mbar) was applied for 1 h
to remove traces of water. N2(g) was fed into the flask and the temperature was allowed to drop to
70 °C. IPDI (11.66 g ; 52.43 mmol) was added. Under nitrogen atmosphere and reflux, 0.01 g of
catalyst were added. After the initial increase in temperature, the reaction was carried out at 80
°C. The NCO content was checked every half hour using the back titration method according to ISO
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14896:2009-07 method A until it had reached the theoretical residual value of 1.05% (2 h). Then, the
prepolymer was split into two batches of 50.0 g each. To one batch, HEMI was added (8.82 g ; 62.50
mmol, 33 wt% in dried acetone) in excess to react with the remaining NCO groups (n(HEMI):n(NCO)=
2.5:1) and the successful endcap was confirmed by FTIR. To the other batch, DBA (3.23 g ; 25.00
mmol) was gradually added to react with the residual NCO groups and the successful endcap was
again confirmed by FTIR.

6.3.2. Dispersing
Both batches of prepolymer were treated identically and separately. Dried acetone (50 g each) were
added to the prepolymers under vigorous stirring and reflux. Twice 300 g of deionized water were
heated to 40 °C. Dispersions were formed using an UltraTurrax operating at 11 000 rpm for 5 min.
Then, the dispersions were passed through a homogenizer containing two chambers of 400 nm and
200 nm diameter and operating at a pressure of 6 bar.

6.3.3. Dialysis
Dialysis membranes with a MWCO of 100 kDa were obtained from Carl Roth GmbH & Co. KG,
Karlsruhe, Germany and used for all dialyses performed for this project. Dialysis was carried out
twice: Firstly, the MI-functionalized dispersion and the control dispersion were dialyzed against
deionized water for purification. Accordingly, the dispersions were dialyzed for three days directly
after synthesis while changing the dialysis water daily. Afterwards, the dispersions were freezedried for solid content measurement and DLS measurements were performed. Secondly, the
different MI-PUDs and the control dispersion were dialyzed after coupling in order to remove
unattached peptide. In this case, dialysis was performed against P-buffer (0.01 M, pH 7.0) overnight
and the dialysis water was changed 3 times over that period of time.

6.3.4. Determination of the amount of maleimide at the interface
The maleimide-functionalized dispersion and the DBA-endcapped control dispersion were diluted to
a solid content of 1.00 wt%. 726 µl of a 10 mM ACC solution were added to 1.00 g of MI-PUD and to
1.00 g of the control (for a stoichiometry of n(SH):n(MI) = 3:1) and left to stir for 24 h. The Ellman’s
test was performed (see section 6.3.7 for details) immediately after addition and after 24 h to
measure the residual ACC concentration.

_____________________________________________________________________________________
108

Experimental Part
_____________________________________________________________________________________

6.3.5. Partial maleimide de-functionalization
Using the determined amount of reactive maleimide (MI) in the dispersion, 2.38 ml or 3.57 ml of a
10 mM ACC solution (2.38x10-5 mol or 3.57x10-5 mol) were added to 2.00 g of MI-PUD (solid content
9.85 wt%) in order to react with 50% or 75% of MI groups, respectively. The obtained dispersions were
correspondingly termed MI-PUD(50) and MI-PUD(25).

6.3.6. Coupling of Cysteine-containing peptide to PUD
For coupling, all three dispersions (MI-PUD, MI-PUD(50), and MI-PUD(100)) were diluted to a solid
content of 3.54%. 100 mg (6.06 x10-5 mol) of peptide were dissolved in 40.4 ml of phosphate-buffer
(0.01 M, pH 7.0) for a concentration of 1.5 mM. To 13.47 ml of peptide solution, 1.575 ml of PUD
were added such that n(MI):n(cysteine)=1:1.5. The mixture was allowed to stir for 24 h to permit for
coupling to occur. Aliquots were taken after 1 h, 3 h, 6 h, 8 h, and 24 h to follow the reaction using
the Ellman’s test.

6.3.7. Ellman’s test
A DTNB stock solution was prepared containing 2 mM DTNB and 50 mM NaOAc, along with Tris buffer
(1 M, pH 8.0), and ACC solutions for calibration of 2.5 mM, 1 mM, 0.5 mM, 0.25 mM, and 0.1 mM).
To perform the test, aliquots of 10 µl were taken from the reaction. 50 µl of DTNB stock solution,
100 µl of Tris buffer, and 840 µl of deionized water were added and the solution was incubated for
5 min at room temperature. Then, three 300 µl fractions were taken and put into a 96-well plate for
absorption measurements at 412 nm.

6.3.8. Protein charge calculations
Calculations were carried out using the Protein Calculator v3.4.194

6.3.9. Dynamic light scattering
Dynamic light scattering (DLS) measurements were performed using a Zetasizer Nano ZS from
Malvern Instruments Ltd., Malvern, United Kingdom. Samples were diluted to a solid content of
approximately 0.01 wt%. Results are displayed as z-Average values and the related PDI.
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6.3.10.

Ultraviolet-visible spectroscopy

Absorption measurements at 412 nm were carried out using a Synergy H1 Multi Detection Reader
from Bio-tek Instruments GmbH, Bad Friedrichshall, Germany.

6.3.11.

Quartz crystal microbalance with dissipation

For quartz crystal microbalance with dissipation (QCMD) measurements, stainless steel sensors were
obtained from LOT-QuantumDesign GmbH, Darmstadt, Germany. Prior to use, sensors were cleaned
by UV/ozone treatment for 10 min, subsequent immersion in an aqueous SDS solution (2 wt%) for 30
min, rinsing with deionized water and drying under nitrogen gas. Two QCMD measurements were
carried out at 20 °C with a flow rate of 50 µl/min by letting first Phosphate-buffer (0.01 M, pH 7.0)
flow over the sensor for 1 h. Then, the dispersions (solid content 0.35 wt%) and the peptide solution
(0.45 μmol/ml) in Phosphate-Buffer were allowed to flow over the sensor for 1 h, and lastly, the
sensor was rinsed with buffer for 2 h.

6.4.

P-functionalization of PUDs

Similarly to the previous sections (6.2 and 6.3), FTIR measurements were carried out to follow the
endcap reaction with DBA (see section 6.2.3), films were cast and tempered, and DSC measurements
were carried out (see 6.2.15). Furthermore, as described in 6.3.9, DLS was used for all dispersions
to measure the particle size. Please refer to the corresponding subsections for information on the
sample preparation and on the apparatus used.

6.4.1. Synthesis of PU prepolymer
SG (8.00 g; 18.8 mmol), PPOE (8.00 g; 4.21 mmol), PPOE-1 (8.00 g; 3.77 mmol), and PTMA (149.7 g;
51.7 mmol) were heated to 80 °C, and vacuum (P < 0.1 mbar) was applied for 1 h to remove traces
of water. N2 was fed into the flask and the temperature was allowed to drop to 70 °C. IPDI (26.33
g; 118.5 mmol) was added. Under nitrogen atmosphere and reflux, 0.020 g of catalyst (50 wt% in
acetone) were added. After the initial increase in temperature, the reaction was carried out at 80
°C. Endgroup analysis was utilized to observe the increase of the number average molecular weight,
i.e. the NCO content was checked every half hour according to ISO 14896:2009-07 method A until it
had reached the theoretical residual value of 1.68% (2 h).
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6.4.2. Endcap with dibutyl amine in solution
Once the polymerization was complete, 200 g of acetone (anh.) were added and the temperature
was allowed to drop to 40 °C under reflux. The solution was split into two batches of 200 g each. To
the first batch, DBA was gradually added (5.16 g; 40.0 mmol) and the endcap was monitored through
FTIR (see section 4.3.3 for details). The endcapped prepolymer was then dispersed in water (300 g,
40 °C) using an UltraTurrax (T25 basic from IKA Labortechnik, Staufen, Germany) operating at 11
000 rpm for 5 min. The dispersion was then passed through a homogenizer (M-110Y Microfluidizer
from Microfluidics, Newt.on, USA) containing two chambers of 400 µm and 200 µm diameter and
operating at a pressure of 6 bar.
The second batch was dispersed in water as described above and the endcap was then performed in
dispersion.

6.4.3. Endcap in dispersion
Two synthetic approaches were conducted which differ in the order of pH adjustment and dispersion
formation. For Method A, the reactive dispersion was split into four batches of 50.0 g each. NA was
added based on the respective (NCO)/(NA) stoichiometry ratios, i.e. 1:1 (5.54 g; 20.0 mmol), 4:3
(4.16 g; 15.0 mmol), 2:1 (2.77 g; 10.0 mmol), and 4:1 (1.38 g; 5.00 mmol). Afterwards, the pH value
was increased to pH 12 using concentrated NaOH solution and the dispersions were left to stir for 30
min. For Method B, pH adjustment was conducted prior to dispersion formation and with NA and
AMPA as encapping reagents and using a 1:1 stoichiometry of n(NCO):n(endcap reagent).

6.4.4. Dialysis
All dispersions were dialyzed using a cellulose ester membrane with a molecular weight cut off of
30 kDa (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) after synthesis and for an overall period of
1 week against water of decreasing salt concentration using NaCl in order to desalt and to remove
any unattached endcapping reagent.

6.4.5. Inductively-coupled plasma optical emission spectroscopy
Inductively-coupled plasma optical emission spectroscopy (ICP-OES) measurements were conducted
using a high pressure asher (HPA-S model from Anton Paar GmbH, Graz, Austria) and an ICP
spectrometer (model 720 from Agilent Technologies, Santa Clara, CA, USA). 0.2 g to 0.4 g of freezedried sample were prepared and 4 ml HNO3 and 0.2 ml H2SO4 were added. The recipient was closed
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off tightly and administered into the asher under nitrogen atmosphere. The protocol starting
temperature was 25 °C at a pressure of 100 bar, then the temperature was increased to 80 °C
isobarically. Over the course of 120 min, the temperature was increased to 300 °C at a maximum
pressure of 130 bar and then kept constant for 30 min. Through venting, the temperature was then
decreased to room temperature

6.4.6. Particle charge detection
Particle charge detection (PCD) measurements were carried out using a detector (Mütek GmbH,
Germany) in combination with a Titrino Automatic Titrator (Metrohm AG, Switzerland). Samples
were diluted to a solid content of 0.1 wt% and 10 ml were titrated with the positively charged
poly(diallyldimethyl) ammonium chloride (PDADMAC). Calculations of the number of groups on the
surface and the surface coverage were done as described in the literature,217 based upon the average
volume of polyelectrolyte from three titration experiments.

6.4.7. Quartz crystal microbalance with dissipation
For quartz crystal microbalance with dissipation (QCMD) measurements, hydroxyapatite and stainless
steel sensors were obtained from LOT-QuantumDesign GmbH, Darmstadt, Germany. Prior to use,
HAP sensors were cleaned by UV/ozone treatment for 10 min, subsequent immersion in ethanol for
30 min, rinsing with deionized water and drying under nitrogen gas. Stainless steel sensors were
cleaned as described in section 6.3.11. Measurements were carried out using a Q-Sense E4 device
(Biolin Scientific, Stockholm, Sweden). Measurements were conducted at 20 °C and a flow rate of
50 µl/min. After establishment of a stable baseline, the dispersions (solid content 3 wt%) were
allowed to flow through the system for 3 h 30 min. Subsequent rinsing was carried out for 2 h 30
min.
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8. Abbreviations and Symbols
This chapter provides a list of all of the abbreviations and the symbols used in the thesis.

8.1

Abbreviations

Abbreviation

Full name

AA

Amino acid

ACC

N-acetyl-L-cysteine

Ala

Alanine

AMPA

Aminomethyl phosphonic acid

Arg

Arginine

Asp

Aspartic acid

BCA

Bicinchoninic acid

Ca

Calcium

DBA

Dibutyl amine

DLS

Dynamic light scattering

DLVO

Derjaguin, London, Verwey and Overbeek

DMPA

Dimethylolpropionic acid

DMT model

Derjaguin, Muller, Toporov model

DSC

Differential scanning calorimetry

DTNB

5,5'-dithiobis-(2-nitrobenzoic acid)

EA

Ethyl acetate

EO

Ethylene oxide

EU

European Union

Glu

Glutamic acid

Gly

Glycine

GPC

Gel permeation chromatography

H12MDI

4,4'-methylenebis(cyclohexylisocyanate)

HAP

Hydroxyapatite

HDI

Hexamethylene diisocyanate

HEMI

Hydroxyethyl maleimide

His

Histidine

HPLC

Liquid chromatography

ICP-OES

Inductively coupled plasma optical emission spectroscopy

IEF

Isoelectric focusing

IF

Intermediate filament

IFP

Intermediate filament protein

Ile

Isoleucine
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IP

Isoelectric point

IPDI

Isophorone diisocyanate

IR

Infrared

JKR model

Johnson, Kendall, Roberts model

KAP

Keratin associated proteins

KP

Keratin protein

LD

Laser diffraction

Leu

Leucine

Lys

Lysine

MDI

4,4'-methylenebis(phenylisocyanate)

Met

Methionine

Mg

Magnesium

MI

Maleimide

MI-PUD

Maleimide-functionalized PUD

MI-PUD(25)

Maleimide-functionalized PUD with 25 mol% residual MI

MI-PUD(50)

Maleimide-functionalized PUD with 50 mol% residual MI

Mn

Number average molecular weight

MNB

5-Mercapto-2-nitrobenzoate

mol%

Mole percent

MP model

Maugis and Pollock model

MWCO

Molecular weight cut off

NA

Neridronic acid

NA100

NA-functionalized PUD with a stoichiometry of 1:1 (n(NCO):n(NA))

NA25

NA-functionalized PUD with a stoichiometry of 4:1 (n(NCO):n(NA))

NA50

NA-functionalized PUD with a stoichiometry of 2:1 (n(NCO):n(NA))

NCO

Isocyanate

PCD

Particle charge detection

PDADMAC

Polydiallyldimethylammonium chloride

PDI

Polydispersity index

PDMS

Poly(dimethylsiloxane)

PEG

Polyethylene glycol

PES-Na

Sodium polyethylene sulphate

P-group

Phosphonate group

Phe

Phenylalanine

PO

Propylene oxide

PPOE

Poly(oxypropylene, oxyethylene) glycol

PPOE-1

Poly(oxypropylene, oxyethylene) glycol

P-PUDs

PUDs comporting phosphonate groups

P-reagent

Phosphonate-functionalized reagents

_____________________________________________________________________________________
121

Abbreviations and Symbols
_____________________________________________________________________________________
Pro

Proline

PTMA

poly(tetramethylene adipate)

PU

Polyurethane

PUD

Polyurethane dispersion

QCMD

Quartz crystal microbalance with dissipation

SDS-PAGE

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis

SEM

Scanning electron microscopy

Ser

Serine

SG

Sulfonated glycol

SS

Stainless steel

S-S

Disulfide link

TDI

Toluene diisocyanate

TEM

Transmission electron microscopy

THF

Tetrahydrofuran

Thr

Threonine

Tyr

Tyrosine

UV

Ultraviolet

Val

Valine

VOC

Volatile organic compound

wt%

Weight percent

ZP

Zeta potential

8.2

Symbols

Greek

Meaning

α

Static polarizability of a given atom

γ

Surface tension

γAB

Lewis acid-base surface tension

γLW

Lifshitz-van der Waals surface tension

ε

Permittivity of a given medium

λ

Wavelength

λD

Debye length

λint

Interaction parameter

ν

Poisson's ratio

ν0

Frequency of the electron in the ground state

ϕ

Electrostatic potential

ϕ0

Electrostatic surface potential
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Latin/Roman

Meaning

A

Hamaker constant

a

Radius of deformation of a substrate

Å

Ångström

d

Radius of the indenter

e

Charge of the electron

E

Young's modulus

Eel

Electrostatic force of interaction

H

Distance of separation

h

Planck's constant

H0

Equilibrium distance of separation

kB

Boltzmann constant

l

Distance of separation between two charges

lB

Ni2

Bjerrum length
Density of atoms per volume

n0

Density of counterions

nP

Density of atoms in a particle

nS

Density of atoms in a substrate

P

Compressive load

R

Radius of a spherical particle

T

Temperature

VBRsp

Born repulsion energy of interaction in the sphere-plate model

Vwsp

Van der Waals energy of interaction in the sphere-plate model

Vwss

Van der Waals energy of interaction in the sphere-sphere model

z0

Separation distance between two materials
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im AK von Prof. Dr. Ludwik Leibler
2007-2009

Universität Pierre & Marie Curie, Paris VI

Jun 2010: Erlangen des Bachelors, Studienfach Chemie
Aug 2008: Praktikum bei der UCL Umwelt Control Labor GmbH, Lünen

Schulausbildung
2004 – 2007

Harriton Senior High School of Rosemont / PA, USA

Jun 2007: Erlangen des International Baccalaureat
1999 – 2004

Theodor-Heuss-Gymnasium, Waltrop
Bilingualer Zweig deutsch-französisch
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