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CHAPTER 1. OVERVIEW 5

1.1 Outline

This thesis addresses direct measurements of the response from polyelectrolyte (PE)
layers, composed of polyelectrolyte brushes. In particular, systems that are studied
are polyelectrolyte brushes on hard substrates and layers that are built up of colloidal
building blocks, i.e. spherical polyelectrolyte brushes and PE micelles composed of
double-end-tethered annealed polyelectrolyte brushes. For the investigation of these
so-called ”smart” coatings, coatings that can switch their properties in response to ex-
ternal stimuli (or vice versa), atomic force (AFM) and optical microscopy was used.
New techniques by means of combination of AFM and optical microscopy were devel-
oped. Also, established physico-chemical techniques were used to explore and charac-
terize properties of the polymer brush systems.
Smart coatings are an interdisciplinary research field and everyone has something to
bring to the table1: A chemist is for example interested in developing new synthetic
methodologies or in studying polymerization in the confined dimensions of a thin film;
an engineer is interested in understanding transport phenomena and barrier properties
of new coatings and to design new devices; a biologist is interested in biomimetic sys-
tems that enable the replication of in-vivo conditions and cellular interactions; a nan-
otechnology oriented scientist thinks about the unique nanoscale dimension by which
structure-property relationships can be derived; and a physicist is interested in inter-
facial phenomena, in particular the understanding of conformational changes and the
resulting response.
We, me and my cooperation partners, addressed all of these points. By combining
the capabilities of the involved groups in polymer synthesis, chemical characterization,
atomic force- and optical microscopy, and micro-mechanical modeling, we developed
new polymer brush systems that show unique properties, characterized these systems,
emerged an understanding of the observed response and related this to possible applica-
tions. Examples are the rational design of sensors, actuators, and reversible adhesives.

1.2 Content of the Individual Chapters

After an introduction Chapter 2 gives a review of the status of research on PE lay-
ers and of their theoretical treatment. In particular the most important aspects of
PEs, functionalization of surfaces with PEs, and properties of polymer brushes are
discussed. Furthermore the experimental techniques, i.e. AFM and optical microscopy

1The following passage is adapted from Ref. [1].
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and fundamentals of interaction forces and contact mechanics that are relevant to the
experiments presented in this thesis are introduced.
The thesis consist of five individual chapters that present issued publications in Chap-
ters five to nine and work in progress that is presented as drafts in further per-
spectives (Chapter 8).
The first paper (Chapter 3) presents a novel method that can be used to study adhe-
sion and contact phenomena of surfaces based on a soft colloidal probe (SCP), attached
to an AFM cantilever using the Johnson, Kendall, and Roberts (JKR) approach. In the
second part (Chapter 4), a novel method is established to map contact stresses with
unprecedented precision using mechanosensitive polymer brush layers. This system is
calibrated using the SCP probe technique, introduced in Ch. 3.
Further, polymer brushes can be used for the design of responsive layer systems and to
tune surface properties, such as wettability, adhesion, and friction. Chapter 5 presents
an approach for gradual tuning of surface interactions based on photo-responsive poly-
mer brushes.
Also, responsive layers can be built from colloidal building blocks. Interaction proper-
ties of spherical polymer brushes (SPBs) with multilayers as a function of ionic strength
are studied in Chapter 6. The measurement results can be used to explain and to
regulate the absorption behavior of SPBs and to design functional layer systems.
Further, highly sensitive coatings are designed, based on block copolymer micelles.
These coatings are investigated with respect to their swelling behavior which depends
on pH and ionic strength (Chapter 7). Also the resulting changes in their porosity
and mechanical properties are studied.
In Chapter 8 further perspectives for mechanoresponsive systems are adressed. After
discussions about further possibilities for direct measurements of contact stresses of soft
materials (Ch.8.1), mechanoresponsive polymer brush systems are used in Ch. 8.2
to study contact and adhesion of biomimetic adhesives. Ch. 8.3 shows possibilities to
enhance the sensitivity and resolution of the mechanoresponsive polymer brushes by
rational design of the brush layers.

Soft Colloidal Probe AFM

Chapter 3: ”Soft Colloidal Probe AFM” [2] introduces a novel technique to charac-
terize adhesion and contact on the micron scale.
Such phenomena are important for all kinds of soft matter interactions. Current issues
of research are interface phenomena in biological systems, as cell migration or cellular
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differentiation. Understanding the adhesive properties of cells to the substrate will help
to control such behavior. Another important research field is miniaturization of com-
ponents. The performance of nano and micronscale components is determined by their
interfacial properties. Such, for materials selection, device design, and performance ac-
curate determination of the interfacial properties is necessary. Also of growing interest
are interfacial properties of complex synthetic systems, e.g. polymer brushes, multi-
layers and patterned surfaces, since such smart coatings can tailor surface properties
like wettability, adhesion, permeability or optical features.
Requirements for the characterization of adhesion and contact phenomena are that
information on the micron-sized contact zone and on dynamics of contact formation
is accessible. Here, we introduce a novel approach for the investigation of such phe-
nomena of soft matter surfaces that combines advantages of a macro scale method,
the so-called ”JKR apparatus” and a micro-scale method, namely colloidal probe (CP)
atomic force microscopy (AFM).
In this soft colloidal probe (SCP) AFM technique an elastomeric colloidal probe, made
of polydimethylsiloxane (PDMS) is attached to an AFM cantilever, rendering the con-
tact area between probe and sample much larger as compared to standard CPs (e.g.
composed of silicon or glass). This allows to determine the contact behavior of the
probe, i.e. the contact area, via interferometry as a function of applied load (Figure
1.1A). The load can be controlled with subnanonewton precision using the AFM feed-
back loop. We could show that the contact situation can be described using a contact
mechanics model developed by Johnson, Kendall, and Roberts (JKR).
In order to establish the technique, we developed a protocol for the SCP preparation
and solved the problem of optical lever sensitivity determination for cantilevers func-
tionalized with soft probes. SCPs made of PDMS with a diameter in the order of
10µm and a Young’s modulus in the order of 1 MPa were prepared via suspension
polymerization of the precursor polymer in tenside solution. SCPs where attached to
the cantilever in order to ensure an adequate (large enough) contact area between the
particle and the cantilever.
In order to measure adhesion energies, we pressed the SCP against the substrate of
choice and recorded the contact area by micro interferometry (i.e. reflection interfer-
ence contrast microscopy: RICM) in situ. Fitting the data with the JKR theory yields
the adhesion energy: the contact area (a) can be described as a function of applied
load (P ), elastic properties (K) and work of adhesion (w), a = f(P,K,w), and all pa-
rameters except the work of adhesion are known (Figure 1.1B). We tested this method
at ambient conditions as well as in aqueous media on well-known surface chemistries
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Figure 1.1: The soft colloidal probe technique: 1.1A Experimental setup, 1.1B Anal-
ysis of the thermodynamic work of adhesion
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and can clearly separate the contributions of capillary forces in air, hydration forces,
and hydrophobic interactions in water.
Full ensemble of data (for every load w can be determined) and the large contact area
make the SCP approach an outstanding method for adhesion measurements with an
enhanced sensitivity. Additionally it is possible to study soft matter contact situations
at controlled conditions on the micron scale. This fact can be exploited to investigate
stress sensitive systems, because the local stress can be determined from JKR theory
for an adjusted applied load. In the contact zone the sample under investigation is
exposed to various pressures and its response can be analyzed.

Mechanoresponsive Polyelectrolyte Brushes

Chapter 4: ”Mechanoresponsive Polyelectrolyte Brushes” [3] introduces a promising
technique for local detection of stress distributions with outstanding resolution. There-
fore stress is translated by a mechanoresponsive polyelectrolyte brush into an optical
output.
Accurate knowledge of stress distribution in the contact area is crucial for understand-
ing soft matter contact situations. The key challenge in the experimental studies of
stress distributions in soft matter contacts is the demand of combining high stress sen-
sitivity (on the order of kPa) with high lateral resolution (below micrometer). Classical
solutions, such as stress sensors (often called pressure sensors) using the deflection of
mechanical elements like membranes as a means for quantifying stresses are reaching
fundamental limits in terms of the lateral dimensions. Even most sophisticated micro-
electromechanical system approaches (MEMS) have so far only reached the pressure
sensitivity for lateral dimensions of >> 10µm. Mechanoresponsive materials even in
their early stages of developments, overcome these fundamental limitations. In these
systems, a mechanical stimulus directly affects the electrical, chemical or optical prop-
erty of a material sensor. For these material based approaches, the limiting factor in
terms of lateral resolution is how locally the material responds to external pressure and
how accurately these changes can be read out.
Polymer brushes are particularly interesting in this respect, since they consist of in-
dividual, surface grafted, but not laterally crosslinked polymers. The weak lateral
coupling, indeed, is a necessary condition for high lateral resolution. At the same time,
polymer brushes are themselves soft matter systems and thus match the typical range
of elastic properties and deformability, allowing for suitable sensitivity. The key chal-
lenge however is to modify the polymer brushes such that their compression state can
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be read out in a simple fashion with high lateral resolution.
We developed promising mechanical addressable surfaces, that report stress fields by
translating a mechanical stimulus (stress) into an optically detectable response in aque-
ous solution (Figure 1.2A). These surfaces were realized on the basis of cationic, flu-
orescently labeled polyelectrolyte brushes: Poly[2-(Methacryloyloxy)Ethyl] Trimethyl
Ammonium Chloride (PMETAC) copolymer brushes labeled with carboxyfluorescein
dye (CF). The dye molecules are covalently immobilized on the brush. Such sur-
faces report stress by a change in fluorescence due to dye quenching. Polymer brush
compression leads to an association of CF with the quaternary ammonium groups of
METAC, while local stretching of the chains causes a decrease in quenching. Quanti-
tative characterization of the mechanoresponsive properties of polyelectrolyte brushes
were performed using soft colloidal probe AFM introduced in Ch. 3.
Pressure was applied to the brushes using an atomic force microscope (AFM) equipped
with a cantilever functionalized with an elastomeric probe made of PDMS. Due to me-
chanical deformation of the soft colloidal probe, the contact area of the system is large
enough to be monitored with a confocal laser scanning microscope (CLSM) in situ.
Upon contact of the SCP with the surface, a dark spot surrounded by a bright rim
occurs (Figure 1.2A). In order to understand the behavior of the observed response,
the contact situation underneath the PDMS bead is modeled using the contact me-
chanics theory of Johnson, Kendall, and Roberts (JKR). The JKR model describes
the contact as interplay between elastic deformation and adhesion (Figure 1.2B). The
resulting stress distribution underneath the bead remains compressive at the center,
while stresses are tensile at the edge of the contact area. We can assign the decrease in
fluorescence intensity (as compared to the background intensity) to areas of compres-
sion and the slight increase at the rim of fluorescence to areas of tension. With this
observation, a response function I(p) which correlates local fluorescence intensity (I)
to local (calculated) stress (p) was established (Figure 1.2C) . We demonstrated that
stress distributions could be translated into local fluorescence signals with a lateral
resolution limited by the optical read-out (1 micron) and a stress sensitivity of at least
10 kPa.
Also, the response of the sensor stabilized well before the acquisition time (1−2 s) and
it is constant over several minutes and completely reversible.
Further, brush compression and quenching can be induced by the addition of salts. We
could show that the dependency of the relative intensity on p is only weakly changing
with salt concetration of the solution.
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Figure 1.2: Mechanoresponsive surfaces: 1.2A Experimental design to measure the
fluorescence-based readout. PMETAC copolymer brush with covalently immobilized
CF (brush height H ≈ 100 nm) compressed with a SCP (Radius R ≈ 15µm) and
observed fluorescence signal, 1.2B Detected intensity and calculated stress profile, 1.2C
Determined response function
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Phototunable Surface Interactions

Chapter 5: ”Phototunable Surface Interactions” [4] reports on a novel approach to
tune surface interactions gradually with light.
Gradual tuning of surface properties, in particular wettability , adhesion, and friction is
important for a large number of applications and allows matching of surface properties
for the desired application. For example surface gradients can be used for manipulation
of the motion of liquids or to prepare water harvesting surfaces. Another application
is controlled attachment or detachment of chemical compounds. This can be used for
instance in drug delivery systems or lab on the chip devices.
Instead of tuning the surface properties by variation of the synthesis protocol (as vary-
ing the molecular architecture) this chapter inserts a simple alternative to tune sur-
face properties via light. Light responsive polymer brushes were obtained by surface
initiated atom transfer radical polymerization (ATRP) of a methacrylate monomer
containing ionizable -COOH side groups caged with photo-removable 4,5-dimethoxy-
2-nitrobenzyl (NVOC) (Figure 1.3A). Photo-response was possible using photo labile
caged compounds. The neutral polymer brush (PNVOCMA) transforms to a charged,
hydrophilic poly(metacrylic acid) polymer (PMAA) brush upon exposure with ultravio-
let light (λ = 365 nm) due to removal of the o-nitrobenzyl groups. The light-dependent
compositional change can be controlled by exposure time, intensity and allows to define
intermediate interfacial states (instead of variation of brush length or grafting density).
As a consequence the surface properties change. We show how the physical properties,
in particular wettability, hydrophobicity, adhesion, and lubrication of the brush can be
gradually tuned with the exposure dose using quarz micro balance technique, conden-
sation microscopy, atomic force microscopy (AFM), force mapping and friction force
spectroscopy. For this purpose patterned brush substrates were prepared by irradiated
through a structured quartz mask. In this way an internal standard was conserved
in the experiment that allowes comparison between different samples and to create an
internal reference for the surface properties.
We obtained a relationship between photoconversion and irradiation dose and followed
the light-modulated generation of hydrophilic COOH groups using quartz crystal mi-
cro balance technique. Here the water uptake of the hydrophilic polymer brush was
detected that increases as a function of time (Figure 1.3B). Visualization of the wet-
tability differences between the PNVOCMA and the PMAA polymer brushes was also
possible by condensation microscopy. Water condensed primarily on the exposed re-
gions, i.e. PMAA-rich areas that are more hydrophilic than areas covered by unexposed
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PNVOCMA. This can be for example exploit for selective adsorbtion of particles and
therefore for the design of hirachical structures from colloidal building blocks. Further,
using imaging AFM, we could identify a topographic contrast of around 3 nm between
0% und 100% conversion that can be asigned to the release of NVOC groups.
As a consequence of photoconversion, interfacial surface forces change as well. To
analyze the physical properties of the defined intermediate chemical states we used
force spectroscopy and friction measurements. Therefore, we determined the interfa-
cial properties between the polymer brush and the cantilever probe (SiO2 tip). By force
spectroscopy and quantitative imaging (every pixel of a detected image contains infor-
mation on adhesion and repulsion) we demonstrated that adhesion forces on irradiated
areas decreased and repulsive forces increased due to electrostatic repulsion. Above
75% conversion, a clear contrast between irradiated and no irradiated areas could be
observed, which was not detectable below 50%. Also, solvent forces and steric inter-
actions contribute to this behavior. In case of friction measurements we could observe
a continuous increase of friction force contrast between PNVOCMA and PMAA areas
(Figure 1.3C).

Interactions of Spherical Polyelectrolyte Brushes

Chapter 6: ”Interactions of Spherical Polyelectrolyte Brushes” [5] covers, how surface
properties, in particular interaction forces, can be tailored to adjust the adsorption
behavior of spherical polyelectrolyte brushes for hierarchical particle organization.
Alternative to functionalize surfaces with PE molecules such as for example using poly-
mer brushes (as shown in Ch. 5), surface modification is also possible using colloidal
building blocks. This offers interesting possibilities since the colloids can carry vari-
ous functionalities. Additionally, the size of colloidal particles increases the adsorption
energy as compared to single (macro-) molecules while ensuring that interfacial inter-
actions are dominant over inertia or other forces for the macro-scale.
Understanding the underlying interactions between the colloidal building block and the
substrate of interest is fundamental for surface modification and further applications.
Examples are the design of hierarchical structures of metal colloids out of suspension
that allows surface enhanced raman spectoscopy due to plasmon coupling between ad-
jacent particles.
In this work, we investigated the interaction of the colloidal building blocks, i.e. anionic
spherical polyelectrolyte brushes (SPB: Polystyrene (PS) core and attached polystyrene
sulfonate (PSS) chains) and substrates functionalized with polyelectrolyte multilayers
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Figure 1.3: Phototunable surface interactions: 1.3A Photo-responsive system 1.3B
time and water uptake vs. photo conversion and 1.3C friction contrast vs. photo
conversion.
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consisting of polystyrene sulfonate (PSS) and poly-(diallyl dimethyl ammonium chlo-
ride) (PDA) (Figure 1.4A). For this purpose, we established a protocol for the prepa-
ration of micrometer-sized polystyrene particles (orders of 10 µm) decorated with PSS
chains as model system for SPBs nanoparticles. Using centrifugal sedimentation and
zeta potential measurements we could prove successful functionalization.
The particles were glued to an AFM cantilever and interactions between the particles
and polyelectrolyte multilayers were measured using force spectroscopy. Comparison of
the interactions between SPBs that were used as CPs, with oppositely charged, amino-
functionalized substrates, and uncoated PS cores with amino-functionalized substrates
confirm the fuctionalization of the PS particles with PSS chains. Using these probes
and measure the interactions between these ”micron SPBs” and PDA and PSS ter-
minated multilayers we could show that the adhesive properties of the SPBs can be
controlled by the ionic strength and the charge of the substrate (Figure 1.4B).
In addition, we studied the adsorption behavior of SPBs as a function of the ionic
strength and the influence of the substrate charge (Figure 1.4C). For this purpose,
we used nanosized SPBs (order of 100 nm) consisting of a PS core grafted with PSS
chains. Covering a wide range of ionic strengths we have found a clear dependence
of the surface coverage of SPBs on the substrate on the NaCl concentration and the
substrate charge.
With increasing ionic strength, the coverage increased for oppositely charged surfaces
up to an ionic strength of 10 mM. No SPB adsorption occurs on equally charged sur-
faces. Further increase of the ionic strength of the solution results in a gradual loss
of the substrate selectivity. This can be explained by the transition of the polymer
brush from the osmotic to the salted brush regime. In the osmotic brush regime the
release of counterions and electrostatic repulsion of SPBs and charged substrates de-
termine adsorption respectively. In the salted brush regime that can be assigned to
ionic strengths > 10 mM, attractive secondary interactions become dominant.
We utilize this behavior for the design of hierarchical surface patterns. Therefore we
prepared charge patterned substrates using micro contact printing for selective SPB
adsorption.

Swelling Behavior of Block Copolymer Micelles

Chapter 7: ”Swelling Behavior of Block Copolymer Micelles” [6] deals with highly
responsive coatings based on block copolymer micelles.
Smart coatings, which can reversibly switch their physico-chemical properties in re-
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Figure 1.4: Interactions of Spherical Polyelectrolyte Brushes: 1.4A Design of the
SPBs, 1.4B Interactions of SPB with PE functionalized substrates, 1.4C Adsorption
behavior of SPBs depending on the salt concentration.



CHAPTER 1. OVERVIEW 17

action to external stimuli are a very attractive research field regarding its potential
applications (as shown above). Examples are drug delivery, microfluidic systems, cell
tissue engineering, as well as sensing, or actuation.
Our goal was to create highly responsive and stable coatings. Therefore we used mi-
cells that are composed of a hydrophobic polybutadiene core, an annealed anionic
poly(methacrylic acid) polymer brush shell and a quenched cationic corona of quater-
nized poly(2-(dimethylamino)ethyl methacrylate) as building block. These micelles
were assembled from solution (pH 4 buffer, where the shell is uncharged) with a
quenched polyanion (anionic poly(sodium 4-styrenesulfonate: PSS) into multilayers
as scatched in Figure 1.5A using the layer-by-layer (LBL) approach. This system
combines the advantages of the highly responsive annealed polymer brushes, the func-
tionality and internal hierarchy of colloidal building blocks and the simple preparation
procedure of LBL films.
These multilayer are studied with respect to morphology, porosity swelling degree and
the corresponding mechanical properties dependent on the composition of the film and
the surrounding medium. Using ellipsometry, AFM imaging and force spectroscopy we
followed the pH triggered reversible swelling and contraction of the multilayer films and
the resulting mechanical properties. Also, the dependence on the number of deposition
steps was investigated.
We could show that morphology and porosity strongly depend on the number of de-
position steps. The porosity can be tuned between 0% and 50% for 20 or 1 deposition
steps, respectively. The porosity has a big influence on the water uptake and the
corresponding swelling behavior. We could vary water uptake by around two orders
of magnitude and the swelling degree by more than three orders of magnitude. The
swelling decreases with increasing film thickness.
Pore opening and closing and the resulting degree of swelling can be regulated by the
solution pH (between pH 4 and pH 12). We observed a 6-fold increase in film thickness.
This could be associated to an increase in Young’s modulus from a few kPa to hundreds
of kPa (Figure 1.5B).

Further Perspectives

Chapter 8: ”Further Perspectives” addresses new aspects of the mechanoresponsive
systems based on cationic polymer brushes (Ch. 4). Understanding the nature and the
distribution of stresses at the contacts of deformable solids is fundamental to the fields
of soft mechanics and adhesion. The results of mechanoresponsive systems based on
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Figure 1.5: Swelling of Block Copolymer Micelles: 1.5A Micelles are composed of a
hydrophobic polybutadiene core, an annealed anionic poly(methacrylic acid) polymer
brush shell and a quenched cationic corona of quaternized poly(2-(dimethylamino)ethyl
methacrylate). These micelles are assembled in layer-by-layer films using PSS. 1.5B
Response of block copolymer micelles to pH.
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cationic polymer brushes are very promising, and several fundamental aspects can be
addressed to fully unfold the potential of this detection scheme (Ch.8.1).
Also, such surfaces are of particular interest for the understanding of bioinspired re-
versible adhesives as will be discussed in Ch.8.2. Further, possible enhancement of the
sensitivity and resolution of the mechanoresponse by rational design of brush layers is
discussed in Ch.8.3.
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1.3 Individual Contributions

This work is the outcome of close collaborations and knowledge transfer between dif-
ferent groups and individual contributions of diverse persons besides the author.

Soft Colloidal Probe AFM

• I developed the method, performed and analyzed all experiments, and wrote the
manuscript.

• S. Schmidt helped to develop the method and corrected the manuscript.

• A. Fery analyzed the results, helped with discussions, and correcting the manuscript.

Mechanoresponsive Polyelectrolyte Brushes

• I developed the method for stress detection, performed and analyzed all exper-
iments for stress detection, wrote parts of the manuscript and corrected the
manuscript.

• J. Bünsow developed the synthesis protocol for the mechanoresponsive polymer
brushes, characterized the polymer brushes, helped to develop the method and
with the experiments for stress detection, wrote parts of the manuscript, and
corrected the manuscript.

• P. M. Biesheuvel helped to analyze and discuss the results.

• A. Fery analyzed the results, helped with discussions, and corrected the manuscript.

• W.T.S. Huck analyzed the results and finalized the manuscript.

Photo-Tunable Surface Interactions

• I performed and analyzed all experiments for the characterization of surface prop-
erties of the polymer brush, and wrote the manuscript.

• J. Cui synthesized and characterized the brushes substrates, and corrected the
manuscript.

• J. Schmid helped with force spectroscopy measurements and the development of
the condensation microscopy technique.
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• M. Kappl helped with the AFM measurements, participated in discussions, and
corrected the manuscript.

• A. del Campo analyzed the results, helped with discussions, and corrected the
manuscript.

• A. Fery analyzed the results, helped with discussions, and corrected the manuscript.

Interactions of Spherical Polyelectrolyte Brushes

• I performed the AFM interaction measurements, analyzed these experiments, was
involved in scientific discussions, wrote parts of the manuscript, and corrected the
manuscript.

• C. Hanske performed adsorption experiments, the micro contact printing, an-
alyzed these experiments, was involved in scientific discussions, and wrote the
manuscript.

• C. Kühr and C. Schneider synthesized and characterized the SPBs and the mi-
croparticles.

• M. Trebbin produced a special designed stamp for micro contact printing using
soft lithography.

• A. Wittemann developed the synthesis protocol for the SPBs, was involved in
scientific discussions, wrote parts of the manuscript, and helped correcting the
manuscript.

• A. Fery analyzed the results, helped with discussions, and corrected the manuscript.

Swelling of Block Copolymer Micelles

• I performed colloidal probe AFM measurements, was involved in scientific dis-
cussion, wrote parts of the manuscript, and corrected the manuscript.

• J. Gensel and I. Dewald performed most of the experiments, and analyzed these
experiments. J. Gensel wrote the manuscript.

• E. Betthausen conducted the synthesis and characterization of the polymer used,
was involved in scientific discussions, and corrected the manuscript.
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• A. H. E. Müller helped with discussions, and corrected the manuscript.

• A. Fery analyzed the results, helped with discussions, and corrected the manuscript.

Further perspectives

Direct measurements of contact stresses of soft materials for

rational design of reversible adhesives

• I wrote the manuscript.

• M. Chaudurhi helped with discussions.

• A. del Campo helped with discussions.

• A. Fery helped with discussions.

Contact and Adhesion of Biomimetic Patterned Adhesives

• I developed the method to study stress distributions of biomimetic contacts,
performed and analyzed the experiments and wrote the manuscript.

• D. Drotlef produced masters for the biomimetic substrates and performed the
adhesion and the SEM measurements.

• I. Dewald synthesized and characterized the mechanoresponsive brush substrates.

• J. Bünsow helped to develop the method to study stress distributions of biomimetic
contacts, developed the synthesis protocol for the mechanoresponsive brush sub-
strates, and corrected the manuscript.

• M. Chaudurhi helped with discussions.

• A. del Campo analyzed the results, helped with discussions, and corrected the
manuscript.

• A. Fery analyzed the results, helped with discussions, and corrected the manuscript.



CHAPTER 1. OVERVIEW 24

Tuning the response of mechanoresponsive brushes

• I performed and analyzed all experiments, developed the theoretical models, and
wrote the manuscript.

• J. Neubauer and I. Dewald synthesized the brush substrates. J. Neubauer helped
with force spectroscopy experiments and the analysis of the data.

• S. Block helped to analyze the experiments, and developed the theoretical model.

• J. Bünsow helped with discussions.

• S. Carregal and W. Parak developed the synthesis protocol for attachment of
SNARF molecules.

• A. del Campo helped with discussions.

• A. Fery helped with discussions.
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2.1 Introduction

Thin polymer films1 on hard substrates have attracted interest over the last decades
due to their importance in understanding material properties and their potential ap-
plications [1]. Examples are protective coatings or microelectronics. Often these films
have interesting surface properties like defined wettability, adhesion, permeability, or
optical properties just to name a few. Although the importance of such functional
polymer films is undisputed, most interest has been paid to coatings that switch their
properties in response to external stimuli or vice versa [1, 2, 3, 4, 5] (Figure 2.1). Such
stimuli-responsive polymer films on hard substrates are named smart, intelligent or
sensitive coatings. Stimuli can be physical (temperature, electric or magnetic fields,
and pressure) or chemical (changes of the environment as pH and ionic strength, or
specific reactions), see Tab. 2.1.

Figure 2.1: Examples for responsive systems (adapted from [5] c©Nature Publishing
Group)

Even more exciting are coatings with reversible response, where by switching off the ex-
ternal stimuli the output state is re-established. The development of stimuli-responsive

1Thin films refers in this thesis to coatings with thicknesses in the submicron range (< 1µm)
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Table 2.1: Typical external triggers of responsive surfaces

chemical physical
pH temperature

ionic strength electric or magnetic fields
specific reactions pressure

light

systems has emerged as a major research topic both in fundamental and applied re-
search. The latter addressing issues such as tissue engineering, drug delivery, reactive
surfaces, sensors or actuators, separation systems, as pointed out in the reviews Ref.
[5, 4, 6, 7, 8, 9, 10, 11, 12, 13, 14].
In general the change in the physical properties of smart coatings is caused by a change
in the conformation of polymers attached to the surface. Formation of such polymer
coatings can be realized by self-assembly from solution, adsorption on surfaces (for-
mation of thin film networks), built-up of multilayer films, or covalent grafting to a
surface. In particular endgrafted polymers form a so called ”polymer brush”, if the
grafting density is high and the polymers are stretched due to steric or electric inter-
actions [5, 13].
Polymer brushes, especially polyelectrolyte polymer brushes, are an attractive building
block for stimuli responsive films, because they are very flexible with respect to their
molecular design and it is possible to tune their conformation and chemical state and
therefore their physical properties by changing the environment [9, 15]. The benefits
of polyelectrolyte polymer brushes (compared to neutral polymer brushes) are their
charges. Due to the charge, resulting interactions and conformation changes are more
pronounced. By incorporation of addressable functional groups, the surface can be
triggered by external fields.
Details and specific examples of several functional smart coatings, in particular polymer
brushes are shown in the following sections (see Ch. 2.2).

2.2 From Polymers to Polyelectrolyte Brushes

The present chapter gives a review on the literature available, points out the main
parameters, and summarizes status of the field. Particular emphasis is laid on the
interpretation of experiments presented in this thesis. The introduction is oriented on
monographics [1, 16, 17] and the cited literature.
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2.2.1 Neutral Polymers

Macromolecules that are built of a large number of repeating covalently bond units
(monomers) are known as polymers. These molecules have a lot of interesting physical
properties and these days many applications. For a more detailed overview the reader is
referred to Ref. [18, 19]. An ideal neutral polymer chain with no inter-chain interactions
can be described by a Gaussian chain (rather a freely jointed chain or wormlike chain)
(Figure 2.2A). This Gaussian chain model for neutral polymers assumes a chain where
the effective bond length a (Kuhn length: including the stiffness of the polymer) is
Gaussian distributed and r is the distance from the initial monomer. The conformation
distribution is given by

ψ(~rj) =

(
3

2πa2

)3N/2

exp

(
−

N∑
j=1

3~rj
2

2a2

)
(2.1)

The resulting mean square end-to-end vector2 that scales as

A B

Figure 2.2: Possible polymer systems: Neutral polymer 2.2A, Charged polymer: e.g.
polycation, 2.2B

〈
~R2
〉
≡ R2 = Na2 (2.2)

⇒ R ∝ N1/2 (2.3)

defines the size of such a freely jointed Gaussian chain. The potential of the Gaussian
chain U(~rj), with an end-to-end vector ~R is often modeled by bodies connected by

2the average end-to-end vector ~R is zero
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harmonic springs that can be described by Hook’s law

U(~rj) =
N∑
j=1

3KbT

2a2
~rj

2, (2.4)

where Kb is the Boltzman constant and T the absolute temperature. The spring
constant kG = 3KbT

Na2
of the polymer relates to the entropic stretching force required to

maintain the end-to-end vector ~R of the chain.
So far, no interactions with other monomers and solvent molecules are considered. In a
real polymer chain, segments interact with each other if they come close. Additionally,
if the polymer is dissolved, the interactions with the surrounding environment come
into play. As a result each chain segment requires its own finite volume. Statistically,
this can be described by a self-avoiding random walk. The excluded volume v2 is
defined by

v2 ≡
∫
d~r

[
1− exp

(
−u(~r)

KbT

)]
, (2.5)

where u(~r) is the interaction potential between the chain segments (e.g. the Lenard
Jones potential). The Boltzmann factor accounts for the relative probability to find a
second monomer at temperature T at a distance r [16].
The free energy of the chain

f(~R,N) = U(~R,N)− TS(~R,N), (2.6)

with U the inner energy and S the entropy can be modeled by a virial expansion with
respect to the local concentration c(~r) where many-body interactions are considered
[16]:

f

KBT
=

∫
d~r

(
1

2
v2c(~r)

2 +
1

6
v3c(~r)

3 +O(c(~r)4)

)
≈ v2

N2

R3
+ v3

N3

R6
+O(v4), (2.7)

The excluded volume v2 characterizes two-body interactions. The component v3 ac-
counts for three-body interactions, and so forth. The surrounding liquid of the polymer
determines which term dominates. If v2 6= 0, the two-body interaction dominates and
determines the size of the polymer. If v2 > 0 the polymer swells due to excluded
volume repulsion and if v2 < 0 the polymer collapses into a globule according to the
three-body term. In the cases where v2 = 0 the tree-body interaction is the dominant
contribution and the polymer behaves approximately like an ideal polymer with no
interactions. By minimization of f with respect to R, the size of the polymer can be
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approximated in consideration of the solvent

R ∝ aN ν with ν =


3/5, for v2 > 0 : good solvent

1/3, for v2 < 0 : bad solvent

1/2, for v2 = 0 : θ solvent

(2.8)

The excluded volume has an increasing influence on the size of a polymer with in-
creasing N . These results are in good agreement with modern many-body theory
approaches.
If polymers adsorb onto an interface, i.e. a surface, the chains get confined which is
associated with an increase in the free energy (see Eq. 2.6). Consequently, for a stable
conformation there must be an attractive interaction that leads to a decrease of the free
energy. If entropic restrictions dominate, no adsorption will take place. The adsorbed
polymer can either be in equilibrium with the surrounding solution or it can be in a
restricted equilibrium.

2.2.2 Polyelectrolytes

Polyelectrolytes (PEs) are water soluble polymers that carry ionized or ionizable groups
(charges) [16, 20] (Figure 2.2B).
PEs are an interdisciplinary research field covering many areas from life science in
the form of nucleic acids, proteins and peptides to supramolecular chemistry, just to
mention a few [16, 17]. In addition PEs have found extensive use in many applications.
Examples are films and textile industry, chemical industry uses them as flocculating
and coagulating agents, petrol, and cosmetic industry as additives in conditioners [21],
and many others [17]. The synthesis and formation of PEs is described elsewhere, e.g.
Ref. [16].
Charged groups can be cationic or anionic. The geometric position of the charged
groups (on side chaines or along the polymer backbone) is relevant for the physical
properties of the PE, e.g. in complex formation. If number and position of charges are
fixed inside the polymer, the system is referred to as quenched PE. If the charges are
mobile inside the polymer and the degree of charging α is not constant, the polymer
is referred to as annealed PE. An example for quenched PEs is poly(sodium 4-styrene
sulfonate) (PSS), and for annealed PEs poly(acrylic acid) (PAA).
Besides the number of monomer units (equals to the molecular weight), the charge
density and the charge distribution of the anionic or cationic charges along the polymer
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chain are parameters to characterize PEs [16]. The bulk concentration Cj of species j
leads to an ionic strength I (in mol/l) of

I =
1

2

∑
j

z2
jCj(~r), (2.9)

and the local charge density ρ(~r) is related to the local ion concentration cj by

ρ(~r) = e
∑
j

zjcj(~r), (2.10)

where e is the elementary charge, cj local ion concentration, and zj the valency of
species j.
For PEs, the excluded volume (monomer-monomer repulsion) is much larger compared
to neutral polymers due to the electrostatic Coulomb potential that determines the
conformation and interactions of the polymer.
The Coulomb potential u(~r) is determined by the Poisson equation for electrostatics

∇2u(~r) =
−ρ(~r)

ε
, (2.11)

where ε3 is the dielectric permeability. Dissolving the PE in aqueous (salt) solution
(electrolyte solution) leads to immobilized counter-charges, i.e. counterions that main-
tain electric neutrality and are attracted by the charged units of the PE. Attraction
leads to screening of the Coulomb interactions. The distribution of the mobile coun-
terions is governed by the electric field around the PE and the balance of electrostatic
energy and entropic contributions (S ∝ kBT ln(r)) [22].
The Coloumb potential of the PE is determined by the Poisson equation Eq. 2.11 and
depends on its geometry

u(~r) ∝


1/r for a point like system

r for a planar system

ln(r) for a line like system.

(2.12)

For a point like system, the entropic contribution of the energy is larger compared
to the electrostatic energy and counterions are unbound. For a planar system most
counterions are bound to the surface and form the so called Gouy-Chapman layer (Eq.

3ε · ε0 ≡ ε
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2.28). In case of a line like charge the balance depends on the charge density (both
contributions ∝ ln r).
If the PE system (i.e. a charged surface) is in thermodynamic equilibrium the resulting
charge density of the ions at position ~r follows a Boltzmann-like behavior

ρj(~r) = Cj exp(
−uij(~r)
kBT

). (2.13)

The many-body interactions uij can be averaged and approximated by a mean field
potential for low molecular weight and weakly charged PEs. Following the theory of
Debye Hückel (DH) the mean field potential can be expressed as

umean = zje 〈φ(~r)〉 (2.14)

where inter-particle correlations are neglected and 〈φ(~r)〉 is a time-averaged potential
(each counterion interacts with a diffuse cloud of the other counterions). Additionally,
electro neutrality can be assumed

∑
j

zjeCj
ε

= 0. (2.15)

Insertion into Eq. 2.11 yields the Poisson Boltzmann equation (PB equation), connect-
ing the electrostatic potential to the charge density of the ions

∇2umean =
∑
j

zje

ε
Cj exp(−umean

kBT
). (2.16)

For weak potentials umean << kBT/zjr, this equation can be expanded using a Taylor
series and then linearized. This results in the Debye Hückel equation [23]:

∇2umean =
1

λ2
D

umean, (2.17)

with the so called ”Debye length” λD

λD =

√
εKbT∑

j(z
2
jCj(~r))e

2
=

√
εKbT

2Ie2
. (2.18)
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The Debye Hückel equation (2.17) can be solved (PE on a surface) using

umean(~r) = u0 exp(− r

λD
). (2.19)

This (2.19) shows that the Debye length can be interpreted as a screening length of the
Coloumb potential (Figure 2.3). Assuming an n:n salt solution (AnBn → An+ + Bn−)
the Debye length is λD = 0.304 nm

n
√
I

. For r << λD the electrostatic interactions are purely
Coulomb and for r >> λD, the electrostatic interactions are screened completely and
the behavior of the PE converges to a neutral polymer. If the electrolyte solution
screens the electrostatic repulsion, the PE starts to coil.
Two boundary conditions have to be fulfilled. The first condition demands that the
total charge (surface charge plus the charge of the mobile ions) must be zero [24]. The
surface charge density σ and the distribution of the ions ρ are related in the Graham
equation, what can be deducted from electro neutrality conditions of the system

σ = −
∫ ∞

0

ρdr =
√

8cεKBT sinh

(
eumean

2KBT

)
≈ εumean

λD
. (2.20)

Furthermore the potential has to vanish for large distances.
For nonlinear PB theory one can show that

u(~r) = 2
KBT

ze
ln

[
1 + ξ exp(− r

λD

1− ξ exp(− r
λD

]
(2.21)

≈ 4KBT

ze
ξ exp(− r

λD
) for r >> λD, (2.22)

with ξ = tanh(zeuo)/(4KBT ) [24]. In summary the potential of a PE decays with the
debye length. The prefactor depends on the geometry of the object and the bound-
ary conditions (see Ch. 2.3 for more details on the interactions of two charged surfaces).

However, these approximations fail in case of strong charged PEs where counterions
condense to reduce the electrostatic potential. That meanes the counterions become
trapped by the PE in order to balance the electrostatic energy by a decrease in entropy.
That effect is called ”counterion condensation” [25, 26]. Depending on the correspond-
ing parameters, Coulomb interactions or the loss of entropy dominate and determine
the counterion-distribution [16]. If the electrostatic energy (Eq. 2.12) is small com-
pared to entropic contributions, counterions cannot be stabilized and no counterion
condensation occurs. That is the case if the number of charges per unit length (Γ)
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A

B

Figure 2.3: 2.3A Potential of a PE: Umean(r) for (U0 = 66 mV, T = 293.15 K and
ionic strength I = 0.1 − 0.001 M). Inset displays a log plot for these potentials. 2.3B
Debye length λD for a 1:1 salt as a function of the ionic strength I.
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is smaller than one charge per Bjerrum length Γ < 1/lB. The Bjerrum length lB is
defined as the length at which two electron charges have an interaction energy in the
magnitude of the thermal energy

lB =
e2

4πKbTε
. (2.23)

In pure water at standard lab pressure and temperature lB ≈ 0.7 nm. If the electro-
static energy is large compared to entropic contributions (if the number of charges
per unit length is higher than one charge per Bjerrum length Γ > 1/lB), counterion
condensation to the PE occurs to reduce the charge density until a maximum of one
charge per Bjerrum length ρmax = e/lb is reached. Uncompensated counterions can
be described using the DH approach. The effect of counterion condensation can be
described using the model proposed by Oosawar 4[27].
Due to electrostatic effects, PEs are quite stiff. This stiffnes effect can be described
using an electrostatic persistence length, ”Odijk length” Lp. One can show that the
persistence length Lp of the PE, describing its stiffness, is proportional to the Debye
length λ2

D for flexible poyelectrolytes [28, 29, 30]. If the PE is diluted in an electrolyte
solution of low salt concentration, the polymer is strongly stretched (L = Lmax/(Γ/lB),
with L the length of the stretched PE, Lmax the maximal length aligning the monomer
units of the polymer, and Γ the number of charges per unit length (vice versa for high
concentrated electrolyte solutions).
The excluded volume for PEs results in an increased excluded volume compared to
neutral polymers due to the electrostatic interactions (v2 ∝ LpλD).

In case of annealed PEs, both the ionic strength and the pH of the solution strongly
affect the properties of the polymer. The pH determines the degree of dissociation and
thus the actual charge density. This dependence makes such systems interesting for
many applications [31]. The chemical equilibrium of annealed PEs is described by a
modified version of the Henderson-Hasselbalch equation [16] which relates the pH of
the solution and the fraction of charged groups. For molecular acids this results in:

pKa(app) = pH + log
1− α
α

(2.24)

4The PE is locally stiffen and can be approximated as a cylinder, that traps all countions inside a
cylindric cell [27]
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where α describes the actual degree of dissociation and the pKa is defined by the law
of mass. Overbeek showed that the experimentally observed apparent pKa(app) (Eq.
2.24) of an annealed PEs, depends on the intrinsic value pK0

a

pKa(app) = pK0
a +

1

ln(10)RT

dG

dα
(2.25)

with the term dG/dα describing the work necessary to carry charges against the elec-
trostatic attraction from a PE to infinite distance [32]. In other words, the second term
represents the shift in the dissociation constant due to changes in the electrostatic free
energy of a PE upon variation of the number of charged groups [1].

In contrast to neutral polymers (Ch. 2.2.1), the structural properties of adsorbed PEs
are mostly dominated by electrostatic interactions. A charged surface can be neutral-
ized by a oppositely charged PE, which is entropically favorable and therefore promotes
PE adsorption [20, 33, 34, 35, 36]. Several theoretical approaches like self-consistent
field theory (SCF), Monte-Carlo simulations, or scaling approaches have been applied
to describe the adsorption behavior. Possible conformations depending on the adsorp-
tion energy are so called trains (all PEs are in contact with the substrate), loops (parts
of the PE are not in contact with the substrate), and tails (non-adsorbed ends of the
PE) as sketched in Figure 2.4A [37, 38]. One adsorbed layer of PEs has a thickness in
the order of the chain diameter (≈ 1 nm).
The adsorption is accomplished by a confinement of the PE, which involves an increase
in free energy. For compensation of this increase an additional attractive interaction
must stabilize the adsorption. The driving forces of adsorption are the gain of entropy
by complexation with oppositely charged surfaces and release of counterions as well as
the release of solvent molecules, on the fulfillment of electro neutrality. However, often
more PEs are adsorbed than necessary for electroneutrality, which is called ”charge
overcompensation”. This can lead to a charge reversal of the surface.
Since electrostatic interactions are dominant, parameters like surface charge, ionic
strength, pH and the architecture of the PE govern the adsorption. It depends on the
balance between electrostatic and non-electrostatic interactions whether an increase in
salt concentration leads to an increase or decrease in adsorption [39]. Two regimes
were proposed to describe this effect. In the so called ”screening reduced” adsorption
regime (high surface charge, low charge density of the PE, weak non-electrostatic con-
tribution), Coulomb interactions between segments and the surface dominate. If the
attraction between polyelectrolyte and surface is purely electrostatic only this regime
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is valid. Several adsorbed layers of PE are possible, due to the long range nature of
the Coulomb interactions. The adsorbed amount decreases with an increase in ionic
strength due to screening effects. The PE can be released from the surface when a
critical salt concentration is reached. In the regime of ”screening enhanced” adsorption
(generally quenched PEs) non-electrostatic interactions (short range interactions) be-
tween the segments and the surface are dominant. The adsorption increases with ionic
strength because salt screens the repulsion between the equally charged groups on the
polymer. In the intermediate case, when both forces are of roughly equal importance,
changing the salt concentration will hardly affect the adsorption [39]. The different
adsorption regimes are shown in Figure 2.4B
The adsorbed layer thickness can be calculated by minimizing the free energy [40, 41].
Assuming that the Debye length λD is larger than the adsorbed layer thickness d (valid
for not too high ionic strength, see 2.18), two regimes can be obtained for the layer
thickness: one for relatively large salt concentrations (or rather stiff polymers) and
small layer thickness and one where the layer thickness is larger than the persistence
length but smaller than the screening length

d ∝


(

ln(lBσSΓL2
P

lBσSΓL
1/3
P

)3/5

for d < λD < Lp(
LP

lBσSΓ

)1/3

for Lp < d < λD

(2.26)

with σS the charge density of the surface, Γ the charge density of the chain, and Lp

the effective persistence length [41].

2.2.3 Self Assembly of Polyelectrolytes

If PEs are dissolved in aqueous solution with suitable counterparts that are oppositely
charged, they form aggregates due to electrostatic interactions (other intermolecular
forces are possible as well) [42]. These aggregates can build up interpolyelectrolyte
complexes (IPECs), which form a new class of macromolecules [43, 44]. The com-
plexation is driven by the release of counterions which leads to an increase in entropy.
Several theories and studies exist to describe the features and physical properties of
the resulting IPECs [45]. IPECs can consist of a PE with a second oppositely charged
PE, with low molecular counterions, ionic surfactants, colloidal particles, and others
(Figure 2.5A). These IPECS are interesting for numerous applications. Examples are
the build up of polyelectrolyte multilayers, where many oppositely charged PEs are
adsorbed in layers in altering order [46].
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B

Figure 2.4: Adsorption of PEs: 2.4A Adsorbed polyelectrolyte chain form trains,
loops and tails. 2.4B Different Adsorption regimes of PEs depending on charge density
and salt concentration: (I) low charge density, low salt concentration: formation of
loops and tails, high adsorbed amount; (II) PE has the same charge as the substrate,
low salt concentration: PE releases from the surface; (III) strong charge density, low
salt concentration: PE lies flat and stable on the surface, weaker adsorption as in
(I); (IV) low charge density, high salt concentration: screening of electrostatic inter-
actions, adsorption amount can increase or decrease; (V) PE has the same charge as
the substrate, high salt concentration: electrostatic repulsion is screened, adsorption
is possible; (VI) high charge density, high salt concentration: similar to (I) due to
screening of electrostatic interactions; (VII) above a critical salt concentration all PEs
release from the surface.



CHAPTER 2. THEORY AND STATUS OF THE FIELD 40

If the polymer consists of two or more blocks, that are distinguishable by the chemi-
cal and physical properties and linked by covalent bonds, the system phase separates
and can self-assemble to complex structures like spheres, cylinders, or lamellae. These
different architectures result in a big number of functionalities, as reported in Ref.
[47]. The geometry and the physical properties of these complex systems are tunable
by parameters like block length, number of blocks, solvent quality, ionic strength, and
-in case of annealed PEs- pH. The complexity of the structures and the number of
different morphologies increase drastically with the number of blocks, as for example
described for ABC triblock terpolymers in Ref. [48]. When a block copolymer is dis-
solved at a concentration exceeding the critical micellar concentration (cmc) and if one
of the blocks is soluble whereas the other is not they form micellar structures with a
solvophobic core and corona pointing into the solution (Figure 2.5B)[49].

A

B

Figure 2.5: Self assembly of polyelectrolytes: 2.5A Formation of an interpolyelec-
trolyte complexes (reproduced from [44] c©RSC). 2.5B Formation of a block copolymers
micelle.
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2.2.4 Functionalization of Surfaces with Polyelectrolytes

There are many possibilities to functionalize surfaces with PEs (Figure 2.6). It is
beyond the scope of this work to explain all possible techniques in detail. Here an
overview over several techniques is given, following the scope made in Ref. [1].
Two ways of surface functionalizations can be distinguished: physical or chemical func-
tionalization. In case of physical functionalization the molecules are coupled to the
substrate via physical interactions, while chemical functionalization involves covalent
attachement of molecules [50].
Often the Langmuir Blodgett technique was extensively used for functionalization of
surfaces with polymers [51] (Figure 2.6A). After equilibration of polymer monolayers
at an air-liquid interface the PEs were transferred to a substrate of choice by dipping
the substrate into the liquid. Using several dipping steps, multilayers can be realized.
However, this technique has some limitations with respect to type, topography, and
size of the substrate and requires special equipment. Another approach to produce
smart surfaces is based on self-assembly of monolayers (SAM) due to chemical adsorp-
tion (Figure 2.6B) [52, 53, 54, 55]. Multilayers can be obtained by targeted molecular
design of the monolayers. However, these films are limited to certain classes of covalent
or coordinative chemistry.
An elegant approach for the formation of functional surfaces, is the layer-by-layer depo-
sition technique (LBL) (Figure 2.6C). Here oppositely charged PEs (or other molecules)
are deposited as films via dipping, spin, or spray coating in altering order onto the
sample substrate. This process is driven by electrostatic interactions and the gain of
entropy by release of counterions and solvent molecules and complex formation (see
Ch. 2.2.3) [56]. The technique was established by Decher [57]5 and has nowadays a lot
of applications, particularly in the development of responsive coatings [59, 60]. This
is due to advantages like easy handling, low cost equipment, and no restrictions with
respect to topography, geometry, chemistry, and size of the substrates. In addition,
the thickness of the film and the resulting charge of the sample can be adjusted by the
number of deposition steps (1 up to around 1000), the PE used (e.g. molecular weight
[61]), and the properties of the solution (concentration, ionic strength, pH [62, 63] and
dipping time) [64, 62]. For example LBLs are used for biomedical applications and cell
substrates [65, 66], for coatings (walls) of microcapsules that can be used for e.g. drug
delivery [67, 68], controling surface wettability [69], for the design of optical sensors
[70], for the preperation of light emmiting diodes [71], or fuel cell membranes [72]. The

5already first reported by Iler [58]
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LBL technique also allows incorporation of objects like nanoparticles [70], micelles [73,
74], and others.
Chemical functionalization is possible by grafting of polymers by direct growth from/to
initiators on the surface (Figure 2.6D). If the distance between initiator molecules is
low (high density of initiators), and the distance between the polymers is smaller than
typical coil dimensions in solution, the polymers stretch away from the surface and
form a so called ”polymer brush” [50]. Parameters like molecular architecture, grafting
density, and the chain length can be easily controlled by the synthesis protocols. The
physical properties of the polymer brush can be tuned by changing the environment or
by external fields. Also it is possible to design multifunctional surfaces by combination
of different functional molecules.
In this thesis polymer brushes are mainly used for the formation of responsive layers.
Theoretical basics as well as applications are discussed in Ch. 2.2.5.
It is straight forward to introduce micro-patterns to the above discussed approaches,
using micro contact printing (µCP) and soft lithography methods as introduced by
Whitesides and co-workers [75, 76].

2.2.5 Polymer Brushes

A polymer brush is formed when polymers are grafted onto a surface and the inter-
action potential of the polymers overlap6 [78, 50, 79, 80]. As a result the polymers
stretch away from the surface. These polymers can be both, neutral or charged. In
case of charged polymers, polyelectrolyte brushes are obtained. Polymer brushes rep-
resent an effective approach to create smart coatings. In particular PE brushes are
capable of responding to a wide range of external stimuli, such as ionic strength, pH,
chemical compounds, temperature, light etc. [81]. Brushes can be grafted onto planar
substrates, onto curved ones, e.g. colloidal particles (spherical brushes) [82], or on
long chain molecules, which are named ”bottle-brush” [50, 83] (Figure 2.7). The steric
repulsion between the chains, the electrostatic interactions, and the osmotic pressure
of the counterions result in new interesting physical properties, which will be explained
further (see below) [14]. It is possible to achieve different polymer brush architectures
by modification of the synthesis protocol and by combination of different functional
molecules. Examples are block copolymer brushes, mixed polymer brush and brushes

6It should be noticed that a full description of all physical (theoretical), chemical (synthesis)
properties and applications is beyond the scope of this work. For further information see [1, 77].
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C D

Figure 2.6: Functionalization of surfaces with polyelectrolytes (adapted from [1]):
2.6A Langmuir Blodgett technique, 2.6B Self assembly of monolayers, 2.6C Layer by
layer deposition technique, 2.6D Formation of a polymer brush via garfting to or graft-
ing from technique.
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with an internal gradient [84, 85]. Polymer brushes allow for tailoring surface proper-
ties, e.g. adjustable wettability [86, 87, 3, 88], friction reduction [89, 90], and can serve
for example as protection layers for preventing colloidal aggregation and flocculation
[91], as separation system for liquids [92], as actuators [93, 94], or mechanoresposive
sensors [9], as chemical reactors [95], or for immobilization of proteins [96, 97] and can
be applied in biotechnology [98].

A B C

Figure 2.7: Different types of polymer brushes: 2.7A Polymer brush on planar sub-
strate, 2.7B Spherical polymer brush, 2.7C Bottle-brush

Preparation of Polymer Brushes

As described above (Ch. 2.2.4), the grafting of polymers onto a substrate to form a
polymer brush can be achieved using the ”grafting-to” or the ”grafting-from” technique
(Figure 2.6D). The ”grafting-to” method is almost an extension of the SAM technique
using larger molecules and is working on the basis of physiorption or bond formation
between chemical groups on the substrate and the polymer chain. This approach is
limited since diffusion of the macromolecules is slow and already grafted molecules hin-
der other molecules to attach. The ”grafting-from” technique, also used in this thesis,
overcomes these limitations of the grafting-to approach. In ”grafting-from” methods
the polymer chain grows from surface anchored initiators. Any existing polymeriza-
tion technique can be used in ”grafting-from”, as long as the required initiator can be
attached to the surface. The most common technique is surface initiated controlled
radical polymerization [84, 99] which allows to insert a wide range of functionalities
into the brush. In these techniques, a dynamic equilibrium between active radicals and
inactive chains exists, as sketched in Figure 2.8. In the presented work Surface-Initiated
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Atom Transfer Radical Polymerization (SI-ATRP) and photoinitiated polymerization
(PIMP) was used. The ATRP approach was first reported by Huang et al. [100]
and was extensively studied over the last years [101, 102]. The reaction is based on
a reversible redox activation of a dormant alkyl halide-terminated polymer chain by
halogen transfer to a transition metal (Figure 2.8B. This reaction is chemical versatile
and compatible with many media. Changing reaction parameters like Cu(II) to Cu(I)
ratio, type of ligand, counterion, solvent, or the initiator allows to control the reaction
and thus the emerging polymer chain [84, 103]. In case of photo initiated polymeriza-
tion, the initiator is activated by irradiation with light (e.g. UV light). Upon exposure
of light (hν, with frequency ν), the photoinitiator splits into radicales as sketched in
Figure 2.8C. In the presence of water-soluble monomers as for example acrylic acid
polymerization leads to PE chains grafted onto the surface. Switching off the light
stops the polymerization and allows for control over the polymerization. The poly-
mer length increases linearly with illumination time and intensity [84, 104]. For more
details the reader is referred to [84, 99].

Theory of Polymer Brushes

If a polymer is grafted to a surface, the polymer chain can be adsorbed in two different
ways and can form a so-called ”pancake” or ”mushroom”, depending on the tendency to
adsorb and on the solvent (2.9A). In case of the mushroom regime, the density profile
is Gaussian and the size of the grafted polymer can be approximated using Eq. 2.8,
whereas the polymer in the pancake regime is concentrated to the surface (see Figure
2.9A, 2.9C)[105].
When the polymer chains are densely grafted to a surface and the interaction potentials
overlap, they become stretched by segment-segment interactions in equilibrium with the
elastic free energy (related to the conformation entropy) and form a ”polymer brush”
(Figure 2.9B). This happens if the grafting density 1/σ (chains per area σ) exceeds
the crossover grafting density 1/σco. In case of a good solvent the crossover grafting
density is given by

1

σco
∝ R−2 ∝ a−2N−6/5, (2.27)

where a is the Kuhn length and N the number of monomers. The density profile of
such a polymer brush can be described by a box or parabolic profile, see Figure 2.9C
(more details see below).
If the substrate is curved and the curvature is small (smaller than the brush height),
the curvature strongly influences the physical properties of the brush. In that case
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Figure 2.8: Preparation of polymer brushes (adapted from [102] c©American Chem-
ical Society): 2.8A General concept of radical polymerization (with capped dor-
mant species R − X, active free radical R•, and stable deactivated species X ),
2.8B Transition-Metal-Catalyzed atom transfer radical polymerization (with transi-
tion metal Mm e.g. CU(I), complexing ligand Ln, polymer chain R, termination Rn+c

and x = Br or Cl), 2.8C Photo initiated polymerization
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C

Figure 2.9: Grafted polymer chains: 2.9A mushroom and pancake, 2.9B High grafting
density results in a crossover to a polymer brush, 2.9C Normalized polymer density of
grafted polymer chains as a function of z-direction
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the polymer brush properties are functions of the distance from the surface. For more
details, the reader is referred to [82].
The discussion so far was for neutral polymers. If the monomer units are charged and
the grafting density is high, a PE polymer brush is formed. For system neutrality,
counterions that lead to an osmotic pressure are present in the brush (see Ch. 2.2.2).
The polymer chains are stretched by segment-segment interactions and electrostatic
(Coulomb) interactions in equilibrium with the elastic free energy gained by the en-
tropic restoring force of the chain (see Ch. 2.2.1). These PE brushes can be either
quenched (charges are fixed inside the brush), or annealed (charges are mobile in the
brush).
The charge can be accounted for the degree of ionization α. The main important pa-
rameters for PE brushes 1/σ and α are combined in the so called ”Gouy-Chapman”
length

Λ =
σ

lBNα
(2.28)

that defines the characteristic thickness of the counterion cloud (Figure 2.10). If the

Figure 2.10: Parameters of a cationic polymer brush in salt solution

chains are densly packed (σ small) and strongly charged (large α) the Gouy-Chapman
length is small and can be smaller than the brush height H (Λ < H). In that case the
counterions are trapped inside the brush and compensate the immobilized charges of
the polyions. If the grafting is relative spare and the degree of ionization is low, the
Guoy-Chapman length becomes larger than the brush height H (Λ > H). In that case,
the counterions spread into the solution beyond the edge of the brush.
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The analytic expression for the charge and counterion distributions and the structure
of the PE brush can be calculated using self-consistent field theory (SCF) [106, 107,
108, 109].
If the solution is salted, an additional screening of the Coulomb interactions between
chain segments is provided by coions and counterions of the salt. This screening can
be described by the Debye screening length λD (see Eq. 2.18).
For an understanding of the physical behavior and the internal structure of polymer
brushes different models and approaches can be used. The first time, the influence
of confinement on endgrafted polymer chains was studied by Alexander [110] and de
Gennes [111] (AdG model). Using scaling arguments and describing the brush segments
as so called ”blobs”7 they could show that the density of the brush reaches a homogenous
plateau for σ < z < H and drops down quickly for z > H, where z is the distance from
the surface. This behavior can be described by a step profile (see Figure 2.9C)

ρ ∝ N

Hσ
(2.29)

for 0 < z < H and zero elswhere. This corresponds to a brush height of

H ∝ Nσ−1/3. (2.30)

The brush height scales linearly with the length of the attached polymer.
To describe the physics of polymer brushes, models based on these ideas and new
approaches like SCF theories or numerical methods were applied. Also, the curvature
of the substrate, polydispersity, changes in the environment, and other aspects were
taken into account. To describe all of this is much beyond of the scope of this work
and the reader is referred for example to Ref. [77]. In the following, just some aspects
will be discussed following the conclusions of [107, 108, 109] (for details see Appendix
A).
Different models are valid for different limits of behavior. In case of local compensation
of immobilized charges by mobile ions, the ”Local Electron neutrality Approximation”
(LEA) can be used [107]. This approximation is applicable if Coulomb interactions
in the polymer brush are screened by trapped counterions or by added salt on a scale
smaller than the brush thickness. On the contrary, if the system is unable to retain
counterions inside the brush, the system can be approximated by a capacitor model
[112]. In general (most of the experimental systems), just a partial charge neutralization

7one blob contains a polymer segment that behaves like an ideal polymer
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takes place and a fraction of mobile ions spreads beyond the edge of the brush. In that
case, Self Consistent Field (SCF) is the theory of choice [106, 107, 108, 109].
The LEA assumes that the charge and the force is locally balanced inside the brush
(see Appendix A for more details). In case of a neutral polymer brush it is sufficient to
balance between the steric excluded volume interactions Fconc and the restoring force
associated with the loss in entropy of the polymer chain upon stretching Fconf (also
often called as elastic energy). Solving this balance results in a scaling law for the
brush height, depending on the solvent quality. In case of a good solvent, the brush
height H scales as follows [107]:

H ∝ Nσ−1/3, (2.31)

which is the same as the result of AdG (eq. 2.30). In case of PE brushes, the short range
interactions are weak compared to electrostatic forces. Here electrostatic interactions
Fion are balanced by Fconf . Additional balance of the charges leads to two different
scaling regimes for PE brushes in a salt solution where the brush height scales linearly
with the polymer contour length [107]:

H ∝ Naα1/2 , for cS < cCI (2.32)

H ∝ N(a2α2σ−1C−1
S )1/3 , for cS > cCI , (2.33)

where CS is the salt concentration and CCI the concentration of the counterions.
PE brushes that can be described by eq. 2.32 are called ”osmotic brush” (OsB). This
is the case if the salt concentration of the solution is low and the concentration of
counterions inside the brush is equal to that of the immobilized charge. An important
feature of the OsB is that the average thickness is independent of the grafting density
(Eq. 2.32). Above a certain salt concentration, salt ions dominate over the immobilized
charges inside the brush (Eq. 2.33) and a so called ”salted brush” (SB) is formed. Here,
the brush height decreases continuously with increaseing salt concentration and graft-
ing density due to screening effects. Only free counterions contribute to the osmotic
pressure. The transition from the OSB regime to the SB regime occurs when the bulk
salt concentration equals the concentration of the free mobile counterions.
Equations 2.32 and 2.33 are quite general and apply to both quenched and annealed
PE brushes [107]. For quenched brushes this is the final result. For the annealed case,
the situation is more complex. The dissociation degree and the apparent pKa of the
PE brush depend on its local electric field (environment), in particular on the solution
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pH, the ionic strength, and on the grafting density. In case of weak polyacid brushes,
the pKa shifts to higher values compared to the pKa of the polymer in bulk solution
(or vice versa for basic brushes). Adding salt to the solution shifts the apparent pKa
to lower values (close to pKa in bulk solution).
The degree of dissociation within the brush is close to zero at low salt concentrations.
It increases in the OsB regime and reaches the bulk level (αB of an individual polyacid
molecule immersed in the solution [113]) in the salted brush regime.
Also, the brush height is affected by the ionic strength. Using scaling models or SCF
one can show that the brush height (of an annealed polymer brush) passes a maximum
that is located at the OsB/SB transition [107, 113, 114, 115, 116] (Figure 2.11). In
addition, for annealed PE brushes the brush height is a function of the solution pH.
The height increases for basic PEs with increasing pH and decreases under acidic con-
ditions (or vice versa for acidic PEs).
In addition to the OsB and the SB regime, four other brush regimes can be distinguished
which are seperated by the grafting density and the degree of ionization. Figure 2.12
summarizes these behaviors in phase diagrams for the salt-free and the salted case
[107].

• Low grafting density (small 1/σ); electrostatic interactions weak (small α) com-
pared to the volume interactions (Fion << Fconc) lead to grafted individual neu-
tral coils (NC: mushroom regime H ∝ aN3/5ν

1/5
2 ) or isolated charged chains in

salted water (SC), respectively.

• Low grafting density (small 1/σ), high electrostatic interactions (big α) lead to
isolated grafted polyions stretched due to intramolecular Coulomb repulsion (IS:
H ∝ aNα2/3).

• High grafting density, weak electrostatic interactions (small α) compared to vol-
ume interactions (Fion << Fconc) lead to a quasineutral regime, meaning that
the brush behaves like a neutral brush where the brush height is balanced by the
equlibrium of entropic stretching and steric interactions (NB: H ∝ Nσ−1/3).

• Intermediate regime (charged Pincus brush (PB): H ∝ a2N3ασ−1): mobile ions
are distributed in the space above the grafting surface (Λ > H). This regime
appears just in salt free solutions.

The above described LEA donot provide information on the intrinsic structure of free
and confined brushes as a function of the brush parameters (grafting density, molecular
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Figure 2.11: Brush properties as a function of salt concentration: Brushheight H
for quenched (solid line) and annealed (dotted line) brushes and degree of dissociation
within the brush α for quenched (solid line) and annealed (dotted line) brushes (adapted
from ([113] c©American Chemical Society)

weight, degree of ionization, solution properties). To fulfill these requirements a theory
is needed wich works without a priori assumptions and that give analytic expressions
for the density profile of the monomers, the equilibrium distribution for the mobile
ions inside and outside the brush, and the average thickness. An ansatz to solve this
problem can be the self-consistent field theory (SCF [108, 109, 116]). Here, the intrinsic
structure is obtained by minimization of the total free energy ftot. The total free energy
has three repulsive contributions: 1) The conformation free energy which describes
the steric repulsion between chain segments (fconc), 2) the free energy associated to
the entropy Sion confining counterions to a layer of thickness H: −KbTSion, and 3)
the direct electrostatic contribution fion if the PE brush is not locally electro neutral
throughout the system. The attractive contribution to the total free energy ftot is the
entropic free energy loss fconf [108].

ftot = fconf + fconc + fion −KbTSion. (2.34)

Minimization (of this functional) and full expressions of the individual terms lead to
functions of the polymer density profile inside the brush (parabolic form as scatched in
Figure 2.9C, of the brush height, and of the charge density inside and outside the brush
and thus the specific electrostatic potentials. For details see Ref. [108, 109, 116]. Also,
the surface pressure, the conformation and the behavior of PE brushes in confinement
can be obtained.
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A

B

C

Figure 2.12: Phase diagram of polymer brushes (reproduced from [107] c©American
Chemical Society): Type of polymer brush depending on the grafting density σ−1 and
degree of dissociation α for the salt free case 2.12A and the salted case 2.12B. 2.12C
Height as a function of the grafting density σ−1 along the black dotted line of 2.12B.
(Quenched polymer brush: solid lines, annealed polymer brush: dotted line)
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Also, PE brushes can be modeled using numerical methods, for example molecular
dynamics (MD) simulations [117]. Results from SCF and MD simulations show the
same behavior for polymer brush parameters.

2.3 Surface and Interfacial Forces

Interactions and adhesion play a major roles in natural science since they control sur-
face properties and are crucial for many applications especially for objects or effects on
the colloidal scale (order of microns). Examples are coatings of surfaces with polymers
for surface protection [118], composites [119], paintings and adhesives (or nonsticking
surfaces). Examples in nature are cell adhesion [120, 121], receptor-ligand interactions
[122], and the effect of contact shape of animal pads on their sticking behavior [123].
Details on theoretical aspects are explained elsewhere [33, 124, 125, 24, 126, 127]. Here,
just an overview is given with emphasis explaining the observed systems and the used
techniques that are presented in the individual chapters. The presentation is oriented
on [33, 124, 125, 24, 126, 127] and the cited literature.
Surface and interfacial forces are e.g. ionic, metallic, or covalent bonds, van der Waals
forces, electrostatic or magnetic interactions as well as solvent forces like hydrophobic
and hydrophilic interactions, hydrogen bonding and capillary forces. The type of in-
teraction force depends on the type of the interacting material, its environment and
the distance (long range 1− 100 nm or short range < 1 nm).
When two bodies are brought into contact, the interaction forces lead to adhesion
and the bodies can deform. The adhesion is characterized by the stress and the work
needed to separate the interfaces, plus aspects like mechanical interlocking and inter-
penetration [126]. The total adhesion force (force needed to separate two bodies) is the
superposition of all repulsive and attractive forces. The adhesion energy (also called
Duprés work of adhesion) is the sum of the surface energies γ of the contacting surfaces
i and j (in medium m) lowered by the interfacial energy γij [24, 126]

wadh = γim + γjm − γij. (2.35)

If wadh is positive the bodies attract each other. If wadh is negative they repel each
other. Measured results are in general lower than this theoretical value due to surface
heterogeneities, roughness and wetting effects.
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2.3.1 The Derjaguin Approximation

Interaction forces F (D) of two bodies of any shape can be related to the interaction
energy per unit area w(D) between two planar plates as a function of the separation
distance D and the material properties using the Derjaguin approximation8 [128, 129].
For two interacting spheres with radii Ri and Rj it can be shown that

F (D) ≈
∫ ∞
D

2πRP (D∗)dD∗ = 2πRw(D), (2.36)

where R = RiRj/(Ri + Rj) is the reduced radius and P (D) is the normal force per
unit area acting between two planar surfaces (Figure 2.13). This approximation is
valid for any type of interaction if the curvature of the probes is large compared to the
separation distance and the conformation of the interacting system is independent of
the distance from the surface (e.g. not valid for SPBs).

Figure 2.13: The Derjaguin approximation: Two interacting spheres with radii R1

and R2 << R1 at separation distance D (adapted from [128] c©Elsevier).

8This is helpful as in many cases it is much easier to model the interactions for the planar case
and measure forces between spheres or cylinders.
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2.3.2 Van der Waals Interactions

Van der Waals (vdW) forces are of universal importance since they exist between any
combination of molecules and surfaces independent of the charge, the material, or the
surrounding medium [24, 126]. They are the sum of diverse dipole-dipole interactions,
i.e. Keesom, Debye and London interactions. Keesom interactions describe the inter-
play between constant dipoles of the molecules dependent on the orientation and on the
absolute temperature. Debye interactions take into account dipole induced interactions
with a constant charge dependent on the orientation. London dispersion interactions
act between all molecules and have quantum mechanical origin. They can be described
by fluctuation induced dipoles. All potentials describing these interactions have a 1/r6

dependence, where r is the distance of the interacting molecules:

UvdW(r) = −CD + CK + CL
r6

= −CVdW

r6
(2.37)

and CD, CK , CL are proportionality constants considering the Debye (D), Keesom (K)
and London (L) contribution. They account the charge, the polarity, and the optical
properties of the molecules or atoms, and the surrounding medium.
In case of macroscopic bodies, the force depends on the local distance of the bod-
ies (determined by the geometry). The interactions can be approximated using the
Hammaker approach (or more complex approaches like the Lifschitz theory or spectral
methods). For example, for the interaction of two spherical objects with radii Ri and
Rj at distance D the VdW potential and the resulting vdW force between two spheres
can be approximated with

UvdW(D) = −AR
6D

,

⇒ F (D) =
AR

6D2
(2.38)

where A = π2CVdWρiρj is the Hammakar constant (with ρ the molecular density of
the material) and R = RiRj/(Ri + Rj) is the reduced radius of the system. In more
extended theories, A is a complex function of the temperature, the dielectric proper-
ties, and the absorption frequencies of the material. Typical values of the Hamaker
constant of condensed phases in vacuum are about 10−19 J.
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2.3.3 Interactions of Charged Systems

If the bodies are charged, long range Coulomb interactions play a dominant role. The
potential is determined by the Poisson equation (Eq. 2.11). For two point charges,
the interaction potential is given by a 1/r dependency which can either be attractive
or repulsive depending on the signs of the charges (Eq. 2.12). For macroscopic bodies
the potential results, depending on the geometry, in diverse proportionalities of the
distance r (eq. 2.12).
In solvent, most surfaces are charged, since it is energetically favorable to charge the
surface with respecrt to the thermal energy KBT [33]. This occurs by dissociation
of ionizable groups or by the adsorption of charged species (Ch.2.2.2). For electro-
neutrality, oppositely charged counterions are immobilized. This charging results in an
electric double layer consisting of the so called inner ”Stern” or ”Helmholtz” layer where
counterions are bound close to the surface and the diffuse Gouy-Chapman layer con-
sisting of a diffuse counterion atmosphere [126] (Figure 2.14). In electrolyte solutions
the potential in the diffuse layer decays exponentially (far away from the surface). This
behavior is described quantitavely by the Debye screening length and is determined by
the PB equation (U ∝ e−Dλ

−1
D , see Eq. 2.16). The PB equation relates the ion distri-

bution to the surface potential, by using the electro-neutrality condition.
If two charged surfaces are brought near to each other, the ion distribution overlap.
Therefore an increase of the osmotic pressure due to the increase of mixing entropy of
the ion clouds occures and the electrostatic double layer force arise (Figure 2.14A). One
can show that it is enough to consider the counterion distribution at the midplane of
both surfaces and the surface charge density σS (contact value theorem 9). In addition
to electro-neutrality, the surface charge density σS of the interacting objects influences
the potential. That leads to additional boundary conditions. Three types can be iden-
tified: 1) Constant charge (cc: the surface charge density is constant. Solving the PB
equation results in a distance dependence between σS,0 [24]), 2) the constant potential
U0 (cp): the surface potential is independent of the distance, and 3) the constant reg-
ulation approximation (cr: the surface charge depends on the charge density and on
the distance).
Taking into account these conditions, the electrostatic double layer force between two

9general and also valid for other interactions
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flat surfaces results in [128]

F (D)cc
2πR

=
ε

λD

(
2U0,1U0,2e

−D/λD −
(
U2

0,1 + U2
0,2

)
e−2D/λD

)
for cc (2.39)

F (D)cp
2πR

=
λD
ε

(
2σS0,1σS0,2e

−D/λD +
(
σ2
S0,1 + σ2

S0,2

)
e−2D/λD

)
for cp (2.40)

It should be noted that the presented approximations using continuum theory and are
just valid for D ≥ λD and small surface potentials (zeU0 < KBT ). For separations
larger than the Debye length (D >> λD) and small surface potentials (zeU0 <<

KBT ) the double layer interaction between two surfaces decays exponentially with the
separation distance and can be approximated by

F (D)approx
2πR

≈ 2εU0,1U0,2

λD
e−D/λD =

2λDσS0,1σS0,2

ε
e−D/λD (2.41)

≈ 64KBTρλD tanh2

(
zeU0

4KBT

)
e−D/λD (2.42)

Figure 2.14A shows the electrostatic double layer force for cc and cp conditions, adapted
from Ref. [128]. Examples for analytic and numeric expressions, of solutions of the full
PB equation, and fitting to experimental data can be found in Ref. [33, 126, 130, 131,
132]. The above discussed solutions of the PB equation neglect aspects like surface
heterogeneities, roughness, and the discrete character of ions.
The DLVO theory developed by Derjaguin, Landau, Verwey and Overbek combines
the electrostatic repulsion at intermediate distances and the short ranged VdW forces
to describe the interactions between charged surfaces in electrolyte solutions [126].
For short separation distances, additional attractive hydrophobic interactions between
hydrophobic surfaces and hydration repulsion between hydrophilic surfaces have to
be taken into account. The origin of these interactions is still under debate and no
theory is available to explain the effects. Hydrophobic attraction between two surfaces
can be stronger than VdW interactions and can be attributed to solution effects and
cavitation bubbles. For the hydration force, it is assumed that water-water interactions
cause repulsion. Experimental results show that these interactions can be described by
an exponential decay function [128, 24].

2.3.4 Capillary Interactions

If a substrate is stored in air under standard lab conditions, a thin water films adsorbs
on the surface. When two bodies are brought close to each other, a meniscus formes
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Figure 2.14: Interactions of charged Surfaces: 2.14A Distributions of counterions and
coions of two interacting equal charged surfaces at distance D and schematic of the
corresponding Stern- and Gouy-Chapman layer. 2.14B Electrostatic double layer force:
Solutions of the PB equation for constant charge and constant potential conditions for
a charged sphere with radius R = 10µm interacting with a charged surface in 0.1 M
NaCL solution. Surface potentials for cp are U0,1 = 80 mV and U0,2 = 50 mV. Surface
charge densities for cc are σS0,1 = 0.0058 C/m2 and σS0,2 = 0.0036 C/m2. The surface
charge was adjusted by σS0,(1,2) = εU0,(1,2)/λD so that the potential at large separations
D is identical. (Adapted from Ref. [128] c©Elsevier)
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by condensation of water which causes the so-called ”capillary” forces (such forces can
also appear in liquid environment under certain conditions, e.g. caused by capillary
bridges). These forces have a hysteresis character since they only occur when a conde-
sation neck forms.
Using the equations of Young, Laplace, and Kelvin it is possible to characterize these
forces. For two spheres with radii Ri and Rj with a liquid film of the thickness h, and
the surface energy γ, the capillary force can be expressed by

Fcap(D) = −2πRγ(cos θi + cos θj)

1 +D/h
, (2.43)

where R is the reduced radius, θ is the contact angle of surface i and j, and D is the
separation distance [24, 133].

2.3.5 Steric Interactions

At a certain small distance, all bodies repel each other due to steric interactions. For
blank bodies, they have their origin in the Pauli principle and can be described using
a hard wall potential.
If the body is covered with molecules, e.g. PEs, further aspects play a role [134].
Upon approach of PE-covered surfaces compression of PEs leads to an increase in the
concentration of the polymer (increase in entropy) as well as the osmotic pressure and
therefore in the restoring force. This force is dependent on the solvent quality, the
resulting ion distribution, and on the grafting density (Ch. 2.2.5). Details about the
interactions of polymer brushes are discussed below.

Interactions of Polymer Brushes

Now, consider two surface coverd with the same polymer brushes interacting with each
other. Force balance of entropic forces (elastic repulsion), steric (volume) interactions,
osmotic pressure, and in case of charged polymer brushes electrostatic contributions
(Ch. 2.2.5) result in a repulsive pressure (P (D): force per unit area) between the
interacting bodies [115].
This force can be converted into the interaction energy per unit area (w(D)) between
two parallel plates separated by distanceD, using the Derjaguin approximation w(D) =

F (D)/2πR = −
∫ D

2h
P (D∗)dD∗ (Eq. 2.36). Neutral brushes can be approximated using

the de Gennes approach [135, 136, 137], which results in an interaction energy per unit
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area w(D) of

w(D)AdG =
8kBTH

35σ3/2

[
7

(
D

2H

)−5/4

+ 5

(
D

2H

)7/4

− 12

]
for D < 2H, (2.44)

where the apparent brush height depends on the regime the brush is in. For neutral
brushes H ∝ Nσ−1/3. Using mean field approaches and a box profile for the density,
the interaction energy profile is given by [128, 138]

w(D)MF =
6kBTH

2

Na2σ

[
2

(
D

2H

)−1

+

(
D

2H

)2

− 3

]
for D < 2H. (2.45)

Taking into account a parabolic monomer profile, which is more realistic than a box-
profile, w(D) results in the so called MWC dependence (Milner, Witten, Cates) [139,
140, 141]

w(D)MF,MWC =
π2kBTH

2

8Na2σ

[(
D

2H

)−1

+

(
D

2H

)2

− 1

5

(
D

2H

)5

− 9

5

]
for D < 2H,

(2.46)
The scaling behavior is the same as for Eq. 2.45 minus a correction term accounting a
less steep increase of repulsive interactions.
Obviosely the same approache, as derived for neutral brushes can be used for charged
brushes, where screening by salt achieves electro neutrality. Also, in case of PE brushes
in the salted brush regime it can be shown that the same approache, as derived for
neutral brushes (Eq. 2.45), can be used. For this purpose the excuded volume must
be extended with electrostatic contributions (v2 = v0 + vel) [33][115]. This results in
an appararent brush height h (Ch. 2.2.5) of

h = N

(
a2

6σ

)1/3(
v0 +

f 2

2cS

)1/3

(2.47)

and finaly in

w(D)SB =
kBTN

2

hσ2

(
v0 +

f 2

2cS

)[
2

(
D

2h

)−1

+

(
D

2h

)2

− 3

]
for D < 2h.

for quenched, salted PE brushes. Here v0 is the non extended exluded volume, cS the
salt concentration and f the fraction of charged monomers. Equation 2.48 shows the
same scaling behavior as 2.45. In case of osmotic brushes the scaling behavior of w(D)
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differs compared to neutral polymer brushes [115, 139].

w(D)OsB =
2kBT

σ

[
3

2

h2

Na2

((
D

2h

)2

− 1

)
+
N2vo
2σh

((
D

2h

)−1

− 1

)
− fN ln

(
D

2h

)]
for D < 2h, (2.48)

Figure 2.15 shows that the scaling laws for the interaction energy per unit area follow
the same trend, in particular for strong deformations. For 0.2 > D/2H > 0.9 equations
2.44, 2.45 and 2.46 can be approximated with an exponential decay (Figure 2.15) [126]:

w(D)approx ≈
100kBTH

πσ3/2
e−πD/H for 0.2 > D/2H > 0.9. (2.49)

Figure 2.15: Interactions of polymer brushes: AdG-profile, MW-profile, MWC-profile
and approximation. w(D/2H)norm = w(D/2H)/w(0.5) (adapted from Ref. [33])

These discussed equations can be extended for annealed brushes. If just one of the
surfaces is covered by a brush the force is reduced by a factor of four.
A complete diagram of different compression states for quenched and annealed PE
brushes as a function of polymer and salt concentration was derived by Zhulina et
al. [142]. Counter intuitively, the restoring force for neutral brushes depends stronger
on deformation than in quenched PE brushes and even stronger than for annealed PE
brushes. This is due to recombination of charged groups with counterions which reduce
the osmotic pressure inside the brush. Adding salt leads to an increase in the restoring
force.
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2.3.6 Contact Mechanics

If two bodies contact each other, they deform and a contact area is created under the
influence of an external applied force and surface interactions. Accurate knowledge on
contact parameters like contact area a and deformation δ as a function of the applied
force as well as on the resulting stress distribution is a crucial requirement to under-
stand effects in nature and for applications. Examples are reversible adhesives in both
biological and non-biological systems.
Several theories exist that describe the contact situation and connect molecular inter-
actions and continuum models. The most important theories of contact mechanics for
linear elastic bodies are introduced without derivations in the following, oriented on
reviews [124, 24, 127, 128].

Material Parameter

First, several material parameters must be introduced. The stress acting on a material
is defined as the force per cross sectional area A. For normal loads in z direction this
is

σz = Fz/A. (2.50)

The resulting relative elongation of the body is quantified by the strain ε

εz =
∆Lz
Lz

, (2.51)

with the total length in z-direction Lz and the length change ∆Lz. The elastic defor-
mation of the body can be related to its Young’s modulus E which is defined for an
isotropic elastic material10 as the proportionality factor between the applied strain and
the resulting stress

σz = Eεz. (2.52)

Typical values for E are in the range of tens of kPa (e.g. gels), some MPa (e.g. rubbers),
up to some GPa (e.g. metals) [24]. When a material is stretched in one direction, it
will normally contract perpendicular to this direction. This effect is considered by the
Poisson ratio ν

ν =
εx,y
εz

(2.53)

for a material stretched in z direction. The Poisson ratio ν is in the range of 0 up to 0.5
(0.5 for perfectly incompressible materials). Rubbers reach values close to the upper

10In general this have to be defined using tensor analysis
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limit of 0.5 [24], whereas glass has a Poisson ratio of around 0.1 for example.

Contact Mechanic Models

The first model to describe the contact between two non- adhering, isotropic, linear
elastic spheres was given by H. Hertz in 1881[143]. H. Hertz calculated the deformation
δ and contact area a as a function of applied load F , geometrical terms (R = RiRj/(Ri+

Rj)), and material parameters as accounted for the reduced modulus K

K =
4

3

(
1− ν2

i

Ei
+

1− ν2
j

Ej

)−1

. (2.54)

The resulting contact parameters as well as the stress distribution σ(r) in the contact
zone (as a function of distance from the axial center r) are summarized in Figure 2.17
and Tab. 2.2 [127, 128]. Applying some simple conversions, the force to achieve a
certain deformation δ can be obtained by

FHertz(δ) = KR1/2δ3/2. (2.55)

Taking adhesion in the contact area into account, Johnson, Kendall and Roberts (JKR)

Figure 2.16: Contact parameters of a sphere pressed against a flat substrate

developed a more realistic model for soft contacts [144]. By balancing surface energies
and the elastic potential, they calculated the contact area and the deformation as a
function of applied load and surface energy per unit area w, as well as the resulting
stress distribution (Figure 2.17 and Tab. 2.2). The JKR theory is valid for soft samples
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with a large reduced radius and large adhesion forces. In case of zero external load,
finite contact radius, deformation, and stress are observed due to adhesion [127]

a0
JKR =

(
6πwR2

K

)1/3

, (2.56)

at a deformation of

δJKR
0 =

a2
0

R
− 2

3

√
6πwa0

K
. (2.57)

Due to the strength of adhesion, the interacting bodies still adhere while pulling (neg-
ative loads) until a critical force Fadh is reached (see Tab. 2.2). It should be noted
that the expression for the adhesion force is independent of the elastic properties of
the material. Furthermore, the aspect of experimentally observed adhesion hysteresis
can be explained using the JKR theory. The contact area is larger when unloading
than in the loading case until rupture at a critical contact radius of ac = 0.63a0 and a
(negative) deformation of δc = −(πw2R/12K)1/3.
At the same time Derjaguin, Muller, und Toporov (DMT) developed an alternative
model where adhesion is present around the contact zone [145]. The DMT model as-
sumes that the surface profile is the same as for Hertzian contacts. Adhesion is included
by an additional load caused by the surface forces around the contact area. The DMT
theory can be applied to contacts of stiff samples with small radii and small adhesion.
In case of zero external load, finite contact radius, deformation, and stress occur

aDMT
0 =

(
2πwR2

K

)1/3

, (2.58)

at a deformation of
δDMT

0 =
a2

0

R
. (2.59)

Due to adhesion, the interacting bodies adhere while pulling (negative loads) until a
critical force is reached. The deformation parameters are summarized in Figure 2.17
and Tab. 2.2.
If the interaction energy is negligible or for very high loads (F > 103πwR), the results
of JKR and DMT models reduce to the equations given by the Hertz model.
As mentioned above, both the JKR and the DMT model are valid for different limits of
material parameters. For quantification of the validity of the particular model, Tabor
introduced ”the Tabor parameter” which is defined by the ratio between neck height
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Table 2.2: Expressions for contact parameters of different contact mechanic models.
Adapted from Ref. [128].

Hertz JKR DMT
a3 FR

K
R
K

(
F + 3πRw +

√
6πRwF + (3πRw)2

)
FR
K

+ 2πwR2

K

δ a2

R
=
(

F 2

K2R

)1/3
a2

R
−
√

8πaw
3K

a2

R
=
(

(F+2πRw)2

K2R

)1/3

σ 3Ka
2πR

√
1− r2/a2 3Ka

2πR

√
1− r2/a2 −

√
3Kw
2πa

1√
1−r2/a2

3Ka
2πR

√
1− r2/a2

Fadh 0 −3
2
πwR −2πwR

at critical deformation due to adhesion and the range of surface forces z0 [146]

µT =

(
16Rw2

9K2z3
0

)1/3

. (2.60)

For µT << 1, the DMT model is valid and for µT >> 1 JKR theory applies.
Maugis introduced a more general theory, which describes the transition range between
the JKR and the DMT model and applies to all materials from large hard spheres with
high surface energy to small soft bodies with low surface energies. The Maugis theory
describes interactions by a Dugdale model and results in expressions for the contact
parameters as a function of the so-called ”Maugis parameter” (µM ≈ 1.16µT ). For
analytic expressions of the contact parameters, the reader is referred to Ref. [127, 147].
Figure 2.18 shows an overview for the availability of the presented contact mechanic
models.
A general expression for the contact parameters of two axisymmetric elastic bodies (i.e.
sphere, parabola, or cone) was given by Sneddon’s solution [127]. The reader should
notice that the contact radius must be known for these expressions. Also, one can show
for any punch that the load displacement can be written in the form

F (δ) = αδn, (2.61)

with α including material parameters and n dependent on the geometry (n = 1 for flat
cylinders, n = 2 for cones, n = 1.5 for paraboloids i.e. spheres) [128].
The expressions of the stress distributions presented above (see Tab. 2.2) have limita-
tions in their phyical meanings, since the stresses in the descriptions are infinite at the
edge of contact. This unphysical situation can be resolved using additional parameters.
One can show that the peak stress can only be in the order of the elastic modulus for
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A

B

C

Figure 2.17: Contact mechanics of elastic bodies: 2.17A Contact radius as a function
of applied load, 2.17B Deformation as a function of applied load for a soft sphere
(R = 10µm, E = 1 MPa, w = 10 mJ/m2) pressed against a hard substrate (dotted
lines show the hysteresis character of the JKR theory). 2.17C Stress in the contact
zone of a soft sphere for an applied load of F = 1µN (dotted lines show the contact
radius).
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Figure 2.18: Availability of contact mechanic models (reproduced from [148]
c©Elsevier)

soft materials or the predicted VdW stress of the interface.
Above, only total linear elastic deformations were treated. For indentations where plas-
tic deformation or viscoelastic phenomena occur the situation is even more complex
due to nonlinear behavior. Approaches to model these contact problems were devel-
oped for example by Oliver and Pharr [149]. Also, heterogeneities and roughness are
neglected in the continuum elastic theories described above and should be taken into
account for a full realistic description [150, 151].
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Table 2.3: Experimental methods to study responsive layers, FTIR: Fourier trans-
form infrared spectroscopy, QMB: Quartz crystal micro balance, SFA: Surface force
apparatus, AFM: Atomic force microscope, JKR: JKR apparatus

properties methods
chemical structure FTIR, QMB, spectroscopy
thickness and density scattering techniques, ellipsometry, reflectometry

spectroscopy, microscopy, SFA, AFM
surface interactions and mechanics SFA, AFM, JKR, microscopy

2.4 Experimental Methods: Atomic Force and Opti-

cal Microscopy

For characterization and understanding of responsive surfaces experimental techniques
are necessary. Novel scanning probe microscopy approaches and optical methods can
give insights into the behavior of surfaces and interfaces [125]. Exemplary experimental
approaches to study the chemical structure, the thickness and density of responsive PE
surface, as well as surface interactions and mechanical properties are summarized in
Table 2.3 [1, 17]. These methods are accomplished by new theoretical approaches
and modeling techniques. This section focus on the used techniques in this thesis, in
particular atomic force and optical microscopy. The discussion is oriented on [124, 125,
24, 126] and the cited literature.

2.4.1 Atomic Force Microscopy (AFM)

Several characterization methods are known to study the response of smart coatings
(Table 2.3). In this thesis, the focus is set on changes of interactions and mechanical
properties of such systems on the colloidal scale. One of the most suitable techniques
for surface characterization in this regime is atomic force microscopy (AFM) [152].
Complementary methods can be e.g. the surface force apparatus [153, 154], the JRK
apparatus [155], or optical or magnetic tweezers [156].
The AFM was invented by Binnig et al. in the 1980s [157] on the basis of the scan-
ning tunneling microscope. Nowadays, the AFM has many fields of applications [158].
Besides the original intention of imaging surface topographies, the AFM allows for
detecting surface and interfacial forces, molecular interactions and characterization of
the mechanical and the electrical properties of the surface of the studied material, just
to name a few.



CHAPTER 2. THEORY AND STATUS OF THE FIELD 70

Figure 2.19: Working principle of an AFM

The working principle of an AFM is based on interactions between the sample and
a probe as a function of their distance. The probe is commonly a cantilever which
deflects towards or away from the surface depending on attractive or repulsive forces.
The deflection can be detected at high precision using several methods. The most com-
mon detection method is the optical lever approach where a laser beam is focused on
the backside of the cantilever and is reflected to a position-sensitive photodiode (Fig-
ure 2.19). The position-sensitivity is achieved by subdivision of the detector (typically
quarterized), which results in different intensities on the individual areas and finaly in
a current signal. The current can be transformed into the required information, in par-
ticular height changes (these can be further converted to interaction forces, hardness,
and roughness.)
The acting force can be calculated from the deflection of the cantilever by Hooks law

F (δc) = kcδc, (2.62)

where kc is the spring constant and δc the deflection of the cantilever.
The relative position of cantilever and sample is controlled by piezoelectric elements
with a precession of 0.1 nm in x-, y-, and z- direction. Typical cantilevers are made from
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silicon or silicon nitrid and have a spring constant in the order of (0.001 − 100) N/m.
For enhancement of the reflectivity of the cantilever, the backside of the cantilever can
be coated with a metal.
The advantages of an AFM are its high spatial resolution on the nm scale (determined
by the convolution of the tip and the sample), high sensitivity towards forces in the
range from pN up to some µN, and a resolution for deformations smaller than 1 nm

(determined by the spring constant of the cantilever). These pros and the ability to
study nearly any kind of solid (or liquid) interface in various environments in a big tem-
perature range have made the AFM one of the most popular tools in surface science.
Also, other surface properties can bes studied, as for example electrical properties by
controling an electric potential applied to the cantilever. For instance lateral electric
properties are important in the semiconductor and hard disc industry [159].
Drawbacks of the AFM are that the technique is relatively slow and limited to surface
(rather than bulk) properties. Additionally, the operating distances are limited by the
used piezos (typically in the range of 10µm for z-, and 100µm in x- and y- direction).

Imaging AFM

For imaging, (typically) sharp tip cantilevers are scanned in x- and y- direction over the
sample substrate. Three main operation modes can be distinguished: 1) the contact
mode, 2) the noncontact mode, and 3) the tapping mode. In contact mode, interaction
forces are detected while the cantilever tip remains in contact with the sample during
scanning. The resulting deflection (constant height) or the applied force to keep the
deflection constant (constat force), are used as the signal. Using a feedback loop the
signal can be directly converted into a topographic image. The noncontact and the
tapping mode are dynamic modes. Here the cantilever is oscillated near its resonance
frequency and shifts of amplitude and frequency are detected. In case of the noncontact
mode, shifts of the resonance frequency are detected while moving the cantilever above
the surface (no contact). The tapping mode combines benefits of both, the contact
and non-contact mode, by oscillating the cantilever near its resonance frequency, while
allowing for small impacts of the cantilever tip into the sample.
The resulting image of these modes is mathematically a convolution of the sample and
the probe. As a result the spatial resolution is limited by the geometry of cantilever
tip11. An overview of the different imaging modes is given in Ref. [158, 160, 161].

11Additional factors are external and internal vibrations and the damping quality of the cantilever.
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Force Spectroscopy

Besides imaging, the AFM can be used for direct force measurements [128, 152]. For
this, the cantilever is driven in z- direction towards or away from the surface. The
cantilever deflection δc is recorded as a function of the piezo hub Z. This outcome can
be transformed into a force versus distance (FD) curve (often named force-separation
or force-indentation curve, depending on the experiment). For that purpose the voltage
of the photodiode must be related to the force acting on the cantilever. If no artifacts
occurs (e.g. due to very large cantilever deflections), the deflection of the cantilever is
linear proportional to the voltage of the photodiode V

δc = SV, (2.63)

where S is the so-called ”inverted optical lever sensitivity” (InvOLS). If the spring
constant of the cantilever kc is known precisely12 (from calibration measurements, see
below), the deflection can be transformed into the acting force using Hooks law (eq.
2.62)

F (Z) = kcSV. (2.64)

The separation of a cantilever from the surface D is related to the movement of the
z-piezo Z as

D = Z − (δC + δS), (2.65)

where δc is the cantilever deflection and δS the deformation of the sample surface. FD
curves reflect the contributions of surface interactions and Hooks law of the cantilever.
A schematic example of a FD curve is shown in Figure 2.20.
When the cantilever is far away from the surface, no interactions occure and cantilever
deflection is zero. This part of the FD curve is called ”baseline”.
If the cantilever comes close to the surface, the cantilever will start to bend due to
surface forces. In case of attractive forces, the cantilever will bend towards the surface
and jump into contact (jtc) when the gradient of the attractive forces overcomes the
spring constant of the cantilever. When the surface forces are repulsive (e.g. due to
electrostatic diffuse layer froces, Ch. 2.3.3) the cantilever starts to bend away from the
surface which results in an increase of the detected force.
If the cantilever movement is sustained, the cantilever will deflect as described by Eq.
2.62 in combination with the deformation of the sample (Tab. 2.2). In case of a hard
substrate (stiffness of the cantilever is much smaller than the stiffness of the substrate),

12Manufacture values are typically not realible, see below for several calibration methods
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this results in the constant compliant region, where probe and sample surface move
in parallel. At a certain point, the piezo movement is turned back and the cantilever
retracts. Trace and retrace in contact are named as contact part, contain information
on the mechanics of the sample. They can be described by contact mechanical models
(Ch. 2.3.6).
In case of attractive forces (adhesion between the sample and the probe), the cantilever
will stay in contact until the restoring force of the cantilever overcomes the adhesion
force Fadh and the cantilever jumps out of contact (joc) (For expressions of Fadh see
Tab. 2.2). The included area between trace and retrace of the FD curve contains
information on the work of adhesion (adhesion hysteresis).

A B

Figure 2.20: Force distance curve: 2.20A Cantilever movement, 2.20B Detected raw
data, top (schematic of hard tip interacting with a hard substrate) converted to a force
distance curve, bottom.

The presented FD curve (Figure 2.20) is just a simplified example. For complete inter-
pretation of the experimentally detected FD curves, including all surface and molecular
interactions, mechanical properties (as introduced in Ch. 2.3) and hydrodynamic ef-
fects of the sample, the reader is referred to Ref. [128, 152]. In these reviews also many
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applications, related to force spectroscopy, are discussed.
Acquiring FD curves on several mashes of a digital grid results in a so called FD map
(force volume).
Until now, vertical deflections of the cantilever were discussed only. Lateral deflections
can be also help to learn about surface properties, e.g. friction and lateral restoring
forces as a function of the surface topography and sample geometry. Calibration of the
lateral spring constant and interpretation of data needs special effort and the reader is
referred to Ref. [162].

The Colloidal Probe Technique

In general, AFM probes are sharp tips (tip diameter in the range of 5-20 nm) in the
front of the AFM cantilever(Figure 2.21A). While these tips allow to establish very
small contacts, the contact geometry is rather ill defined because the shape of AFM
tips cannot be controlled accurately in the manufacturing process and during mea-
surement. However, for quantitative measurements of surface interactions, it is often
useful to measure with defined contact (or interaction) geometries [163]. A major step
to overcome this problem was the introduction of the colloidal probe (CP) technique by
Ducker (Figure 2.21B) [164]. For the CP technique, colloidal particles (mostly spheri-
cal) of several microns in diameter (typically 1−50µm) and with a surface roughness of
only a few nanometres are attached to the AFM cantilever13. The radius can be mea-
sured e.g. during preparation using an optical microscope. A CP can be attached to
the cantilever using micromanipulation under optical control with a light microscope.
Most common attachment protocols use epoxy glue or sintering [165, 166]. The CP
can be adapted to the experiment by choice of the material or by additional function-
alization.
Full knowledge about the surface geometry, i.e. the CP radius allows for usage of the
Derjaguin approximation (Eq. 2.36) and thus normalization of the data to a unit area.
In this way, it is possible to compare different interaction measurements.
Since its introduction, the CP technique has found many applications in interaction
measurements [165].

13In principle, any kind of material that can be glued to the cantilever can be used.
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A B

Figure 2.21: AFM cantilever probes: 2.21A Sharp tip, 2.21B Colloidal probe (Ref.
[167])

Calibration of the Spring Constant of AFM Cantilevers

For the transformation of the voltage signal of the photodiode into a force, accurate
knowledge about the mechanical properties of the cantilever, as quantified by the spring
constant and the resonance frequency are necessary. These parameters can be deter-
mined by several techniques, namely dimensional, static, and dynamic methods [24].
The dimensional methods are based on the dimensions and the material properties of
the cantilever. For rectangular cantilevers the force constant is given by

Kc =
Ebd3

2L3
, (2.66)

where E is the Youngs modulus of the cantilever material, and b, d and L its dimensions
in width, thickness and length.
In static methods, a known force is applied to the cantilever and the resulting deflection
is measured. Both methods have problems such as unknown material parameters, exact
determination of the cantilever thickness or experimental effort.
Dynamic methods based on the detection of the resonance frequency of the cantilever
overcome these problems. Dynamic methods determine the spring constant of the
cantilever with an uncertainty of about 10%. The thermal noise method developed by
Hutter and Bechhoefer [168] uses the thermal fluctuations of the cantilever that are
detected far away from the surface and computed back to the spring constant using
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equipartition theorem

kc =
kBT

〈δ2
c 〉

(2.67)

The power spectrum P (f) of the recorded signal is calculated which is a function of δ2
c

versus the frequency f (Wiener-Kinchin theorem). Integration of the power spectrum
over all frequencies results in 〈δ2

c 〉. Typically, just the first resonance peak where
most of the energy is stored is fitted by the thermal response function of a harmonic
spring/oscillator

kc =
kBT∫
P (f)df

≈ 2kBT

πAfresQ
, (2.68)

with the resonance frequency fres of the spring, the amplitude A, and the quality factor
of the first resonance peak Q (Q = fres/∆f , ∆f : full width at half maximum).
The Sader method is based on hydrodynamics [169, 170]. From knowledge about fres,
Q, and the planar geometry of the cantilever L and b, the spring constant can be
calculated

kc = 0.1906ρb2LQf 2
resΣi(Re), (2.69)

where ρ is the density of fluid surrounding the cantilever and Σi(Re) is the imaginary
part of the hydrodynamic function depending on the Reynolds number Re of the fluid.
Cleveland et al. introduced another method based on the resonance shift to fM when
adding an additional mass M to the cantilever [171].

kc =
M

1/f 2
M − 1/f 2

res

. (2.70)

2.4.2 Optical Techniques

Direct visualization of the response of PE layer systems can be achieved by several
optical techniques, e.g. optical microscopy. The thickness and thickness changes can
be accurately measured, e.g. by ellipsometry [172]. This section should give a short
introduction into the techniques used in this thesis, i.e. bright field microscopy, micro
interferometry and confocal microscopy. For more details, the reader is referred to Ref.
[172].

Optical Microscopy

Optical microscopy has been known for over 1000 years and still is a frequently used
and important tool in surface science.
Typical light microscopes are configured in the so-called ”Köhler illumination” (Figure
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2.22A). Irradiated light from the light source is focused by a condenser lens onto the
sample. The light passes through or gets reflected by the sample into the objective and
generates a picture in the focus plane of the ocular or the detector. Scattering of light
can be reduced, and the contrast (e.g. phase contrast [173]) and the depth of field can
be adjusted using additional apertures. Instead of using the alterations of light, also
fluorescence microscopy is possible. For details the reader is referred to Ref. [172, 174].
The total magnification mtot of a specimen is the product of the magnifications of the
objective mobj and the ocular moc

mtot = mobjmoc. (2.71)

For the adjustment of the total magnification the objective is typically changed while
the ocular is held constant. For measurements, resolution r is usually more important
than magnification. The resolution is defined as the minimal distance between two
objects that can be distinguished (distance between the central maximum and the
first minimum in the Airy disk [175]). The resolution is determined by the optical
components and the wavelength λ of the light. Using optical theory (the Rayleigh
criterion), it can be shown that r is proportional to the ratio of the wavelength and
the numerical aperture NA.

r = 0.61
λ

NA
. (2.72)

NA is set by the deflection at the aperture

NA = nisinφ, (2.73)

having values from around 0.05 to 1.5. ni is the refractive index of the surrounding
medium of the objective (air ni = 1 or immersions media, e.g. oil ni = 1.5) and φ is
half of the opening angle of the objective.

Confocal Microscopy

Confocal laser scanning microscopy (CLSM) has become an important tool for many
investigations [172, 175]. Samples studied with this technique must be labeled with an
emitting fluorescent dye (e.g. fluorophore, quantum dot) [174].
The CLSM presents a special kind of optical microscope with regard to illumination,
detection, and image formation (Figure 2.22B). Coherent light is emitted by a laser
system onto the sample. The light passes through a pinhole aperture that is situated
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A

B

Figure 2.22: Optical microscopy: 2.22A Schematic of a light microscope in transmis-
sion mode adjusted for Koehler illumination. 2.22B Schematic of a confocal microscope.
Just light from the focal plane can reach the detector.
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in the conjugate plane (confocal) with a scanning point on the sample [175]. The laser
light excites the dye. The re-emitted light (red shifted compared to the excitation) is
detected by a photo multiplier [174]. The light path is specified by the experimental
setup. For example, the reemitted light can pass a beam splitter and be focused onto a
second pinhole aperture positioned in front of the detector. The pinhole has a diameter
that can be adjusted to a size less than the airy diameter. By this approach, only light
from the focal plane is detected. Nearly all defocused light is blocked by the pinhole.
The depth of the focal plane is approx 1.5 times the spatial resolution. Scanning the
so-called confocal volume in x- and y- direction over the sample allows for reconstruct-
ing two dimensional pictures with a defined ”optical thickness”. Additional scanning in
z-direction allows for reconstruction of three dimensional objects.
Modern CLSMs consist of multiple laser excitation sources which permit multifluores-
cence imaging. Also, emission spectroscopy is possible with a CLSM.
More information concerning the theory of image formation, facilities, and applications
can be found in Ref. [172, 175].

Microinterferometry

A possibility to achieve contrast is micro interferometry. Here optical path length
differences or phase shifts produce interference patterns and contrast enhancement,
repectively. The combination of the high depth resolution, in the order of 10 nm, and a
lateral resolution of 0.2µm makes these microinterferometry techniques to interesting
tools to measure contact geometries on the colloidal scale.
In this thesis the reflection interference contrast microscopy (RICM) was used which is
based on interference of reflected light from the sample due to path length differences
and phase shifts from reflections on different media (Figure 2.23). Using apertures
and an array of polarization filters allows to block perturbations due to stray light.
Information, applications and the theory of image formation can be found in reviews,
e.g. Ref. [176, 177, 178, 179, 180].
The sample is irradiated with monochromatic light with a wavelength λ and intensity
I0. Reflected light from the sample interfers constructively and destructively on the
detector (as in case of Newton rings). Assuming perpendicular incidence of light and
neglecting the curvature of the object, the interference pattern is given by

I = I1 + I2 + 2
√
I1I2 cos(2kh(x) + δ), (2.74)
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with I1 and I2 the intensities of the reflected light of the substrate and the sample,
h(x) the local height of the specimen, k = 2πn/λ the wave number of the light and δ
accounting for possible phase shifts.
Reconstruction of the specimen is possible by the use of an arccos-trafo of Eq. 2.74
that can be adopted stepwise to the interference pattern. For that purpose, a rough
knowledge of the sample geometry is needed, in order to consider the right curvature
of the object. For absolute distance measurements, a certain reference point must be
known. Without this knowledge, the absolute distance perpendicular to the surface
can onloy be measured with two-color RICM [179].

Figure 2.23: Principle of reflection interference contrast microscopy (RICM): I0 inci-
dent light, I1 reflected light from the substrate, I2 reflected light from the sample and
interference pattern (of a glass sphere) on the detector.
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Abstract

We present a method based on colloidal probe atomic force microscopy (AFM) to mea-
sure adhesion energies and to study other contact phenomena of surfaces. The method
employs an elastomeric colloidal probe, rendering the contact area between probe and
sample much larger as compared to standard atomic force microscopy techniques. The
technique allows us to determine the contact area via microinterferometry and measure
the applied forces at the same time. The adhesion properties can then be accessed by
using the Johnson-Kendall-Roberts (JKR) approach, i.e. measuring (a) the contact
area as a function of applied load, and (b) the elastic parameters and the thermo-
dynamic work of adhesion. We test this method in ambient conditions as well as in
aqueous media on well-known surface chemistries, and can clearly characterize the con-
tributions of capillary in air, hydration forces and hydrophobic interactions in water.
This novel method provides a means to study the contact behavior of soft colloids and
enhanced sensitivity for adhesion measurements.

3.1 Introduction

Adhesion and contact phenomena are important in many branches of nature and
technology. Two centuries of research have proven their significance in fields such
as nano(bio)technology [1, 2, 3] and biophysics [4, 5]. For example, adhesion forces
determine cell differentiation [6] and allow lizards to climb sheer walls [7, 8]. Adhesion
technology is vital in coatings, composite materials [9, 10] or adhesives [11]. There
are still many open questions on adhesion and contact phenomena of soft matter sys-
tems. Current research focuses on the behavior of (bio)polymers in water [12, 13, 14],
biosystems that make use of various adhesion strategies on multiple length scales [4]
or dynamic phenomena like rearrangement of polymers inside the contact area [15, 16]
or switchable polymer brushes that change their adhesion properties by changing their
environmental conditions [17]. To tackle such challenges several methods suitable for
different length scales were developed [18, 19, 20]. With regard to the size of contact
areas that are accessible, existing methods can be grouped into macro- and micro-
scalecontact methods. Therefore, developments in adhesion measurement methods
allowed the study of macro- and microscale-contact phenomena: macro-scale contacts
are characterized using Peel and torsion tests [20, 21, 22] and wetting methods like
contact-angle measurements [23, 24]. For ultra-thin films, the surface force apparatus
(SFA) [25, 26, 27] provides an unparalleled sensitivity and vertical resolution on the
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nanometre-scale for macro-scale contacts. The so-called JKR apparatus takes advan-
tage of the fact that the contact area for large elastomeric lenses can be modeled using
the Johnson-Kendall-Roberts theory [28]. Here, adhesion energies are derived using
the dependence of contact area on the applied load. This method has been successfully
applied through the last years, for example as described in Ref. [20] and [29, 30, 31,
32].
The advantage of macro-scale methods is the well-defined contact area. However, these
methods are limited to smooth and chemically homogenous samples over a few hundred
µm2. On the micro- and nanoscale the resolution of an atomic force microscope (AFM)
[33] is required in order to study surface interactions. [18] Here, surface interactions are
measured by force-distance measurements, [34] where a sharp AFM tip (typical radius
of curvature in the range of 5 − 20 nm) is brought into contact with the sample. In
this mode usually the pull-off force of the AFM probe from the sample surface is used
as a measure of the surface-probe interactions. While this technique allows access to
extremely small contact areas, the contact area is rather illdefined and cannot be inde-
pendently determined. The reason is that the shape of AFM tips cannot be accurately
controlled in the manufacturing process or even during measurement and therefore,
AFM tips do not satisfy the demand for a well-defined contact geometry. A major
step towards solving this problem was the introduction of the colloidal probe-AFM
technique [35] by Ducker et al. [36] and Butt [37] in the 1990s. Colloidal particles of
several micrometres in size are attached to AFM cantilevers. Typically silica spheres or
plastic beads with a diameter in the range of 1− 50 mm and with surface roughnesses
of only a few nanometres are used [18, 35]. While the probe geometry is well defined as
compared to standard AFM tips, the contact radii with hard substrates are still in the
order of 100 nm and thus hard to determine in situ. Because of that major drawback,
one still has to rely on assumptions rather than direct measurement of the contact
area which is problematic for determining the work of adhesion. In the last years the
colloidal probe technique was extended to measure interaction forces or to describe the
contact behavior between other kinds of probes, for example segments of hairs [38] or
soft probes like droplets [39, 40, 41, 42] or bubbles [43].
In this paper we describe a novel technique combining the advantages of the JKR
method with the colloidal probe AFM approach. We modify the colloidal probe tech-
nique to obtain a larger contact area between probe and sample by using soft colloidal
particles, made of cross-linked polydimethylsiloxane (PDMS). The elastic properties,
the size of the probe and thus the size of the contact area can be controlled by varying
the preparation methodology of the soft probes. Under suitable conditions the contact
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areas are sufficiently large to allow in situ measurement using microinterferometry [44,
45]. Consequently, the adhesion properties of the system can be accessed by using the
JKR approach.

3.2 Experimental

Materials and methods

The instrumental setup relies on a combination of interference microscopy and AFM
as sketched in Figure 3.1 and the use of novel probe particles. In the following, we
summarize the probe preparation and mounting procedure, cantilever calibration, as
well as technical details of the setup.

Fabrication and characterization of soft colloidal probes (SCPs)

The soft probes were prepared via cross-linking droplets of the precursor polymer in
solution. PDMS (Sylgard 184 kit) was purchased from Dow Corning, USA. First the
prepolymer was mixed with the curing agent using a 10 : 3 ratio. Then, a Milli-Q wa-
ter dispersion containing 5 wt% PDMS precursor and 0.1 wt% sodium dodecyl sulfate
(CAS number 151-21-3, Sigma-Aldrich, Germany) was prepared. After curing for three
days at room temperature, the cross-linked PDMS droplets were extracted by freeze-
drying. The resulting particles were characterized with an inverted optical microscope
(Axiovert 200, Zeiss, Germany) to determine particle sizes. Using AFM force-distance
measurements (Nanowizard I, JPK Instruments AG, Germany) the Young’s modu-
lus was determined as well. The mean diameter of the particles was in a range of
10 to 30µm and the corresponding Young’s modulus in the order of 1 MPa.

Figure 3.1: Schematic of the experimental setup: Combination of AFM and optics.
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Mounting the probes and calibration

The colloidal particles were attached with epoxy resin (UHU schnellfest, Germany)
on pre-calibrated AFM cantilevers (7− 28 Nm1, tipples NSC 12, Micromash, Estonia)
using a micromanipulator (MP-285, Shutter Instrument, USA). The force constant was
detected with the thermal noise method, introduced by Hutter and Bechhoefer [46]. A
typical PDMS particle attached to a cantilever is shown in Figure 3.2. Deliberately,
we established a large contact area between cantilever and particle, such that during
measurement, the particle deformation took place mainly at the substrate-probe inter-
face (see Figure 3.3A). After attachment, the SCP was washed in Milli-Q water and
dried by a stream of nitrogen. Afterwards, the SCP was treated for 40 s in 1 mbar

air plasma at 0.1 kW intensity (PDC-32 G plasma cleaner, Harrick, USA) in order to
remove surface impurities and to provide a well-defined silica-like layer on the SCP
surface. Under those conditions the thickness of the oxide layer is on the nanoscale
[47]. Thus, the elastic properties of the probe are not significantly affected by this
process.

A B

Figure 3.2: Attached PDMS particle on cantilever: 3.2A light microscopy image and
3.2B REM image.

Force spectroscopy

A commercial AFM (Nanowizard I, JPK Instruments AG, Germany) was used for all
AFM measurements. SCPs were mounted into the AFM setup and the optical lever
sensitivity was detected (see Results and discussion section: Boundary conditions, cal-
ibration and modeling of the SCP). The maximum applied force was between 1600 nN

and 2500 nN. For the JKR approach, the load was changed stepwise in intervals of
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A B

Figure 3.3: 3.3A Schematic of the contact behavior of the systems, probe-substrate
and probe-cantilever; 3.3B sketch illustrating the contact parameters: the dotted line
represents the undeformed probe, the solid line represents the deformed probe.

around 200 nN. The presented measurements show the mean value of four different de-
tection positions of the probe on the substrate. The force-distance curves were recorded
using the following parameters: the speed of the piezo actuator was set to 8µms−1.
The force-distance curves were measured on different spots using the force-mapping
mode of the AFM. Measurements were undertaken on at least 64 spots on a 100µm2

grid on the substrate.

Reflection interference contrast microscopy

We used reflection interference contrast microscopy [48, 49] (RICM) to evaluate the
contact area of the SCPs with a hard substrate (functionalized glass surface) in situ.
During RICM, the sample was illuminated with monochromatic light in reflection ge-
ometry. Light was reflected by the substrate and the SCP interface. Due to phase shift
and the path length difference between the reflected beams an interference pattern sim-
ilar to Newton rings can be observed. This interference pattern provides information
about the local distance between the SCP and the substrate, as well as the contact
area. To enhance the interference pattern we used the antiflex technique introduced by
Ploem [50]. For illumination we used a Hg-vapor lamp with two different monochro-
mators (481 nm and 546 nm). A Zeiss Antiflex 63 X NO 1.25 oil-immersion objective,
additional polarizers to avoid internal reflections and a Zeiss AxiocamHRm camera
were used to image the RICM patterns. Details of the calibration of the RICM setup
and the evaluation process of the contact area are summarized in Ch. 3.A and further
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details of the setup are reported in Ref.[44, 45, 51] and [52].

Test surface preparation

To test the method, we studied samples with known surface chemistry. Here, sym-
metrically functionalized surfaces (SCP-substrate), i.e. hydrophilic-hydrophilic and
hydrophobic-hydrophobic systems, were studied. The surfaces were modified via silani-
sation agents by gas phase deposition. Hydrophilic surfaces were prepared using
[hydroxy(polyethyleneoxy)propyl]triethoxysilane (8-12EO), 50% ethanol (ABCR, Ger-
many); hydrophobic surfaces were prepared using (heptadecafluoro-1,1,2,2-tetrahydrodecyl)
dimethylchlorosilane (ABCR, Germany).

3.3 Results and Discussion

Boundary conditions, calibration and modeling of the SCP

The deformation of the SCP can only be observed at the side of the probe facing the
substrate. Therefore, the main deformation of the soft probe should be located in the
contact regime of probe and surface. This can be ensured by rendering the contact area
of particle and cantilever much larger than the contact area of probe and surface (see
Figure 3.3A). Hence we used SCPs where the contact between colloidal particle and
cantilever was adequate (large enough) after the attachment. In order to perform AFM
force-distance measurements the spring constant of the cantilever as well as its inverted
optical lever sensitivity (InvOLS) are required. The InvOLS is the proportionality
constant between photodiode signal and the cantilever deflection. Measuring both
parameters allows calculation of the InvOLS. In the case of a SCP-modified cantilever
this leads to some special challenges: Usually, the cantilever deflection is determined
by pressing the cantilever on a hard, non-deformable substrate. In this case the piezo
displacement is identical to the cantilever deflection and the InvOLS can be directly
read from force-distance curves recorded on hard substrates. This is not possible with
an SCP attached to the cantilever. Therefore, we developed two alternative approaches
to determine InvOLS: for measurements in air, we used a noncontact approach to
determine InvOLS [53]. We use cantilevers for which the spring constant has been
determined ex situ and carry out a spring constant determination using the thermal
noise method in situ. As this method requires the InvOLS as an input parameter, it
can be used to derive it by adjusting the InvOLS until it matches the known spring
constant (see Ch. 3.A). In liquid the thermal noise method cannot be used due to
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high damping [18]. In this case, we detected the optical lever sensitivity by analysis
of the slope of a force-distance curve in contact region, while pressing the apex of the
cantilever against a sharp edge.
In order to derive adhesion energies the system has to be modelled using the proper
contact-mechanic theory [54]. The first analytical description of contact between two
isotropic, homogeneous, linear elastic bodies, but without adhesion contribution, was
given by Hertz. [55] Regarding the adhesion contribution there are several theories
which apply for certain limits of contact behavior. The respective limiting cases are
described by the elastic and adhesive properties of the system [54]. Contact parameters
like contact radius, deformation, pressure distribution, etc. are functions of load, elastic
parameters of the system and the adhesion interaction. The two most common theories
were developed by Johnson, Kendall and Roberts [28] (JKR theory) and Derjaguin,
Muller and Toporov [56] (DMT theory). Tabor [57] showed that it is possible to
separate (to quantify) the different limits of contact behavior with a parameter µT
(respectively Maugis [58] λ ∝ µT ) by comparing the elastic deformation caused by the
surface interactions with the range of surface forces:

µT =

(
16Rw2

9K2z3
0

)1/3

(3.1)

where R is the effective radius of curvature, K is the effective elastic modulus of the
system, w is the thermodynamic work of adhesion and z0 is the equilibrium separa-
tion of the surfaces (interatomic equilibrium distance for solid-solid interactions in the
Lennard-Jones potential, typically on the range of 0.3 to 0.5 nm). R and K are given
by:

1

R
=

1

R1

+
1

R2

and
1

K
=

3

4

(
1− ν2

1

E1

+
1− ν2

2

E2

)
(3.2)

here R1 and R2 are the radii of curvature of the interacting surfaces, E1 and E2 are
their Young’s moduli, and ν1 and ν2 their Poisson ratios (Figure 3.3B. In the case of
soft solids, large radius of curvature and large adhesion energy (µT > 5), the JKR
theory is valid. For stiff solids, small radius of curvature and weak energy of adhesion
(µT < 5) the DMT theory is valid [54].
To analyze our data we have to decide first of all which theory is suitable to describe our
system. We are interested in flat, hard surfaces interacting with the soft probes. For an
elastomeric sphere (R1, E1, ν1 = 0.5) touching such a surface (R2 → ∞, E2 >> E1),
the effective radius of curvature R reduces to R1 and the effective modulus of the system
K equals 16/9E1 (see Eq. 3.2). With a probe radius in the range of R1 = 10µm, a
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Young’s modulus on the order of E1 = 1 MPa and a typical thermodynamic work of
adhesion in the range of w = 10 mJm−2 the Tabor parameter (Eq. 3.1) lies in the
range of µT > 50. Therefore, we are in the limit of the JKR theory. Following the JKR
theory the contact radius between two spheres pressed together by a load P is given
by:

a3 =
R

K

(
P + 3πRw +

√
6πRwP + (3πRw)2

)
(3.3)

Adhesion measurements

JKR describe the contact area as a function of load P , elastic properties K, and the ad-
hesion energy w: a = f(P,K,w), see Eq. 3.3. In order to obtain the adhesion energy we
press the SCP against the substrate of choice, which can be done with subnanonewton
precision using the AFM feedback loop. Simultaneously, we record the adhesion area
by microinterferometric imaging. The data are collected at discrete load-force intervals
of ∆P > 100 nN. Figure 3.4 shows a typical experiment of a hydrophilic functionalized
SCP against a hydrophilic hard substrate in water. The JKR fit, as shown in Figure
3.4B, was computed using Eq. 3.3, yielding the adhesion energy and the Young’s mod-
ulus as fit parameters. To crosscheck the Young’s modulus we detected force-distance
curves of SCPs on a hard substrate. The force-distance curves were transformed into
force-deformation curves of the soft probe by subtracting the effect of the cantilever
deflection. Then we fitted the contact region of the force deformation curves with the
Hertz model [55]. Both moduli are in the same range (variation < 25%). This is
in agreement with findings reported in literature, e.g. Ref. [59] To test the method
further, we investigated surfaces with known surface chemistry. Adhesion interaction
of symmetrically functionalized surfaces, hydrophilic probe-hydrophilic substrate and
hydrophobic probe-hydrophobic substrate, was investigated and compared to literature
results.

Hydrophilic interactions

For the hydrophilic probe and the hydrophilic substrate in water we expect relatively
small adhesion forces due to hydrophilic interactions [60]. The JKR approach leads
to values of wwater = 1.8 ± 0.3 mJm−2 (Figure 3.5A) using a particle with a radius of
R = 10.9µm contact with the hydrophilic surface. The Young’s modulus of the particle
detected by the JKR fit was E = 0.7±0.1 MPa. The value of 1.8 mJm−2 is at the de-
tection limit of adhesion energies for the SCP method at this stage, but in a reasonable
range considering that the hydrophilic surface might be slightly contaminated. Values
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A

B

C

Figure 3.4: Analysis of the thermodynamic work of adhesion w by extraction of the
contact radius a for varying loads P . 3.4A Force-distance curve of a hydrophilic soft
colloidal probe against a hydrophilic surface (solid line represents approach cycle, dot-
ted line represents the retraction cycle, and dashed lines show readings of the contact
area as shown in 3.4B. 3.4B RICM images of the SCP allowed determination of the
contact radius. 3.4C The plot of a against P follows the JKR predictions. The thermo-
dynamic work w is extracted from the JKR fits (cross-makers, X, denote experimental
data, black line denotes the JKR fit).
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for the work of adhesion of hydrophilic surfaces with OH end groups in water reported
in the literature, e.g. Ref. [61] and [62] lie in the same range (≈ 1.5 mJm−2).

A

B

Figure 3.5: Contact radius as a function of applied load: 3.5A hydrophilic probe-
hydrophilic substrate and 3.5B hydrophobic probe-hydrophobic substrate.

Hydrophobic interactions

Here much larger attractive hydrophobic interaction forces to the hydrophilic system
can be expected [60]. The evaluation of the contact radii as functions of load with
the JKR approach resulted in large adhesion interactions, wwater = 32 ± 4 mJm−2

(Figure 3.5B). The Young’s modulus of the particle with a radius of R = 10.5µm was
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E = 1.2 ± 0.1 MPa. The values for wwater of fluorocarbon reported in literature, e.g.
Ref. [63] and [64], are higher but lie in the same range (wwater,CF ≈ 50 mJm−2). The
deviation could be explained by surface roughness of the hard substrate [65, 66, 67,
68] (the roughness of the soft probe is minimized by minimization of the energy during
the preparation process). Furthermore, contact-angle measurements showed that the
silanisation by gas phase deposition was not perfect (measured contact angle: ≈ 100◦

(Ref. [63]: ≈ 110◦)).

Influence of capillary forces in air

In ambient conditions, a water film is present on the surfaces. As a result, capillary
forces control the adhesion interactions between probe and the surfaces. Indeed for
hydrophilic surfaces the adhesion area in air is larger as compared to the measurements
in water (Figure 3.5 a). This is the case over the whole range of applied loads, although
the differences between adhesion in air and water become smaller for larger loads.
That is because the capillary force is an additional load-contribution, becoming smaller
relative to increasing applied loads. For the hydrophobic system the contact area in air
is smaller as compared to the contact area in liquid (Figure 3.5 b) due to the absence
of attractive hydrophobic interactions in air, in contrast to the water case. Capillary
forces are also greatly diminished on a hydrophobic surface. The capillary force is a
long-range force that also depends on the probe and substrate deformation [51]. This
effect is not included in the JKR theory. Therefore, the JKR theory does not describe
the measurements in air. At very high loads the additional force due to capillarity
becomes negligible and the experiment in air also approaches the JKR prediction. The
maximum load we apply with the AFM is around P = 2000 nN, which is not enough
to conceal the effect of capillary forces.

3.4 Conclusion and Outlook

We have introduced a novel approach for AFM based adhesion measurements, which
combines the advantages of the JKR apparatus with the advantages of AFM force
spectroscopy. The use of soft colloidal probes (SCPs) allows for in situ determination
of contact area as a function of applied load. Therefore, similar to the JKR apparatus,
adhesion energies can be determined from a fit of a whole set of data on contact areas
and load forces rather than from assumed contact areas and pull-off forces as it is
common practice in AFM adhesion measurements (see Ch. 3.A). The dimensions of
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contact areas and probe are orders of magnitude smaller than for the JKR apparatus.
This allows for the determination of adhesion energies for heterogeneous (and micron-
scale-patterned) samples and greatly reduces the amount of substances necessary for the
measurement. In order to establish the technique, we introduce preparation protocols
for SCPs and solve the problem of InvOLS determination which poses special problems
due to the soft nature of the SCPs. We show that the SCP-substrate contact can still
be described well by Johnson-Kendall-Roberts theory. Finally, we perform first test
measurements on hydrophilic and hydrophobic contacts in air and water, which agree
with expectations. The method works well to measure adhesion energies in liquid.
In air, the results cannot be accounted for by JKR-type models since capillary forces
are dominating under these conditions (while they are absent under liquid). Still, our
method provides data for this (more complex) scenario as well, which might serve as
experimental basis for investigation of capillary forces.
Beyond the basic examples discussed here, SCP is expected to provide advantages for a
broader range of systems and for addressing scientific issues previously not accessible:
The reduction of dimensions of the setup as compared to the JKR technique allows
for increased measurement speed, since this speed is severely limited by drag forces
and drainage of the contact area for macroscopic setups. These both scale with the
typical dimension of the setup. Especially in soft matter systems, one expects that
adhesion energies become time dependent due to the necessity of rearrangements of
macromolecules and/or receptor-ligand types in the contact zone. These phenomena
could be investigated using setups that allow for faster measurements, like the one
introduced here. The setup can also be used to study adhesion hysteresis in soft matter
systems [15, 69, 16]. As well, adhesion mediated by receptor-ligand type contacts as
it is commonly found in biological or biomimetic systems [70, 71, 72] can result in
complex pattern formation in the contact zone. Since the contact zone can in our
case be monitored using optical techniques, these effects can be studied. Finally, with
regard to adhesion measurements, the approach based on PDMS particles used here
can be extended towards softer particles, which are especially of interest for the study
of biological specimens. By varying the cross-link density [73] of PDMS elastomers,
the elastic constants can be adjusted between several 10 s of kPa and the low MPa
range. In this study, we have for the sake of simplicity of probe preparation focused
on the upper limit representing the fully cross-linked case. For the lower limit, the
probes would approach typical values for soft biological materials like cells and thus
provide ”elasticity matched” partners for these materials for adhesion measurements.
Beyond adhesion measurements like we have reported them here, the fact that the
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contact-mechanical situation is wellknown in our case can be exploited for investigation
of pressure-sensitive systems: The local pressure (distribution) in the contact area is
precisely known from JKR theory. Thus at a given load force, the sample is exposed
to various pressures in the contact area and it’s reaction can be investigated.
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3.A Supporting Information

RICM

In order to reconstruct the height profile of the object from the RICM images, three
different approaches are possible: The simple theory (considers light which enters the
sample in direction normal to the plane of the substrate), the finite aperture theory
(correction for finite aperture effects) and the non-local theory (correction for finite
aperture effects and corrections due to curved interfaces) [49]. To get the intensity
distribution over the distance r from raw data we take the average of intensity profiles
over an angle ϕ, shown in Figure 3.6A. For analysis of the intensity distribution we used
the simple theory with correction factors for finite aperture and geometry effects [52].
To obtain the correction factors, we imaged glass beads (Polysciences Inc., Warrington,
PA) on a glass surface in RICM mode. We recorded 10 glass beads with a diameter
in the range of 30 − 50µm and extracted the intensity profile, see Figure 3.6B. Using
the profiles, we reconstructed the shape of the beads and compared it to the calculated
shapes (R by measuring their size with light microscope), and determined the correction
factors corresponding to our experimental setup presented in Figure 3.6C.

Optical Lever Sensitivity

In order to accurately determine the force from cantilever deflection the optical lever
sensitivity is required. However, since we attached soft probes on the cantilevers,
we cannot use the standard procedure in order to measure the optical lever sensitivity,
i.e. force-distance measurements on a hard substrate to obtain the cantilever deflection
from the z-piezo displacement. Here we use the spring constant of the cantilever, which
was measured before, in combination with the Thermal Noise Method to determine the
optical lever sensitivity [53].
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Figure 3.6: Evaluation of the RICM immages: 3.6A RICM image of a glass bead,
3.6B extracted intensity profile, 3.6C reconstruction of bead profile
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The determination process is shown in the following flow chart:

1. Detection of spring constant of cantilever (without soft probe) ⇒ kc

2. Detection of sensitivity of cantilever with soft probe onto a hard substrate ⇒ S ′

3. Thermal Noise Method with soft probe on cantilever ⇒ k′c

4. If ⇒ k′c 6= kc change sensitivity and go back to 3.
If ⇒ k′c = kc sensitivity of the current setup.

In liquid the Thermal Noise Method cannot1 be used due to high damping [18]. In this
case, we detect the optical lever sensitivity by using the standard procedure, i.e. force-
distance measurement on a hard substrate, but avoiding deformation of the colloidal
probe. This can be done by approaching the very tip of the cantilever apex onto a
sharp edge, not touching the soft colloidal probe. Any steep lithographic surface can
be used as a sharp edge, here we use a cantilever chip (CSC38, Îĳ-mash, Estonia) glued
onto a glass surface.

Force spectroscopy mode

In addition to the JKR approach shown in the main text, the soft colloidal probe setup
also allows to obtain the adhesion from AFM force-distance curves. Form force-distance
curves as shown in Figure 3.7 we determine the work of adhesion Wadh (area of the
force curve under the baseline [34]). Simultaneously we measure the contact radius a
of the adhesion area at maximum load via RICM. The adhesion energy per unit area
w can then be calculated according to dividing Wadh by πa2. For statistics, we detect
the force-distance curves in mapping mode, defining a 100µm2 grid on the substrate
with at least 64 data points. Afterwards, the force-displacement measurements are
done on each point of the grid. For the hydrophilic system in water we found wwater =

(0.9± 0.1) mJ/m2, and in air wair = (40± 10) mJ/m2. For the hydrophobic probes in
water we obtained wwater = (45± 10) mJ/m2 and wair = (11± 5) mJ/m2 in air. These
values agree well with values reported in the literature. The capillary force is a line
effect, so in air w in units J/m2 represents a reference value.

1can just approximately used (included after publication)
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Figure 3.7: Analysis of the thermodynamic work of adhesion: Collect force distance
curve, evaluating work of adhesion Wadh (gray area) and measuring simultaneously
the particle-surface contact area at maximum load by micro interferometry (RICM).
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4.1 Introduction

In recent years, there has been huge progress in the development of stimuli-responsive
polymeric materials [1], and especially mechanoresponsive polymers, which convert me-
chanical stimuli into optical, electrical or chemical signals are a particularly attractive
class of materials [2, 3, 4, 5]. An ultimate goal of such materials would be to emulate
the unique responsiveness of human skin, which can detect gentle touches of around
1 kPa at a spatial resolution of about 40µm [6].
Here, we introduce a new concept for optical force mapping based on mechanorespon-
sive polyelectrolyte brushes, which in addition to their response to force also respond
to changes in the chemical environment [7]. Dense, strong polyelectrolyte brushes are
hard to compress due to the increase of the osmotic pressure of the counter-ions and the
excluded volume interactions between the individual chains [8, 9]. Thus, they are not
mechanically responsive per se, and to generate an optical signal a ”mechanophore” [10]
needs to be introduced. Previously, we used a pH-sensitive dye to act as a mechanosen-
sitive building block, where the dissociation constant of the dye was a function of brush
compression [7]. However, the dye was only infiltrated into the brush and not a covalent
part of it. Furthermore, only qualitative information on the correlation between pres-
sure and optical response was obtained. The key advance in the present work is the
quantitative characterization of the mechanoresponsive properties of polyelectrolyte
brushes functionalized by covalent attachment of fluorescent dye molecules. We have
determined a response function I(p), which correlates local fluorescence intensity (I)
to local pressure (p) and we have found an excellent pressure sensitivity in the order
of 10 kPa and a lateral resolution better than 1µm.

4.2 Experimental

Full experimental details on polymer brush formation and characterization and deter-
mination of fluorescent monomer loading in brushes as well as a detailed description
of soft colloidal probe experiments and JKR analysis is available in the Supporting
Information section 4.A.
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4.3 Results and Discussion

Our experimental platform consists of cationic poly[2-(methacryloyloxy)ethyl]trimethyl
ammoniumchloride (PMETAC) brushes with a covalently attached fluorescent dye,
5(6)carboxyfluorescein (CF) (Figure 4.1; see Supporting Information 4.A for details
on synthesis). To these brushes a defined force was applied using soft colloidal probe

Figure 4.1: Experimental design to measure the fluorescence-based readout of the
effect of mechanical compression of functionalized polyelectrolyte brushes using a soft
colloidal probe.

atomic force microscopy (AFM) [11, 12], where an elastomeric particle is pressed against
the substrate surface of interest with welldefined forces while the contact area between
particle and substrate is monitored in situ with confocal laser scanning microscopy
(CLSM) (Further information in Supporting Information 4.A).
A standard force experiment on PMETAC copolymer brushes with 10% fluorescently
labeled monomers is shown in Figure 4.2. When approaching the bead to the surface
(Figure 4.2A-4.2D), a dark area was observed where the bead was in contact with the
brush. With increasing force, the contact area became larger due to elastic deformation
of the polydimethylsiloxane (PDMS) bead. When retracting the bead from the brush
(Figure 4.2E-4.2H), the radius of the dark contact area decreased with a significant
hysteresis as a result of adhesion forces acting between the bead and the brush [13].
The most striking feature of the retract cycle was a bright ”rim” surrounding the
edge of the contact area. Control experiments on neutral brushes showed virtually
no changes in fluorescence upon compression (see insets in Figure 4.2) while cationic
brushes with different concentrations of dye showed qualitatively the same response as
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shown in Figure 4.2. The rates of compression and release were chosen such that the
deformation kinetics of the bead did not interfere with the brush response to changes
in pressure, with the fluorescent signal stabilizing well before the acquisition time of
1 − 2 s. The fluorescence output remained constant for at least several minutes and
the response was completely reversible. When the bead was detached from the surface,
the initial value of the fluorescence intensity was recovered. As demonstrated in Figure
4.3, force cycles could be repeated for at least four times without significant changes
of the response.
Looking at the molecular nature of the polyelectrolyte brush, the question arises why

A B C D

E F G H

Figure 4.2: Representative compression experiment on fluorescently labeled
PMETAC brushes in water. 4.2B-4.2D) Fluorescence images during approach 4.2A,
using loads of 0.7, 2.8, and 5.6µN. 4.2F-4.2H) Fluorescence images during retraction
4.2E, using loads of 2.8, 0.7, and −1.4µN. Scale bars represent a length of 5µm. Insets
show absence of any changes in fluorescence intensity during compression experiments
on neutral brushes at loads of 0.3 4.2B, 1.3 4.2C, and 1.9µN 4.2D during the approach
and 1.3 4.2F, 0.8 4.2G, and −0.5µN 4.2H when retracting.

the fluorescence intensity of the brushes is a function of the applied force. Studies on CF
encapsulated in liposomes at 0.2 M showed 97% fluorescence concentration quenching,
with the residual fluorescence arising from dye molecules interacting with lipid [14].
Furthermore, CF forms non-fluorescent complexes with quaternary ammonium group
containing polymers [15], which we also observed when METAC is added to a CF
solution (see 4.A). Considering the high loading of dye in our brushes (0.1 − 0.4 M),
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A

B

Figure 4.3: Reversibility of the response to compression and retraction of the bead
measured in the 4.3A dark center and 4.3B bright edge, respectively. Values are the
average of 3 measurements. One cycle shows the response IN (normalized by the
background intensity) to 0.6µN and 2.9µN loads during approach and a 0.6µN load
and completely withdrawn state during retraction.
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and the possibility for the dye to complex with the cationic PMETAC brushes, we
believe that the variations in fluorescence intensity are caused by reversible association
of CF with the polymer brush. Compression leads to a higher local concentration of
quaternary ammonium groups and an additional driving force for remaining free dye to
form nonfluorescent complexes thereby extinguishing the remaining CF fluorescence.
Conversely, the adhesion of the brushes to the beads leads to stretching of the chains
and lowering of the local METAC concentration and hence a local higher concentration
of dissociated dye molecules and a slightly brighter rim.
This molecular picture of the response of the dye-functionalized brushes to mechanical
deformation can be quantified by modeling the contact situation underneath the PDMS
bead with the theory developed by Johnson, Kendall and Roberts (JKR theory, see
SI 4.A for a discussion of assumptions) [16, 17]. In a simplified approach, the PDMS
bead is regarded as an elastic bead in contact with the polyelectrolyte brush as a
hard adhesive substrate. In such a situation, JKR theory predicts that the pressure
distribution underneath the bead is governed by the interplay between compression
and adhesion. Analytically, the pressure profile underneath the bead can be described
by Equations 4.1 and 4.2:

p(r) = p0

(
1− r2

a2

)1/2

+ p1

(
1− r2

a2

)−1/2

(4.1)

p0 =
3Ka

2πR
and p1 = −

√
2Kw

2πa
(4.2)

where R is the effective radius of curvature, K is the effective elastic modulus of the
system, w is the thermodynamic work of adhesion per unit area, a(R,K,w, P ) is the
contact radius, and r is the distance from the axis of cylindrically symmetric systems.
Elastic deformation of the bead on the surface leads to a positive contribution to the
pressure and a zone of compressive stress underneath the bead [first part in Eq. 4.1].
At the edge of the contact area, adhesive contributions dominate, resulting in a region
with negative pressure (tension) [second part in Eq. 4.1]. This tensile stress is very
high at the edges.
We can now correlate the computed pressure profiles with extracted intensity profiles
(obtained from data analysis with ImageJ). Figure 4.4A shows the calculated pressure
profile for an adhesive contact using JKR theory (w, K and P measured by force spec-
troscopy, a calculated and measured, r measured by CLSM) and the experimentally
obtained fluorescence intensity profiles. One finds a decrease in fluorescence intensity
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(as compared to the background intensity) in areas of compression and a slight increase
of fluorescence in areas of tension. These lateral variations of fluorescence intensity can
be explained by the variations in local pressure in the contact area, as described by
Equation 4.1: when a load is applied by the bead, the spherical bead shape results in a
higher pressure in the center of the contact area, which decreases with increasing dis-
tance from the center. In our case additional adhesive interactions are present, leading
to a transition to negative stresses at the edge of the contact. When the measured
fluorescence intensity is correlated with the calculated lateral pressure variation, we
obtain the response function I(p), that is, the dependency of the local fluorescence
intensity as a function of local pressure (Figure 4.4B). Figure 4.4B shows data for
applied loads ranging from 0.9 to 4.5µN while retracting, and clearly shows that all
I(p) data collapse onto one master curve, independent of the applied external load.
Brush compression can also be induced by the addition of salts [18, 19], and Figure
4.4C shows that the response function drastically alters as the NaCl concentration is
increased from 0.1 M to 1 M, with fluorescence intensity dropping strongly at high salt
concentrations. Importantly, the dependency of the relative intensity IN (absolute in-
tensity divided by the background intensity) on p is only weakly changing with salt
concentration (Figure 4.4D). Thus normalization provides a means to eliminate the
effects of salt concentration on fluorescence over a broad range (zero up to greater
than 1 M NaCl). The fluorescence output and responsiveness of the brushes can be
switched off by the addition of 0.1 M NaClO4, which leads to hydrophobic collapse and
dehydration of the brushes [20].

4.4 Conclusion and Outlook

In summary, we have demonstrated mechanoresponsive polyelectrolyte brushes which
show a strong correlation between local fluorescence intensity and local (calculated)
pressures. The response of the surface to mechanical stimuli was completely reversible
and provided a sensitivity under 10 kPa. The combination of very high lateral resolution
over large areas, good pressure sensitivity, response times in at least the sub-second
range and the ability to measure compression and tension simultaneously makes this
sensor an outstanding starting point towards mechanoresponsive surfaces with potential
applications in for example robotics or fundamental studies on bioadhesion phenomena.
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Figure 4.4: 4.4A Extracted intensity profile and calculated pressure profile on applied
load (1780µN) in water while retracting (Young’s modulus E = 0.8 MPa, adhesion en-
ergy per unit area w = 19 mJm−2): red ◦, intensity profile; blue 5, pressure profile.
4.4B Response functions I(p) correlating fluorescence intensity vs. calculated pressures
under spherical bead at five different loads: blue �, 4.5± 0.9µN; red ◦, 3.6± 0.7µN;
green 4, 2.7 ± 0.5µN; gray 5, 1.8 ± 0.4µN, yellow ♦ 0.9 ± 0.2µN. 4.4C Response
functions acquired in Millipore H2O (blue �), 0.1 M NaCl (red ◦), 1.0 M NaCl (green
4), 0.1 M NaClO4 (black 5). Each dataset contains five different forces while retract-
ing. 4.4D Data of 4.4C normalized by the background intensity. Data for H2O, 0.1 M
NaCl, and 1.0 M NaCl fall on a common mastercurve, shown by the linear fit (black
line). (Further details in SI 4.A)
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4.A Supporting Information

Experimental

Materials

METAC (80 wt.% in water), AEMA, HEMA, CuBr, CuCl, CuCl2, CuBr2, 2,2’-bipyridyl
(bipy), triethylamine, 5(6)-carboxyfluorescein N-hydroxysuccinimide ester (CF-NHS)
and sodium dodecyl sulfate were purchased from Sigma Aldrich and used as received
unless otherwise stated. NaCl and NaClO4 were from Gruessing (Germany). Prior
to polymerisation, METAC and HEMA were activated by passing over a neutral alu-
mina column. Triethylamine was distilled from KOH and stored over molecular sieve
(4 Å, Sigma Aldrich). CuBr and CuCl were stored under vacuum. High purity wa-
ter of a resistance of 18.2 MΩcm was obtained from a Millipore Synergy system. The
ATRP initiator 2-bromo-2-methylpropionic acid 3-trichlorosilanlypropyl ester was syn-
thesised according to Ref. [21, 22]. Round cover slips (ø= 24 mm) were purchased
from VWR and cleaned by 10 min sonication in ethanol. 5(6)-carboxyfluorescein N-
hydroxysuccinimide ester was stored at −20 ◦C. The PDMS precursor kit Sylgard 184
was obtained from Dow Corning (USA).

Initiator Immobilisation on Glass

Glass cover slips were cleaned in air plasma (Emitech, model K1050X) for 10 min at a
power of 100 W. 50.4µL triethylamine were mixed with 30 mL dry toluene and 10µL

of the ATRP initiator were added under shaking. The mixture was transferred to
the petri dish containing the glass slides and initiator immobilisation proceeded under
gentle shaking (50 rpm) over night. The modified glass slides were rinsed with toluene,
ethanol and water, dried with nitrogen and baked in an oven at 150◦C for 3 to 4 hours.

Synthesis of Polymer Brushes

METAC (7 g, 30 mmol), AEMA (0.5 g, 3 mmol), bipy (214 mg, 1.4 mmol) and CuCl2
(3.6 mg, 0.03 mmol) were dissolved in a mixture of water (2.4 mL) and isopropanol
(9 mL). The solution was degassed with N2 for 30 min. CuBr (80 mg, 0.56 mmol) and
initiatormodified glass cover slips were placed in separate Schlenk tubes and degassed
by evacuating and flushing with N2 in at least three subsequent cycles. CuBr was
dissolved in the monomer solution by sonication. The reactant mixture was added to
the cover slips and kept at room temperature under N2 for 5 hours. Samples were
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rinsed with ethanol, water, and acetone; and sonicated in water for 10 mins to remove
non-covalently attached polymer. Samples were dried with N2 and kept under N2 until
further use.

Attachment of Carboxyfluorescein

CF-NHS was dissolved in dimethylsulfoxide at a concentration of 1 mg/mL. Brushes
on glass slides were immersed in 2 mL 0.1 M aqueous NaHCO3 and 200µl of the dye
stock solution were added under shaking. Dye immobilisation was allowed to proceed
in the dark over night under shaking (100 rpm). Samples were rinsed with water and
sonicated for 10 min in 1 M NaCl and water, respectively, to remove non-covalently
attached dye.

Synthesis of neutral P(HEMA-co-AEMA) brushes

Hydroxyethylmethacrylate (HEMA) was purchased from Sigma Aldrich and activated
by passing over neutral alumina. P(HEMA-co-AEMA) brushes were prepared from
a solution of HEMA (6 mL, 50 mmol), AEMA (0.9 g, 5 mmol), bipy (163 mg, 2
mmol) and CuBr2 (24 mg, 0.1 mmol) in water (6.5 mL). After degassing with nitrogen
for 30 min, the monomer solution was added to degassed CuCl (37 mg, 0.35 mmol)
in a Schlenk tube. The reactant mixture was added to the cover slips and kept at
room temperature under N2 for 5 hours. Samples were rinsed with ethanol, water, and
acetone; and sonicated in water for 10 mins to remove noncovalently attached polymer.
Samples were dried with N2 and kept under N2 until further use.

Compression Experiments

Compression experiments were carried out with a combination of an AFM (MFP 3D
I,Asylum Research, USA) and a CLSM (LSM710, Zeiss, Germany). Using the SCP
technique, we compressed the polyelectrolyte brushes in the direction normal to the
surface and recorded the optical response via CLSM. Measurements were performed in
a 0.1 ml liquid droplet. Samples were stored in water to guarantee full hydration of
the brushes. After measurements in 0.1 M NaClO4 solution, samples were regenerated
by extensive rinsing in 1 M NaCl and water.

AFM
PDMS beads with diameters of 20 to 40µm were prepared according to Ref. [11],
transferred to a polystyrene dish by dip-coating, and glued with an epoxy resin (UHU
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schnellfest, Germany) to pre-calibrated cantilevers (728 N/m, NSC 12, tipless, noAl,
Micromash, Estonia) using a micromanipulator (MP-285, Shutter Instrument, USA)
and an inverted optical microscope (Axiovert 200, Zeiss, Germany). Force constants
of the cantilevers were determined by the thermal noise method. Using AFM forcedis-
tance measurements and Hertz analysis (neglecting adhesion and deformation of the
brush), the YoungâĂŹs Modulus of the bead was determined to be in the order of
1 MPa. The SCP was washed with water, dried in a stream of nitrogen and mounted
into the AFM holder. Prior to every measurement, the optical lever sensitivity (IN-
VOLS) was determined via a noncontact approach with an error for the applied load
of about 15 %. The SCP was pressed against the substrate with a defined force using
the AFM feedback loop. Data were collected at discrete load-force intervals of 500 nN

with a maximum force of 8µN. All data are averaged values of measurements on at
least three different lateral positions on the substrate.

CLSM
The CLSM was equipped with an EC ”Plan-Neofluar” 20x/0.50 M27 objective. Images
were acquired with a resolution of (0.104X0.104)µm2 at a pinhole size of 1 airy unit
(= 4.4µm). Fluorescence was excited at a wavelength of 488 nm and emission was
detected from 492 to 625 nm. The focus plane was set to the plane of maximum fluo-
rescence intensity. For P(METAC-co-AEMA) brushes, the master gain (a measure of
the power applied to the photodetector) was set to 650 at a laser power of 5%. Neu-
tral brushes showed a higher fluorescence intensity and strong bleaching which made
it necessary to reduce the laser power to 0.5%. Images were processed with an ImageJ
macro. The radial intensity distribution from the center of the compression zone to
the undisturbed background was extracted by averaging the grey value of the images
over an angle phi (see below).

Characterization of cationic and neutral brushes

Growth kinetics of cationic homo-and copolymer brushes

Growth kinetics of cationic homo-and copolymer brushes: Figure 4.5

Film thickness and fluorescence intensity of cationic and neutral brushes

Correlation of film thickness as a function of salt concentration and fluorescence inten-
sity of cationic and neutral brushes see Figure 4.6.
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Figure 4.5: Growth kinetics of PMETAC (black �) and P(METAC-co-AEMA) (red
©) with an AEMA concentration of 10 mol−% in the feed. The dry film thickness d
increases linearly with polymerisation time. Growth kinetics of homo- and copolymer
brushes are very similar.
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Figure 4.6: 4.6A Film thickness measured by AFM in liquid of P(METAC-co-AEMA)
(black �) and P(HEMA-co-AEMA) (red ◦) brushes in water, NaCl solutions and 0.1
M NaClO4 solution after the covalent attachment of carboxyfluorescein. Values on
the left side refer to water and NaCl solutions of various concentrations; the value on
the right side was measured in 0.1 mol/L aqueous NaClO4. The thickness of cationic
brushes depends strongly on the salt concentration whereas neutral brushes show little
response to the addition of salt. 4.6B Fluorescence intensity of uncompressed brushes
immersed in water and salt solutions. Cationic brushes show a strong decrease of
fluorescence intensity with increasing salt concentration; the fluorescence intensity of
neutral brushes is much less affected by the addition of salt.
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Apparent dye concentration

The apparent dye concentration in the brushes was measured by UV-vis spectroscopy
using the following procedure. Calibration was realized by dissolving 0.002−0.08 mmol/L

carboxyfluorescein in water. Spectra were acquired in a wavelength regime from
400 − 600 nm. The peak height at 480 nm was plotted versus the bulk concentra-
tion and the slope of a linear fit to the data was determined to be 8.2. With Beer’s
law 4.3

Eλ = − lg
I1

I0

= ελcd, (4.3)

where Eλ is the extinction, I1 and I0 are the intensities of transmitted and irradiated
light, respectively, ελ is the molar absorbtivity, c is the dye concentration, and d is the
path length (here: thickness of cuvette, 0.1 dm) it follows that ελ = 82 dm2/mmpl.
A droplet of water was added to the surface of glass cover slips covered with brushes.
Samples were sandwiched between two PDMS slides and mounted in a home-built
holder with a hole (Ø≈ 1 cm) through which the light beam could pass. The maximum
intensity was detected at 480 nm. The dye concentration was calculated from

capp =
Eλ

ελdbrush
, (4.4)

where capp is the apparent dye concentration in the brush and dbrush is the thickness of
the brush in water.

pKa of carboxyfluorescein attached to charged and neutral brushes

The pKa of carboxyfluorescein covalently attached to brushes was measured with the
CLSM by detecting the fluorescence intensity of brushes in contact with diluted HCl
and NaOH solutions whose total salt concentration was adjusted to 10 mmol/L by
addition of NaCl. Titration curves were fitted with a sigmoidal fit using Microcal
Origin 6.0. The inflection point of the fit is the pKa of the dye bound to the brush.
(see Figure 4.7)

Film thickness and fluorescence intensity of cationic and neutral brushes

Correlation of film thickness as a function of salt concentration and fluorescence inten-
sity of cationic and neutral brushes see Figure 4.6.
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Figure 4.7: Fluorescence intensity, normalized to maximum value, of two titra-
tion experiments on 4.7A cationic P(METAC-co-AEMA) (squares) and 4.7B neutral
P(HEMA-co-AEMA) (circles)) brushes as a function of pH. Straight lines represent
sigmoidal fits to the curves. The inflection point of the fit curve corresponds to the
pKa of the dye in the brush. The average pKa was 1 and 3.8 in charged and neutral
brushes, respectively.

Bulk Experiments of CF-solutions

Variation of NaCl concentration

The fluorescence of 0.03 mM CF-solution is not affected by the salt concentration.

Dependence of fluorescence on pH

The pKa of carboxyfluorescein in bulk solution was determined by fluorescence spec-
troscopy of a solution of 0.03 mmol/L dye in diluted HCl and NaOH solutions with an
ionic strength 0.01 M NaCl (see Figure 4.8).

Self quenching of CF

Selfquenching of CF, see Figure 4.9.

Quenching of the dye by METAC

Quenching of CF by the monomer of the polymer brush (METAC), see Figure 4.10.
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Figure 4.8: Change of pH, CF concentration: 0.03 mM, salt concentration: 0.01 M
NaCl; Decrease of fluorescence by decrease of pH, pKa of bulk solution: 5.2. (Lit.:
pKa of bulk solution: a: 6.5)

Details on force experiments

Force-distance curves

Exemplary force distance curve of a soft colloidal probe interacting with the brush, see
Figure 4.11.

Adhesion in water and NaCl solutions

Interaction engergy between probe and brush, depending on the solution conditions,
see Figure 4.12.

Hysteresis

Adhesion hysteresis between probe and brush, see Figure 4.13

Correlation of intensity and pressure profile

Details on JKR theory [17]

The system PDMS bead pressed against a substrate functionalized with a P(METAC-
co-AEMA) brush can be described by contact-mechanic theory. H. Hertz presented the
first analytic description of two isotropic, homogeneous linear elastic bodies in contact,
but without adhesion. If one takes adhesion into account there are several models which
apply for certain conditions of contact behavior. The two most common theories were
developed by Johnson, Kendall and Roberts (JKR theory) and Derjaguin, Muller and
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Figure 4.9: 4.9A Emission spectra of CF solutions with different CF concentrations,
4.9B Maxima of the emission spectra as a function of CF concentration
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Figure 4.10: Quenching of 0.03 mM CF solution by METAC. 4.10A Emission spectra
of CF solutions with different METAC concentrations, 4.10B Maxima of the emission
spectra as a function of METAC concentration
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Figure 4.11: Typical force distance curve of a SCP pressed onto a P(METAC-co-
AEMA) brush in water. Red line: approach, blue line: retraction. As expected,
adhesion is much higher when the PDMS bead is retracted from the surface

Figure 4.12: Interaction energy per unit area, measured between a PDMS bead
and a P(METAC-co-AEMA) brush at various concentrations of sodium chloride. The
adhesion force is high in water but drops with increasing salt concentration. The same
behavior is observed for the bright rim: Being brightest in water and 0.1 M NaCl, the
fluorescence intensity at the rim drops significantly at high salt concentrations. The
values result from analysis of force distance curve. The lowest point in the retraction
curve is defined as the adhesion force. This force can be accounted to an adhesion
energy per unit area by JKR analysis. As well we determine the work of adhesion
Wadh (area of the force curve under the baseline). Simultaneously we measure the
contact radius a of the adhesion area at maximum load. The adhesion energy per unit
area w can than calculated according to dividing Wadh by πa2. Both procedures lead
to a value in the same error range.
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Figure 4.13: With increasing force, the contact area became larger due to elastic
deformation of the PDMS bead. When retracting the bead from the brush, the radius
of the dark contact area decreased with a significant hysteresis which is a result of
adhesion forces acting between the bead and the brush. The data (PDMS bead against
a P(METAC-co-AEMA) brush in water) follow the JKR prediction. Fit data are in
line with force distance measurements: retrace w = 28±1 mJm−2, E = 0.79±0.05 MPa
for R = 15µm (for trace w = 12± 1 mJm−2, E = 0.7± 0.1 MPa for R = 15µm)

Toporov (DMT theory). This limits can be quantified with the Taborparameter. For
the contact situation of a PDMS bead against a hard substrate the JKR limit is valid.
We look on a sphere with a radius R and a reduced modulus K = 4/3E(1− ν2)−1 (E:
Young’s modulus of the sphere, ν: Poisson ratio of the sphere) in contact with a flat
hard substrate. The contact radius is called a. With assumptions d, a << R, where
(R − d) is the distance between center of the sphere and the flat substrate, one can
make an ansatz for the pressure distribution in the contact area

p(r) = p0

(
1− r2

a2

)1/2

+ p1

(
1− r2

a2

)−1/2

(4.5)

This equation holds three unknown variables, p0, p1, and a. To get these variables we
require that the total energy of the system attains a minimum at a constant d. The
total energy contains elastic and adhesive parts. One can show that

p0 =
3Ka

2πR
and p1 = −

√
2Kw

2πa
(4.6)

and
a3 =

R

K

(
P + 3πRw +

√
6πRwP + (3πRw)2

)
(4.7)
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Table 4.1: Measurement conditions and values for calculating the pressure profiles at
various concentrations of sodium chloride and sodium perchlorate: R probe radius, E
Young’s modulus of the probe detected by Hertz analysis, w adhesion per unit area
between a PDMS bead and P(METAC-co-AEMA) brush acquired as described above

solution R/µm E/MPa w/mJm2

H2O 15± 1 0.8± 0.2 19.0± 7.0
0.1 M NaCl 15± 1 0.8± 0.2 4.0± 0.5
1.0 M NaCl 15± 1 0.8± 0.2 2.1± 0.3

0.1 M NaClO4 15± 1 0.8± 0.2 10.0± 2.0

As mentioned above the assumption for use of these formulas is that R >> a, otherwise
finite size effect have to be taken into account. Here we use probes with a radius in
the range of 15µm. The contact radius at 5µN is around 4µm. Therefore the ratio of
probe radius to contact radius is around 10:2 and finite size effects are negligible and in
the order of the error (around 5% of the contact area, around 10 % of pressure). In our
case we press the soft PDMS bead onto the polyelectrolyte brush attached to a glass
substrate. In a simplified approach, the substrate functionalized with a polyelectrolyte
brush is regarded as a hard substrate.

Results from correlation procedure

Values for calculating the pressure profiles, see Tab. 4.1. Correlation of Intensity and
pressure at different solution conditions, see Figure 4.14



CHAPTER 4. MECHANORESPONSIVE POLYELECTROLYTE BRUSHES 143

A

B

C

D

Figure 4.14: Details of the correlation procedure: Left column: detected data for
measurements in 4.14A H2O at 1782 nN, 4.14B 0.1 M NaCl at 1400 nN, 4.14C 1.0 M
NaCl at 1740 nN and D) 0.1 M NaClO4 at 1720 nN while retraction. 4.14D shows
the data after contrast enhancement, inset original data. Middle column: extracted
intensity profiles and calculated pressure profiles of the left column. Right column:
Intensity profiles correlated to the pressure for five different applied forces in the order
of 1 to 5µN while retracting.
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Abstract

Photoresponsive polymer brushes constitute an attractive platform for tuning surface
properties and functionality. Since the degree of photoconversion can be controlled
by the light dose, functional states with intermediate properties between those of
the nonexposed and fully exposed brushes are accessible. Here we investigate the
light-modulated interfacial, adhesion, and frictional properties of photosensitive poly-
mer brushes with a methacrylate backbone and ionizable -COOH side groups modi-
fied with the photoremovable group 6-nitroveratryloxycarbonyl (NVOC). The original
brush (PNVOCMA) gradually changes into a charged poly(methacrylic acid) (PMAA)
brush upon exposure to ultraviolet light due to the photoremoval of the chromophore
and generation of free COOH groups. We show how the physical properties of the
brush can be gradually tuned with the exposure dose using condensation microscopy,
atomic force microscopy (AFM), force mapping, and friction force spectroscopy.

5.1 Introduction

Responsive surfaces are able to change their physical properties (wettability, hydropho-
bicity, lubrication, adhesiveness etc.) in response to external triggers. Application of
such systems have been reported in micro/nanofluidics systems, mechanical actuation
and chemical sensing, biotribology, controlled drug release, and cell growth and sepa-
ration, among others [1, 2]. Typical external triggers can be of physical (temperature,
electric or magnetic fields, pressure, light), chemical (pH, salt concentration), or bio-
chemical (enzymes) nature [1, 3, 4, 5, 6, 7]. Polymer brushes are attractive systems for
generating responsive surfaces because of their robustness and flexibility with respect to
their chemical composition, functionalization, and architecture [8, 9, 10]. The property
change in responsive polymer brushes is associated with a change in the conformation
and swelling of the chains from a extended (hydrated) to a collapsed state or vice versa.
Typically this occurs abruptly in response to a change in solvent, temperature, or pH
within narrow ranges. Other brush systems combine two or more responses and display
adaptive or gated property changes [11, 12]. Modulation of the brush response (and
subsequent properties) has been mostly realized by changing the brush length, brush
composition via copolymerization, or the packing density using variable grafting den-
sities of the initiator molecules [9, 10, 13]. Combining these methods with lithographic
and soft lithographic techniques, gradient surfaces have been realized [14]. Modulated
wettability was achieved by such brush substrates and applied to fouling-resistant sur-
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faces [15], to sliding surfaces for friction reduction [16], and to microfluidics [17] and
lab-on-a-chip devices [18]. Remote modulation of the wettability of brush layers [12,
19, 20, 21, 22] and the permeability of brush-coated membranes [23] using light has also
been achieved by incorporating azobenzene or spiropyrane derivatives as chromophores
in the brush constituents.
Within the past decade, charged polymer brushes (polyelectrolytes) have been largely
studied for (bio)lubrication purposes [24, 25, 26, 27, 28, 29]. The length and grafting
density of the brushes and the charge density along the chains are crucial parameters
affecting chain mobility and interpenetration and, finally, the friction force. To our
knowledge, modulation of the adhesion and frictional properties of brush layers using
tunable, lightdriven changes of the charged group density without varying the brush
length or grafting density has not been attempted. In this manuscript, we report on
the interfacial, adhesion, and frictional properties of tethered photoionizable polymer
brushes and investigate their modulation using light exposure. We have recently re-
ported on photoresponsive polymer brushes with light-triggered charge development
and swelling changes [30, 31, 32, 33], and we demonstrated their possible applica-
tion for light-gated ion transport through membranes. These brushes are based on
a poly(acrylic acid) backbone where the main-chains have been modified with a 6-
nitroveratryloxycarbonyl (NVOC) photocleavable protecting group. In the protected
(”caged”) state, the brush is neutral. Upon light exposure, the chromophores are
removed from the brush structure, and a dose-dependent density of free carboxylic
groups is generated. The changes in the molecular structure result in a change of
the physical properties, i.e., swelling and permeability [30, 31, 34]. We expected that
the light-triggered generation of charged groups would also affect the surface poten-
tial and thereby the interfacial surface forces[4, 35, 36, 37, 38, 39, 40, 41, 42]. The
light-dependent compositional change should allow us to define intermediate interfacial
states between the caged and fully deprotected forms, or a gradual transition between
them. We analyze the change of the surface properties of brush covered substrates
as a function of the conversion state using wettability measurements [4, 5, 37, 43],
atomic force microscopy (AFM), force mapping [44, 45, 46, 47, 48], and friction force
spectroscopy [47, 49, 50].
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5.2 Experimental

Preparation of Brush Layers

Silicon wafers or quartz slides coated with poly(6-nitroveratryl methacrylate) (PN-
VOCMA) brushes were prepared via Surface-Initiated Atom Transfer Radical Poly-
merization (SI-ATRP)[8] as previously reported [30, 31] (Figure 5.1). The obtained
brushes had a molecular weight ofMn = 13300 g/mol with a Polydispersity Index PDI
= 1.48. The average grafting density was 0.56 chains/nm2, as estimated from AFM and
UV spectroscopy data. This analysis was also used as control for the synthesis step.
The functionalized Si substrates were glued with epoxy onto glass slides for further
investigation.

Figure 5.1: Preparation of patterned (PNVOCMA/PMAA) substrates: 1) synthesis
of the polymer brush via Surface-Initiated Controlled Radical Polymerization, 2) irra-
diation of the sample using a LED source and a mask for site-selective photocleavage
and generation of surface patterns, 3) exposed and unexposed regions show differences
in brush height and chemical composition.

Light Exposure and Photocleavage of the NVOC Groups from the Brush

The brush layers were irradiated using a LED source (LED-UV lamp LTPR 360, OPTO
Engineering, Germany) at 365 nm (4.7µWcm−2) for photocleavage of the NVOC group.
The exposed area was ca. 1 cm2. After irradiation the substrates were washed with
ethanol, buffer of pH 9, and then buffer of pH 4 for removing the photolytic byprod-
ucts. The deprotection step was followed by UV spectroscopy analysis of brush layers
grafted from quartz substrates after light exposure. The kinetics of photolytic process
was extracted from these data (Figure 5.2). The required irradiation doses for 0%,
25%, 50%, 75% and 100% conversion were extrapolated from there (see Results and
Discussion section 5.3, Figure 5.2) [30, 31].
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Generation of Surface Patterns

The substrates were irradiated through a quartz mask with 10x10µm2 chrome squares
separated by 10µm spacings. The mask was placed on the substrate during exposure
(5.1). In this way an internal standard (i.e., the brush layer before exposure) was
conserved in the experiment and comparison between different substrates was possible
[4, 35, 51].

Condensation Microscopy for Qualitative Control of Photoconversion

Condensation microscopy was used to monitor the photoconversion of the PNVOCMA
brush to the hydrophilic PMAA brush in response to UV irradiation [4, 52]. The
substrate was placed on top of a closed petri dish filled with dry ice (Supporting
Information, Figure 5.8). Condensation results in nucleation and growth of water
droplets on the substrate surface which were monitored using a KS100 Imaging-system
(Zeiss, Jena).

Atomic force microscopy

Imaging: The film thickness of the polymer brush layer grown from a silicon substrate
was measured by AFM imaging the topology of a scratch (made with a needle). The
AFM (MFP-3D) was operated in contact mode using a silicon cantilever (CSC17) with
a spring constant of about 100 mN/m. Height images of the patterned substrates af-
ter masked irradiation (contrast between 0%, and 100% conversion) were taken under
basic pH condition in salt solution (0.1 mM NaCl, pH 9.5 adjusted with NaOH).
Force Spectroscopy: Interactions between the PNVOCMA brush and an AFM tip be-
fore and after gradual light exposure were measured using an AFM (MFP-3D, Asy-
lum Research, Santa Barbara) and cantilevers CSC 17 (noAL) with a spring constant
of 100 mN/m. Tips of CSC 17 cantilevers where modified by plasma treatment (O2

plasma, 0.2 mbar at 0.1 kW, 5 min; flecto10, Plasma Technology, Germany) prior to the
measurements. The spring constants and the optic lever sensitivity of the cantilevers
were determined by the thermal noise method prior to the measurement [53]. The
force-distance curves were recorded using the following parameters (if not mentioned
otherwise): the speed of the z- piezo actuator was set to 0.1µs−1, and the trigger
point to 2 − 10 nN. The force-distance curves were measured on different spots using
the force-mapping mode. Measurements were undertaken on at least 100 spots on
a 50x50µm2 grid on the substrate. The force spectroscopy measurements were per-
formed in a droplet of salt solution (0.1 mM NaCl, pH 9.5 adjusted with NaOH) at
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room temperature. The solution was changed at least every 30 min to ensure basic
pH conditions during the measurement. After changing the solution, the sample was
equilibrated for at least 2 min. The optical lever sensitivity was measured after each
exchange.
Quantitative Imaging: In the so-called Quantitative Imaging (QI) mode of the Nanowiz-
ard 3 AFM (JPK Instruments, Berlin), a force curve was recorded at each image pixel
within 10 ms with an image size of 128x128 pixels. From the stored array of force
curves, post-processing of the force curves allows to extract for each pixel information
such as height (sample topography), adhesion force, or magnitude of repulsive forces
acting on the AFM tip.The cantilevers were plasma treated prior to the experiment to
create a SiO2 surface on the cantilever tip (O2 plasma, 5 min). For the measurements
cantilevers CSC 17 (noAL) with a spring constant of about 100 mN/m were used. The
measurements where done in a droplet of salt solution (5 mM NaCl, pH 9.5 adjusted
with NaOH) at room temperature. Spring constant and optical lever sensitivity are
detected as reported in force spectroscopy. The relative setpoint, i.e. the maximum
applied force during force curves, was set to 10 nN.
Friction Force Measurements: The friction contrast of the brush layers before and after
light exposure was imaged using an AFM (Nanowizard 3, JPK,Berlin). For the mea-
surements plasma treated cantilevers CSC 17 (noAL) with a normal spring constant of
about 100 mN/m were used. The measurements where done in a droplet of salt solution
(5 mM NaCl, pH 9.5 adjusted with NaOH) at room temperature. Measurements were
undertaken on at least 256x256 Points of a 50x50µm2 spot of the substrate respectively
15x15µm2 at normal load of 5 nN and 1 Hz scanning rate.
The lateral force coefficient was calibrated following the procedure developed by An-
derson et al. [54], prior to the experiment at same conditions.

5.3 Results and Discussion

Photoresponsive PNVOCMA brushes were prepared by surface initiated atom transfer
radical polymerization (Si-ATRP) (Figure 5.1) and characterized as described in the
Experimental Section. Light exposure of the brush lead to photocleavage of the 6-
nitroveratryl units and from the brush backbone and formation of free carboxylic acid
ionizable side groups. The density of COOH groups along the chain depends on the
exposure dose. Random copolymers of NVOCMA and methacrylic acid (MAA) were
obtained at intermediate doses and PMAA homopolymer was obtained after full expo-
sure. We do not expect a gradient in the deprotection degree across the layer thickness
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since control experiments show a negligible decay (< 3%) in the light intensity through
the substrate. The degree of photoconversion was determined by UV spectroscopy
analysis of brushes grafted from quartz substrates and irradiated for different times.
The relationship between photoconversion and irradiation time was obtained from the
loss in absorbance at λmax = 348 nm after increasing irradiation times and washing,
which is associated with the loss of the chromophore from the brush layer (Figure 5.2)
[30, 31]. For the present analysis, samples with 0%, 25%, 50%, 75%, and 100% photo-
conversion were selected.
The light-modulated generation of hydrophilic COOH groups along the brush was an-
alyzed indirectly by the quartzcrystal microbalance (QCM) technique. Light exposure
results in a gradually more hydrophilic brush that swells in water, especially when
these are ionized at basic pH. QCM allowed in situ monitoring of the hydration of
the brush during increasing light exposure (see Refs. [30] and [31] for more details).
Figure 5.2 represents ∆f values for different photolytic conversions. An increase in
mass during exposure, i.e., water uptake, was clearly seen by the decrease of the mea-
sured frequency shift. Water uptake did not linearly correlate with the conversion and
80% of the total swelling occurred at conversions between 40 and 80% (Figure 5.2).
The light-dependent change in the brush properties, therefore, is expected to be more
effective between 40 and 80% conversion values.

Figure 5.2: Photo-conversion of PNVOCMA brushes: irradiation time vs. conver-
sion (squares) and ∆f/n vs. conversion (circles) plots. n represents the overtone of
frequency and here the third overtone (Data are reproduced from Ref. [31].)

A qualitative control and visualization of the wettability differences between the PN-
VOCMA and the PMAA brushes was obtained by condensation microscopy on masked
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irradiated substrates (Figure 5.3). Water drops preferentially condensed on the ex-
posed regions, i.e., PMAA-rich areas that are more hydrophilic than the unexposed
PNVOCMA ones [37] and revealed a clear wettability contrast. The borders between
illuminated and nonilluminated areas were sharp within the accuracy of the optical
resolution, indicating an explicit wettability contrast between irradiated and nonirra-
diated areas. These results proof that photocleavage occurs selectively at the irradiated
areas. We could not observe differences for the different conversion states.

Figure 5.3: Condensation microscopy image of a 100% deprotected brush pattern as
a function of time (approx 2 min)

Height changes in the brush layer after irradiation were analyzed using imaging AFM
in a scratch assay. The brush height before irradiation was 9 nm and changed to 6 nm

after full photoconversion as a consequence of the loss of the bulky chromophore from
the brush layer. AFM analysis of the topography on patterned brush layers (100/0%

photoconversion) confirmed these results, and the exposed regions appeared as deep-
ened squares in the topography image (see Figure 5.9). The height difference between
unexposed and fully exposed brushes at pH 9.5 was 2−4 nm. This results are in agree-
ment with previous studies on this system [4, 31].
AFM was also used to investigate the light-dependent surface interactions. Force spec-
troscopy and friction measurements were performed to analyze the interactions between
an oxidized Si tip and the brush layer. Force spectroscopy imaging on patterned sub-
strates (100% photocleavage on exposed areas) using an oxidized Si tip revealed a clear
contrast between PMAA and PNVOCMA areas at pH 9.5 (Figure 5.4A). Adhesion
force at irradiated parts decreased due to repulsive electrostatic double layer interac-
tions between the charged brush and the cantilever tip (labeled with arrows in Figure
5.4B). At the same time, the repulsive part in the force versus distance curves became
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more pronounced, which confirmed that irradiated parts are charged. Other forces act-
ing between the AFM tip and the surface grafted with the polymer brush might also
contribute to these results, i.e. steric interactions, solvent forces or vdW forces. The
contrast was also visible on patterned substrates at 75% photoconversion, but almost
not detectable for 50% and 25% photoconversion (see Figure 5.4A). These observations
agree with the QCM results (Figure 5.2) that showed low water uptake of the brush
film for conversions < 50%. The hydrophobic character of the brush in this case does
not allow effective swelling and hinders electrostatic interaction between the partially
deprotected brush and the charged tip.
In order to quantify the increase in the repulsive interactions for higher exposure doses,
we performed QI imaging (see Experimental Section) of the substrates at pH 9.5. In QI
mode 128x128 force distance curves were recorded for each image. To obtain a measure
of the repulsive forces between AFM tip and brush, we analyzed the slope within the
repulsive parts of each approach force curve. The slope of the repulsive parts of the
force distance curves during the approach between PNVOCMA/PMAA brushes and
the plasma treated tip will depend on the electrostatic repulsion. For non- or weakly
charged and swollen brushes, a steeper slope is expected (upper curve in Figure 5.4B),
whereas in the presence of long-range electrostatic repulsion (after photoconversion),
a less steep slope is expected (lower curve in Figure 5.4B). The slopes extracted from
each force curve are plotted in Figure 5.5 as ”slope maps”. The slope at irradiated parts
(darker areas) is smaller than at nonirradiated parts. Decreasing slopes were observed
on substrates with increasing photoconversion (Figure 5.5). This behavior confirms
the increase in the brush charge with the photoconversion and, therefore, higher elec-
trostatic repulsion and changes in steric interactions and solvent forces. No contrast
could be observed on the substrates with 25% and 50% conversion, in line with results
from QCM and force spectroscopy measurements.
We then analyzed the friction behavior of substrates with different photodeprotection
degrees by imaging the surface in contact mode. Lateral deflections of the cantilevers
were detected and converted into friction force using a previously determined calibra-
tion factor (see Experimental Section). Figure 5.6 shows the lateral force (trace minus
retrace signal) across the patterned sample. The friction force pattern showed clear
contrast between not exposed and exposed areas in the samples with 50%, 75%, and
100% photoconversion at pH 9.5 (Figure 5.6). Interestingly, the threshold value of the
photoconversion for friction contrast between exposed/nonexposed brushes was > 50%,
significantly lower than for contrast in swelling or adhesion properties. Friction mea-
surements are obviously more sensitive to the photoinduced changes in the molecular
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A B

Figure 5.4: Interaction contrast of oxidized Si tip and the patterned substrate of
PNVOCMA and PMAA: 5.4A Adhesion force of different conversion states extracted
from force mapping data. 5.4B Exemplary force curves for 0% and 100% conversion
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Figure 5.5: Change of repulsive interactions of 100/0% and 75/0% conversion states,
detected with the quantitative imaging mode

composition of the brush than the other properties.
Figure 5.7A and 5.7B show histograms of the friction force for different conversion
states normalized to the friction of the background (0% conversion). These findings
point out a distinct increase of the friction contrast with increasing conversion state
(Figure 5.7C). The friction forces of irradiated areas are larger than on nonirradiated
areas. This was unexpected, since the repulsive force increase with increasing irradia-
tion dose (respectively the adhesion decreases) as shown above and one might anticipate
a lubricating effect of the swollen brush. We believe that this effect is either due to
a plowing of the AFM tip through the brush leading to increased dissipation or due
to a stronger penetration of the AFM tip through the more swollen and shorter brush
layers. Consequently friction with the underlying silicon substrate (with a silica layer)
increases.

5.4 Conclusion and Outlook

Photoresponsive brushes containing ionizable -COOH side groups protected with a
NVOC photoremovable group allow light-driven tuning of surface interactions. The
compositional change in the brush by photocleavage of the NVOC group and gener-
ation of ionizable COOH groups along the brush chain results in significant property
changes between exposed and nonexposed brushes, which can be modulated by the
exposure dose. The exposed areas become more hydrophilic and allow gradual tuning
of wettability. Such an approach could be applied to the photomanipulation of the
motion of liquids on brush layers [55, 56], or to prepare water harvesting surfaces [57].
More subtle changes in the surface interactions for intermediate chemical states (as a
consequence of gradual deprotection degrees controlled by the irradiation dose) were
quantified using force spectroscopy and friction measurements in the presence of basic
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Figure 5.6: Friction forces of different conversion states. Friction contrast increases
with increasing conversion

aqueous solution. Force mapping and quantitative imaging showed that adhesion forces
decrease with exposure as a consequence of increased electrostatic repulsion between
the PNVOCMA/PMAA brush and the negatively charged AFM tip. However, this
decrease is only visible for PMAA content > 75% in the brush. Friction properties
seems to be more sensitive than adhesion to the compositional changes. A continu-
ous increase in friction contrast between PNVOCMA and PNVOCMA/PMAA areas
was observed already at > 50% PMAA content in the brush. Our results indicate
that PNVOCMA system is a potential platform for investigations of tunable surface
interactions. Dose-dependent tuning of the photoconversion allows matching of surface
properties for the desired application.
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Figure 5.7: Friction contrast for different conversion states. 5.7A Evaluated his-
tograms: friction force is normalized to the background. 5.7B Gauss fits of the different
conversion steps. 5.7C Difference in normalized friction force between PNVOCMA and
different conversion states to PMAA



CHAPTER 5. PHOTOTUNABLE SURFACE INTERACTIONS 159

5.5 References

[1] M. A. Cohen Stuart et al. “Emerging applications of stimuli-responsive polymer
materials”. In: Nature Materials 9.2 (2010), pp. 101–113.

[2] I. Tokarev, M. Motornov, and S. Minko. “Molecular-engineered stimuli-responsive
thin polymer film: a platform for the development of integrated multifunctional
intelligent materials”. In: Journal of Materials Chemistry 19.38 (2009), pp. 6932–
6948.

[3] J. Buensow et al. “Direct Correlation between Local Pressure and Fluores-
cence Output in Mechanoresponsive Polyelectrolyte Brushes”. In: Angewandte
Chemie-International Edition 50.41 (2011), pp. 9629–9632.

[4] A. A. Brown, O. Azzaroni, and W. T. S. Huck. “Photoresponsive Polymer
Brushes for Hydrophilic Patterning”. In: Langmuir 25.3 (2009), pp. 1744–1749.

[5] C. Hanske et al. “Adsorption of Spherical Polyelectrolyte Brushes: from In-
teractions to Surface Patterning”. In: Zeitschrift Fur Physikalische Chemie-
International Journal of Research in Physical Chemistry and Chemical Physics
226.7-8 (2012), pp. 569–584.

[6] J. Gensel et al. “Reversible swelling transitions in stimuli-responsive layer-by-
layer films containing block copolymer micelles”. In: Chemical Science 4.1 (2013),
pp. 325–334.

[7] T. P. Russell. “Surface-responsive materials”. In: Science 297.5583 (2002), pp. 964–
967.

[8] R. Barbey et al. “Polymer Brushes via Surface-Initiated Controlled Radical
Polymerization: Synthesis, Characterization, Properties, and Applications”. In:
Chemical Reviews 109.11 (2009), pp. 5437–5527.

[9] J. Buensow, T. S. Kelby, and W. T. S. Huck. “Polymer Brushes: Routes toward
Mechanosensitive Surfaces”. In: Accounts of Chemical Research 43.3 (2010),
pp. 466–474.

[10] T. Chen et al. “Stimulus-responsive polymer brushes on surfaces: Transduction
mechanisms and applications”. In: Progress in Polymer Science 35.1-2 (2010),
pp. 94–112.

[11] X. Laloyaux et al. “Bidimensional Response Maps of Adaptive Thermo- and
pH-Responsive Polymer Brushes”. In: Macromolecules 43.18 (2010), pp. 7744–
7751.



CHAPTER 5. PHOTOTUNABLE SURFACE INTERACTIONS 160

[12] W. F. Yuan et al. “Temperature/light dual-responsive surface with tunable wet-
tability created by modification with an azobenzene-containing copolymer”. In:
Macromolecules 39.3 (2006), pp. 1300–1303.

[13] A. Olivier et al. “Surface-initiated controlled polymerization as a convenient
method for designing functional polymer brushes: From self-assembled monolay-
ers to patterned surfaces”. In: Progress in Polymer Science 37.1 (2012), pp. 157–
181.

[14] S. Minko et al. “Gradient stimuli-responsive polymer grafted layers”. In: Stimuli-
Responsive Polymeric Films and Coatings. Vol. 912. ACS Symposium Series.
2005.

[15] Khooi Y. Tan et al. “Nonfouling Capture-Release Substrates Based on Poly-
mer Brushes for Separation of Water-Dispersed Oil Droplets”. In: Acs Applied
Materials and Interfaces 4.12 (2012), pp. 6403–6409.

[16] J. Klein et al. “Reduction of Frictional Forces between Solid-Surfaces Bearing
Polymer Brushes”. In: Nature 370.6491 (1994), pp. 634–636.

[17] X. Liu et al. “Switching Water Droplet Adhesion Using Responsive Polymer
Brushes”. In: Langmuir 26.14 (2010), pp. 12377–12382.

[18] L. Ionov et al. “Smart microfluidic channels”. In: Advanced Functional Materials
16.9 (2006), pp. 1153–1160.

[19] A. Dirani et al. “Reversible Photomodulation of the Swelling of Poly(oligo(ethylene
glycol) methacrylate) Thermoresponsive Polymer Brushes”. In: Macromolecules
45.23 (2012), pp. 9400–9408.

[20] A. Housni, Y. Zhao, and Y. Zhao. “Using Polymers To Photoswitch the Aggre-
gation State of Gold Nanoparticles in Aqueous Solution”. In: Langmuir 26.14
(2010), pp. 12366–12370.

[21] M. Piech and N. S. Bell. “Controlled synthesis of photochromic polymer brushes
by atom transfer radical polymerization”. In:Macromolecules 39.3 (2006), pp. 915–
922.

[22] S. Samanta and J. Locklin. “Formation of photochromic spiropyran polymer
brushes via surface-initiated, ring-opening metathesis polymerization: Reversible
photocontrol of wetting behavior and solvent dependent morphology changes”.
In: Langmuir 24.17 (2008), pp. 9558–9565.



CHAPTER 5. PHOTOTUNABLE SURFACE INTERACTIONS 161

[23] Y. S. Park, Y. Ito, and Y. Imanishi. “Photocontrolled gating by polymer brushes
grafted on porous glass filter”. In: Macromolecules 31.8 (1998), pp. 2606–2610.

[24] U. Raviv et al. “Lubrication by charged polymers”. In: Nature 425.6954 (2003),
pp. 163–165.

[25] R. M. Bielecki, M. Crobu, and N. D. Spencer. “Polymer-Brush Lubrication
in Oil: Sliding Beyond the Stribeck Curve”. In: Tribology Letters 49.1 (2013),
pp. 263–272.

[26] R. M. Bielecki et al. “Lubrication with Oil-Compatible Polymer Brushes”. In:
Tribology Letters 45.3 (2012), pp. 477–487.

[27] W. Hartung et al. “Aqueous Lubrication of SiC and Si3N4 Ceramics Aided by
a Brush-like Copolymer Additive, Poly(llCaps-lysine)-graft-poly(ethylene gly-
col)”. In: Tribology Letters 34.3 (2009), pp. 201–210.

[28] R. Heeb et al. “Influence of Salt on the Aqueous Lubrication Properties of End-
Grafted, Ethylene Glycol-Based Self-Assembled Monolayers”. In: Acs Applied
Materials and Interfaces 1.5 (2009), pp. 1105–1112.

[29] J. Klein. “Polymers in living systems: from biological lubrication to tissue engi-
neering and biomedical devices”. In: Polymers for Advanced Technologies 23.4
(2012), pp. 729–735.

[30] J. Cui, O. Azzaroni, and A. del Campo. “Polymer Brushes with Phototriggered
and Phototunable Swelling and pH Response”. In: Macromolecular Rapid Com-
munications 32.21 (2011), pp. 1699–1703.

[31] J. Cui et al. “Phototunable Response in Caged Polymer Brushes”. In: Macro-
molecules 45.7 (2012), pp. 3213–3220.

[32] J. Cui, V. San Miguel, and A. del Campo. “Light-Triggered Multifunctionality
at Surfaces Mediated by Photolabile Protecting Groups”. In: Macromolecular
Rapid Communications 34.4 (2012), pp. 310–329.

[33] J. Cui et al. “Analysis of Responsive Polymer Films Using Surface Acoustic
Waves”. In: Langmuir (2013).

[34] A. Brunsen et al. “Light-activated gating and permselectivity in interfacial ar-
chitectures combining "caged” polymer brushes and mesoporous thin films”. In:
Chemical Communications 48.10 (2011), pp. 1422–1424.

[35] J. M. Alonso et al. “Photopatterned surfaces for site-specific and functional
immobilization of proteins”. In: Langmuir 24.2 (2008), pp. 448–457.



CHAPTER 5. PHOTOTUNABLE SURFACE INTERACTIONS 162

[36] J. Auernheimer et al. “Photoswitched cell adhesion on surfaces with RGD pep-
tides”. In: Journal of the American Chemical Society 127.46 (2005), pp. 16107–
16110.

[37] A. A. Brown et al. “Polymer brush resist for responsive wettability”. In: Soft
Matter 5.14 (2009), pp. 2738–2745.

[38] K. Critchley et al. “A mild photoactivated hydrophilic/hydrophobic switch”. In:
Langmuir 21.10 (2005), pp. 4554–4561.

[39] M. Lemieux et al. “Reorganization of binary polymer brushes: Reversible switch-
ing of surface microstructures and nanomechanical properties”. In:Macromolecules
36.19 (2003), pp. 7244–7255.

[40] A. Synytska et al. “Intelligent Materials with Adaptive Adhesion Properties
Based on Comb-like Polymer Brushes”. In: Langmuir 28.47 (2012), pp. 16444–
16454.

[41] A. Drechsler et al. “Tuning the Adhesion of Silica Microparticles to a Poly(2-
vinyl pyridine) Brush: An AFM Force Measurement Study”. In: Langmuir 28.44
(2012), pp. 15555–15565.

[42] C. Brieke et al. “Light-Controlled Tools”. In: Angewandte Chemie-International
Edition 51.34 (2012), pp. 8446–8476.

[43] C. Hanske et al. “The Role of Substrate Wettability in Nanoparticle Transfer
from Wrinkled Elastomers: Fundamentals and Application toward Hierarchical
Patterning”. In: Langmuir 28.49 (2012), pp. 16745–16750.

[44] C. Kuttner et al. “Photochemical Synthesis of Polymeric Fiber Coatings and
Their Embedding in Matrix Material: Morphology and Nanomechanical Prop-
erties at the Fiber-Matrix Interface”. In: Acs Applied Materials and Interfaces
4.7 (2012), pp. 3484–3492.

[45] D. Kluge et al. “Nanomechanical Properties of Supramolecular Self-Assembled
Whiskers Determined by AFM Force Mapping”. In: Langmuir 26.5 (2010),
pp. 3020–3023.

[46] S. Schmidt et al. “Adhesion and Mechanical Properties of PNIPAM Microgel
Films and Their Potential Use as Switchable Cell Culture Substrates”. In: Ad-
vanced Functional Materials 20.19 (2010), pp. 3235–3243.



CHAPTER 5. PHOTOTUNABLE SURFACE INTERACTIONS 163

[47] H. J. Butt, B. Cappella, and M. Kappl. “Force measurements with the atomic
force microscope: Technique, interpretation and applications”. In: Surface Sci-
ence Reports 59.1-6 (2005), pp. 1–152.

[48] H. J. Butt et al. “Steric forces measured with the atomic force microscope at
various temperatures”. In: Langmuir 15.7 (1999), pp. 2559–2565.

[49] C. E. McNamee et al. “Surface and friction forces between grafted polysaccharide
layers in the absence and presence of surfactant”. In: Journal of Colloid and
Interface Science 364.2 (2011), pp. 351–358.

[50] E. Max et al. “A novel AFM based method for force measurements between
individual hair strands”. In: Ultramicroscopy 110.4 (2010), pp. 320–324.

[51] T. Chen, I. Amin, and R. Jordan. “Patterned polymer brushes”. In: Chemical
Society Reviews 41.8 (2012), pp. 3280–3296.

[52] G. P. Lopez et al. “Imaging of Features on Surfaces by Condensation Figures”.
In: Science 260.5108 (1993), pp. 647–649.

[53] J. L. Hutter and J. Bechhoefer. “Calibration of Atomic-Force Microscope Tips”.
In: Review of Scientific Instruments 64.7 (1993), pp. 1868–1873.

[54] E. V. Anderson et al. “Shape-Independent Lateral Force Calibration”. In: Acs
Applied Materials and Interfaces 3.9 (2011), pp. 3256–3260.

[55] K. Ichimura, S. K. Oh, and M. Nakagawa. “Light-driven motion of liquids on a
photoresponsive surface”. In: Science 288.5471 (2000), pp. 1624–1626.

[56] M. K. Chaudhury and G. M. Whitesides. “How to Make Water Run Uphill”. In:
Science 256.5063 (1992), pp. 1539–1541.

[57] L. Zhai et al. “Patterned superhydrophobic surfaces: Toward a synthetic mimic
of the Namib Desert beetle”. In: Nano Letters 6.6 (2006), pp. 1213–1217.



CHAPTER 5. PHOTOTUNABLE SURFACE INTERACTIONS 164

5.A Supporting Information

Supplementary information contains setup for condensation microscopy and height
contrast data. Condensation microscopy was used to monitor the photoconversion of
the PNVOCMA brush to the hydrophilic PMAA brush in response to UV irr adiation.
Figure 5.8 shows the setup used for condensation microscopy.
Height changes in the brush layer after irradiation were analyzed using imaging AFM.
The height difference between unexposed and fully expos ed brushes at pH 9.5 was 2-4
nm (Figure 5.9).

Figure 5.8: Setup for condensation microscopy
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Figure 5.9: Height contrast between protected and 100% deprotected areas, and mean
cross-section of the marked part in a indicates height changes of approximately 4 nm.
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Abstract

Adsorption of colloidal particles constitutes an attractive route to tailor the properties
of surfaces. However, for efficient material design full control over the particle-substrate
interactions is required. We investigate the interaction of spherical polyelectrolyte
brushes (SPB) with charged substrates based on adsorption studies and atomic force
spectroscopy. The brush layer grafted from the colloidal particles allows a precise
adjustment of their adsorption behavior by varying the concentration of added salt.
We find a pronounced selectivity between oppositely and like-charged surfaces for ionic
strengths up to 10 mM. Near the transition from the osmotic to the salted brush regime
at approximately 100 mM attractive secondary interactions become dominant. In this
regime SPB adsorb even to like-charged surfaces. To determine the adhesion energy
of SPB on charged surfaces directly, we synthesize micron-sized SPB. These particles
are used in colloidal probe AFM studies. Measurements on oppositely charged surfaces
show high forces of adhesion for low ionic strengths that can be attributed to an
entropy gain by counterion release. Transferring our observations to charge patterned
substrates, we are able to direct the deposition of SPB into two-dimensional arrays.
Considering that numerous chemical modifications have been reported for SPB, our
studies could open exiting avenues for the production of functional materials with a
hierarchical internal organization.

6.1 Introduction

The physisorption of components from solution constitutes a versatile and easily up-
scalable alternative to surface modifications based on covalent chemical coupling, since
coupling by physisorption does not require specific chemical reactions to occur. A
prominent example for this approach is the layer-by-layer (LbL) deposition of oppo-
sitely charged polyelectrolytes [1, 2, 3, 4]. Multilayers can be applied to large substrates
by simple dip or spray coating and the non-covalent nature of the underlying interac-
tions allows for a broad spectrum of molecular components [5, 6, 7, 8]. Other exam-
ples are the physisorption of microgel-particles [9] which can be used as temperature-
responsive cell substrates [10] or the adsorption of responsive block-copolymer micellar
aggregates [11] for controlled release and cellular response. Indeed often colloidal build-
ing blocks are integrated in such physisorption-layers [12, 13, 14, 15, 16], since they
carry functions (optical, electronic, catalytic, magnetic properties or responsiveness
towards various stimuli), but also because the size of colloidal particles increases the
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adsorption energy as compared to single (macro-)molecules while still ensuring that
interfacial interactions are dominant over inertia or other forces governing the macro-
scale. The efficiency of these materials depends on both the physical properties of the
colloids and their spatial arrangement on the substrate. Modification of the colloidal
building blocks by grafting polymer chains prior to physisorption is a promising strat-
egy for optimizing these aspects inasmuch the surface layer moderates the interaction
with the substrate independent of the type of particles. Such an approach can be ap-
plied to any type of colloids including inorganic and polymer particles. If the packing
of the chains is sufficiently dense, i.e. the lengths of the chains tethered with one end
to the particle must be considerably larger than the distance between two neighboring
chains, a polymer brush results [17]. Moreover, if the brush is made from polyelec-
trolytes, it adds electrosteric stabilization, stimuli-responsiveness and compatibility as
well as adhesiveness or non-adhesiveness to particles that could exhibit special optical,
mechanical or magnetic features, thus establishing multi-functional building blocks [18,
19, 20, 21]. Because of the spherical geometry of the colloidal support, such particles
are denoted as ”spherical polyelectrolyte brushes” (SPB). The core-shell morphology of
SPB is schematically depicted in Figure 6.1A. The properties of SPB in solution are
widely determined by the confinement of the counterions of the polyelectrolyte chains.
Approximately 95% of the counterions of the polyelectrolyte chains are trapped within
the brush at low concentrations of added salt [22]. This creates a huge osmotic pressure
resulting in a marked stretching of the polyelectrolytes [23, 24]. The responsiveness
of the SPB towards external stimuli such as the ionic strength and pH allows precise
control over the spatial dimensions of the particles and their mutual interaction [25,
26, 27, 28].
Functionalization of the core-shell colloids can be accomplished by loading the core
with hydrophobic substances, including many drugs. Moreover, the surrounding brush
layer may serve as a carrier for active nanostructures, namely for metal nanoparticles,
enzymes and conductive polymers yielding functional colloids with tailored biological,
catalytic or electronic properties [29, 30, 31, 32]. This opens up avenues for multifunc-
tional responsive mesoscopic building units that are stable against coagulation and can
be easily handled [33].
Understanding the interaction of SPB with solid substrates is a prerequisite for their
technological application in functional coatings. Studies with mica surfaces demon-
strated distinct differences in the adsorption behavior of cationic and anionic SPB [34,
35]. While anionic SPB exhibited a high lateral mobility on the negative substrates and
formed hexagonally packed arrangements during drying, cationic SPB were strongly af-
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fixed to the surface resulting in network-like structures. Recently, we investigated SPB
adsorption onto polyelectrolyte multilayers focusing on the kinetics [36]. We found that
after an initial diffusion-limited stage SPB adsorption slows down and finally ceases
with the formation of a particle monolayer.
In this work we investigate the interaction of anionic SPB and polyelectrolyte multilay-
ers consisting of polystyrene sulfonate (PSS) and poly(diallyldimethylammonium chlo-
ride) (PDA). In addition to adsorption studies covering a wide range of ionic strengths
[36], we present a direct assessment of the force of adhesion via atomic force microscopy
(AFM). We utilize the colloidal probe (CP) technique, in which force-distance curves
are recorded with an AFM cantilever bearing a micron-sized spherical particle [37].
This method was developed independently by Butt and Ducker and allows a normal-
ization of the measured forces over the contact area by the Derjaguin approximation
[38, 39]. Another advantage of CP-AFM is the possibility to use functionalized parti-
cles and measure the interaction between arbitrary surfaces including polyelectrolyte
brushes [40, 41, 42, 43]. Building upon the synthetic route to submicron SPB originally
developed by Ballauff and co-workers [23, 26], we attach PSS chains to micron-sized
polystyrene particles. These SPB microparticles are then used to measure the interac-
tion of SPB with charged surfaces. Finally, we demonstrate that under appropriate de-
position conditions SPB can be arranged into well-defined arrays on charge patterned
substrates. For this purpose we utilize microcontact printing, which is a prominent
technique to facilitate surface patterning and guided adsorption [44, 45, 46].

6.2 Experimental

Materials

Styrene was passed through a catechol inhibitor remover column before use. Irgacure
2959 was kindly supplied by Ciba Specialty Chemicals and transferred into the copoly-
merizable photoinitiator (HMEM) by a Schotten-Baumann reaction of Irgacure 2959
and methacrylic acid hydrochloride along the lines given in Ref. [23]. Purification
was accomplished by column chromatography on silica gel. The purity of the product
was verified through NMR spectroscopy (AC 250, Bruker). Deionized water obtained
from a reverse osmosis water purification system (Millipore Academic A10) was used
throughout the entire studies. All latexes were purified by exhaustive ultrafiltration
against deionized water. The other chemicals and solvents were of analytical grade and
were used as received.
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Nanoparticles synthesis

The synthesis and characterization of submicron SPB following the approach of Ballauff
and coworkers are described in Ref. [47]. Briefly, polystyrene cores bearing covalently
anchored photoinitiator moieties were produced by soap-free emulsion polymerization
in the presence of a UV sensitive comonomer. From the particle surfaces PSS chains
were grafted by UV induced polymerization of sodium styrene sulfonate. The PS cores
display a narrow size distribution with an average radius of 126 ± 2 nm as measured
by dynamic light scattering (DLS). The hydrodynamic thickness of the PSS brush
is 74 ± 3 nm in deionized water. The PSS chains were cleaved from the PS cores
and analyzed by size exclusion chromatography. The molecular weight of the longest
PSS chains that govern the spatial extension of the brush layer was determined as
67600 ± 4950 g/mol, which corresponds to a contour length of 82 ± 6 nm [47]. The
polydispersity of the chains (weight averaged molecular weight by number averaged
molecular weight) was calculated as 2.1, which is a common value for polymers prepared
by free radical polymerization. The chain grafting density is 0.03±0.01 chains per nm2

[47].

Microparticles synthesis

PSS brushes were grafted from monodisperse cross-linked PS microparticles with a
diameter of 4.8µm (SX-500 H) which were kindly supplied from Soken Chemical and
Engineering Co.
The photoinitiator layer surrounding the microparticles was formed in a seeded growth
polymerization. Briefly, 15 g of the microparticle powder was dissolved in 14 g ethanol
yielding a homogeneous suspension after sonication for 2 min. 143 g deionized water
was added dropwise under continuous stirring followed by further sonication to min-
imize agglomeration. The PS seeds were swollen with 1.13]g styrene (injection rate
0.02 g/ml) and stirred for a period of 15 h at 130 rpm. The polymerization was per-
formed at 70 ◦C under a nitrogen atmosphere and continuous stirring (300 rpm). To
initiate the reaction, 0.284 g potassium persulfate was added. After 15 min, 2.098 g

of a 69.6 wt% solution of the copolymerizable photoinitiator HMEM in acetone was
injected into the suspension (rate 0.05 g/min). The reaction was allowed to proceed
for 2 h. The microparticles were isolated from the dispersant, redispersed in ethanol
and stored in a 1:1 ethanol-water mixture for further use.
Grafting of the polyelectrolyte brushes was carried out in a closed reaction chamber
containing a UV emitter with a focusable reflector (Hoenle UV Technology UV-F 400
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F). An iron doped metal halogenide lamp with a power of 400 W was used in combina-
tion with a blue filter (transmission window: 320− 450 nm). 44 mg of sodium styrene
sulfonate was added to suspensions of 217 mg photoinitiator-coated microparticles dis-
persed in 4.8 g of a 1:1 ethanol-water solution. The reaction mixtures were irradiated
with UV for 30 minutes at r.t. under permanent stirring. Purification of the suspension
was accomplished by exhaustive ultrafiltration against deionized water.

Polyelectrolyte solutions

All polyelectrolytes were used as aqueous solutions containing 1 g/l and varying amounts
of NaCl (99.88%, Fisher Scientific). Multilayer coatings were produced with the fol-
lowing polyelectrolytes (Aldrich): PEI (poly(ethylene imine), MW = 25, 000 g/mol),
PSS (poly(sodium-4-styrene sulfonate), MW = 70, 000 g/mol, 50 mM NaCl), PDA
(poly(diallyldimethylammonium chloride), MW = 100, 000 − 200, 000 g/mol, 50 mM

NaCl). For microcontact printing we used fluorescently labeled PDA-TRITC (Surflay,
MW = 70, 000 g/mol, 500 mM NaCl).

Substrate preparation

Glass slides and silicon wafers were cut into pieces of 10 mmx25 mm and cleaned
by the RCA method using analytical grade chemicals (2-propanol, NH3, H2O2 from
VWR) [48]. Functionalization of the wafers with 3-aminopropyldimethylethoxysilane
(97%, Sigma Aldrich) was achieved by vapor phase silanization under reduced pressure
(10mbar, 24 h) followed by rinsing with EtOH (VWR) to remove excess molecules.
Prior to the multilayer coating the substrates were immersed in PEI solution for
30 min to deposit an adhesion promoting layer. The build-up of (PSS/PDA)5 and
(PSS/PDA)5.5 multilayers by spray coating followed the procedure reported in Ref.
[5]. Multilayers terminated with PSS were charged patterned by microcontact printing
of PDA-TRITC following established protocols [49, 50]. For this purpose we used poly-
dimethylsiloxane (PDMS) stamps cast from lithographically patterned silicon masters.
On homogeneous substrates SPB were deposited by immersion in suspensions of vary-
ing ionic strength (0.1 mM to 1 M, 0.1 wt% particles) for 60 min. Deposition of SPB
on charge patterned surfaces was facilitated by drop casting in a humidified desiccator.
The suspensions contained 0.1 wt% particles and NaCl concentrations of 1 mM and
100 mM respectively and were left on the substrates for at least 24 h. Before drying,
the non-adsorbed particles were removed by thorough washing. In-situ AFM imaging
of wet samples showed that the amount of adsorbed particles did not change during
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this step.

AFM imaging

Imaging of the SPB assemblies was performed with a Nanowizard I AFM (JPK In-
struments) operating in the Intermittent Contact Mode. We used soft cantilevers
(0.15 N/m, 12 kHz, CSC-17, MikroMasch Estonia) for in-situ imaging and stiff can-
tilevers (42 N/m, 300 kHz, OMCL-AC160TS-W2, Olympus) for imaging in air. To
estimate the surface coverage in dependence on the ionic strength 100 m2 scans were
recorded on at least three positions per sample using a Dimension IIIa AFM (Bruker).
The particle density was determined by the automated counting procedure imple-
mented in ImageJ.

Force spectroscopy

The colloidal particles were attached to calibrated, tipless AFM cantilevers (NSC12,
Mikromasch) using a commercial epoxy glue (UHU Endfest 300) and a micromanipu-
lator. The force constants as detected by the thermal noise method [37] ranged from
0.25 N/m to 0.7 N/m. Force-distance curves were recorded in liquid using a Nanowizard
I AFM. All solutions were adjusted to pH4 with HCl (Grüssing). Salt concentrations
of 1 mM and 100 mM were obtained by addition of NaCl.

Electrophoretic mobility measurements

Double-layer potential measurements of the microparticles were performed with a ZE-
TAVIEW laser scattering video microscope (Particle Metrix GmbH). From the elec-
trophoretic mobilities determined by the implemented image analysis algorithm, zeta
potential values were calculated using the Smoluchowski equation [51]. All samples
were strongly diluted in 1 mM NaCl solution. Their pH was adjusted by addition of
HCl.

Field emission scanning electron microscopy (FESEM)

FESEM specimen were prepared by drying one drop of a highly diluted suspension on
a clean silicon wafer (CrysTec) at room temperature and coating with a platinum layer
of 2 nm thickness using a sputter coater (Cressington 208HR) to make the specimen
conductive. Micrographs were recorded on a LEO Gemini microscope (Zeiss) equipped
with a field emission cathode operating at 3 − 5 kV, which corresponds to a lateral
resolution of 2 nm.
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Cryogenic transmission electron microscopy (cryo-TEM)

Cryo-TEM sample were contrast enhanced in accordance to Ref.[52] by counterion
exchange with CsCl and subsequent adsorption of bovine serum albumin (BSA). The
SPB suspension was spread on a hydrophilized lacey carbon TEM grid (mesh size
200, Plano GmbH) and vitrified with liquid ethane. Imaging was performed with a
Zeiss EM922 OMEGA EFTEM (Zeiss NTS GmbH) at a temperature of 90 K and an
acceleration voltage of 200 kV.

Differential centrifugal sedimentation (DCS)

The average size of the microparticles and their size distribution were measured using
an analytical disc centrifuge (CPS Instruments CPS-24000) [53]. Within a hollow
disc rotating at 5050 rpm a gradient was prepared by layering eight sucrose solutions
of decreasing density (8 to 3 wt%) upon one another. 0.1 ml of a dilute suspension of
microparticles was placed on top of the gradient. The distribution of the microparticles
was obtained by measuring the time required for the different species to reach a known
position within the gradient. The concentration at this position and time was measured
by light absorption at 405 nm.

6.3 Results and Discussion

Analysis of the adsorption behavior is an established methodology for investigating the
interaction between particles and solid interfaces. Both the adsorption kinetics and the
final surface coverage provide insights in this respect. In a recent study we found that
SPB adsorption kinetics is diffusion-limited in the low surface coverage regime. After
extended adsorption times the process runs into a jamming limit which always results
in the formation of a SPB monolayer [36]. The saturation coverage of adsorbed SPB de-
pends on both the surface charge and the ionic strength in solution. Figure 6.1B shows
layers formed by the adsorption of particles carrying a PSS brush onto PDA and PSS
terminated multilayers. While the SPB adsorb exclusively on the oppositely charged
surface at low ionic strength, selectivity vanishes at high concentrations of added salt.
The AFM images were recorded in-situ directly after excess particles had been removed
by gentle washing. In the absence of attractive capillary forces a liquid-like ordering is
preserved, indicating a random sequential adsorption of SPB. Obviously, the charac-
teristic interparticle distance is strongly reduced by the addition of salt, which induces
screening of the repulsive electrosteric interaction between the SPB. In Figure 6.1C the
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saturation surface coverage on both oppositely and like-charged substrates is plotted as
a function of the ionic strength. On PDA the surface coverage increases monotonically
with the ionic strength, whereas virtually no adsorption is observed on PSS terminated
substrates below 10 mM of added salt. Even higher salt concentrations lead to a grad-
ual loss of the substrate selectivity. Matching surface coverage on both oppositely and
like-charged substrates is found at salt concentrations above 100 mM. Interestingly,
this value corresponds to the transition from the osmotic brush to the salted brush
regime, which is known to have also a pronounced influence on the binding of pro-
teins to SPB [54, 55]. It is reasonable to assume that electrosteric forces dominate the
interaction between SPB and charged surfaces in the osmotic brush regime. At low
ionic strength SPB attachment to oppositely charged substrates is entropically favored
due to counterion release, whereas electrostatic and steric repulsion suppress adsorp-
tion onto like-charged surfaces. In the salted brush regime, the polyelectrolyte corona
is strongly collapsed due to screening rendering electrosteric interactions insignificant.
Instead attractive forces such as van der Waals or hydrophobic interactions become
dominant facilitating SPB adsorption independent of the substrate type.
To assess the forces governing the interaction of SPB with charged surfaces directly,
we chose the colloidal probe technique, where single colloidal particles are attached
to AFM cantilevers. Due to the well-defined geometry a normalization of the mea-
sured force data by the Derjaguin approximation is possible. In order to perform
such experiments, it was fundamental to modify micron-sized particles of suitable di-
mensions to be used as colloidal probes by grafting polyelectrolyte brushes. For this
purpose, we selected cross-linked polystyrene microparticles, which were supplied from
Soken Chemical and Engineering Co.. Measurements of the distribution of the particle
diameters by differential centrifugal sedimentation showed that the particles are nar-
rowly dispersed with an average diameter of 4.8 m. Their polydispersity defined as the
weight-averaged diameter divided by the number-averaged diameter is as low as 1.001.
Moreover, scanning electron micrographs revealed that the particles exhibit a uniform
spherical shape with a smooth surface, which was essential to obtain a well-defined
core-shell morphology after grafting the polyelectrolyte brush.
As illustrated in Figure 6.2 the surface modification was carried out in two steps, be-
ginning with coating the microparticles with a thin layer of photoinitiator. In the
second step, surface-bound radicals, formed upon irradiation with UV light, initiated
the polymerization of the water-soluble monomer sodium styrene sulfonate resulting
in covalently attached polyelectrolyte brushes. This method is well-established for
the synthesis of SPB with submicron dimensions [23, 56], but has to the best of our
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Figure 6.1: Influence of substrate charge and ionic strength on SPB adsorption.
For this study anionic SPB consisting of a PS core and attached PSS chains were
used 6.1A. Before drying, the films exhibit a liquid-like particle ordering indicating a
random adsorption process 6.1B. At 10 mM of added salt the particles bind only to
oppositely charged surfaces, whereas particle deposition at 500 mM results in a high
surface coverage on both types of substrates. The equilibrium particle density plotted
against the ionic strength shows that the loss of substrate selectivity coincides with the
transition from the osmotic to the salted brush regime near 100 mM 6.1C.
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Figure 6.2: Synthesis of micron-sized SPB: Microparticles bearing photocleavable
groups at their surface were prepared by seeded growth polymerization of styrene and
the polymerizable photoinitiator HMEM onto narrowly dispersed polystyrene seeds.
Sodium styrene sulfonate (NaSS) was added and the suspension was irradiated by UV
light. Covalently bound surface radicals thus generated initiated the polymerization
of the water-soluble monomer resulting in polyelectrolyte brushes attached to the mi-
croparticles.

knowledge not been adapted to larger particles. While the general concept is similar
to the one developed by Ballauff and co-workers for nanoparticles, special attention
had to be paid to prevent aggregation of the micron-sized particles until the brush
layer could add electrosteric stabilization. Careful preparation was necessary to obtain
homogeneous suspensions of the microparticles. For this purpose, the particles that
were supplied as a freeze-dried powder were at first suspended in ethanol before an
aliquot of water was added dropwise. Homogenization was accomplished by sonica-
tion. The photoinitiator layer was generated by swelling the cross-linked micron-sized
seeds with a defined amount of styrene and then initiating the polymerization by ad-
dition of potassium persulfate. A water-soluble initiator was chosen to facilitate the
polymerization at the surface of the particles. After a time given to form a ”fresh”
layer of polystyrene, a polymerizable photoiniator was added under starved conditions
resulting in a copolymer shell on the seeds. It has to be noted that the microparticles
kept their uniform spherical shape during the polymerization as corroborated by elec-
tron micrographs (Figure 6.3A). This finding is not trivial, because given appropriate
experimental conditions seeded growth polymerization from cross-linked particles can
be used to prepare particles that exhibit defined anisotropic shapes, e.g. dumbbell-
shaped particles [57, 58]. In the final step, the water soluble monomer sodium styrene
sulfonate was added and the suspension of the modified microparticles bearing cova-
lently attached photoinitiator moieties at their surface was irradiated by UV light in
a closed reaction chamber. As shown in earlier studies, multiple elastic scattering of
the UV light within the turbid suspension enables the decomposition of the surface-
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bound photoinitiator. These radicals initiate the polymerization of the water-soluble
monomer resulting in polyelectrolyte brushes covalently attached to the particles [23,
56]. The decomposition of the applied photoinitiator results both in surface-bound
radicals and free radicals in solution. The free polyelectrolyte chains in solution thus
formed were removed by ultrafiltration against water.
Manifold analytical techniques such as small-angle X-ray scattering [59], dynamic light
scattering [23], cryogenic transmission electron microscopy [52] and electrophoretic
measurements [60] have been used to comprehensively investigate the core-shell charac-
ter of submicron-sized SPB. While such techniques are well-suited to study submicron-
sized particles, they can be hardly applied on microscale objects. In order to estimate
the brush thickness, a reference experiment with PS seeds of 169 nm in diameter was
carried out in parallel to the photopolymerization onto the microscale seeds in the UV
chamber. A brush thickness of 30 nm was obtained by DLS measurements of the hy-
drodynamic radii before and after the photopolymerization. As a first indication that
a brush layer also formed on the microparticles may serve their significantly enhanced
stability when dispersed in water. This was already evident from visual inspection.
While the unmodified core particles showed rapid sedimentation in water and had thus
to be kept in water/ethanol mixtures during surface modification, sedimentation of
the brush coated microparticles proceeded much slower. This observation was quan-
titatively corroborated when measuring the size distribution of the particles by DCS
(Figure 6.3B). Considerable amounts of particle dimers, trimers and tetramers were
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Figure 6.3: Characterization of SPB microparticles. Size and shape of the micropar-
ticles are preserved during grafting of the brushes 6.3A. In comparison to the PS seeds
the brush decorated SPB microparticles show a significantly reduced amount of aggre-
gates in differential centrifugal sedimentation measurements 6.3B. The zeta potential
at pH 4 is clearly shifted to more negative values due to the grafted PSS chains 6.3C.
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found in freshly prepared aqueous suspensions of the PS seeds, which is in accord with
their high sedimentation rate. Only a small portion of dimer ensembles are found
after modification of the microparticles indicating the stabilization effected by the sur-
rounding polyelectrolyte layer. This is further documented by optical measurements
of the electrophoretic mobilities of individual microparticles before and after grafting
the surface layer. The experiments were carried out at pH 4 to exclude the influence of
the carboxylic groups of the PS seeds on the mobility. Calculations of zeta potentials
for hairy particles from electrophoretic mobilities are non-trivial [61]. In contrast to
submicron-sized SPB, the influence of a 30 nm thick surface layer on the mobility of
the 4.8 m SPB microparticles can be widely restricted to the effective charge of the
particles. For this reasons, zeta potentials were calculated based on the Smoluchowski
equation [51]. The low zeta potential of 4 mV of the PS seeds is in full accord with
the modest stability of aqueous suspensions of these particles. There was a significant
increase of the absolute value of the zeta potential (−27 mV) after the photopolymer-
ization again indicating the successful formation of the polyelectrolyte layer and the
improved stability of the suspensions (Figure 6.3C).
While the standard characterization methods all indicate a successful modification of
the PS microparticles, they reflect the averaged properties of a large ensemble of par-
ticles. To investigate the single particles by CP-AFM we attached PS core particles
and PSS modified particles to tipless cantilevers. In analogy to the zeta potential
measurements all AFM experiments were conducted at pH 4 to screen contributions
stemming from the carboxyl moieties of the core particles. Figure 6.4A/6.4B dis-
plays typical force-distance curves obtained on amino-functionalized Si wafers, which
carry a positive net charge under acidic conditions. Independent of the ionic strength
the PS core particles show a hard repulsive interaction without noticeable adhesion
upon retraction. Retract curves of the modified particles on the other hand display
a strongly adhesive interaction most pronounced at low ionic strength. Despite the
fact that SPB adsorption is promoted by the addition of salt, electrostatic screening
results in significantly decreased binding strengths. Similar trends apply to PDA ter-
minated polyelectrolyte multilayers as substrates with the qualitative difference that
we often observe a less rapid, stepwise detachment upon retraction of the cantilever
(Figure 6.4C). Measurements in the presence of PSS terminated multilayers (Figure
6.4D) on the other hand displayed small forces of adhesion, which were independent
of the ionic strength and can be attributed to secondary interactions and chain entan-
glements [62]. We have to note that only about half of the probed SPB microparticles
showed significant differences from the bare PS cores indicating an incomplete conver-
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Figure 6.4: Force curves of PS microparticles and SPB microparticles. While the SPB
microparticle shows strong adhesion to the oppositely charged, amino-functionalized
substrate 6.4A, little adhesion is found for the PS reference particle 6.4B. The strength
of the attractive interaction can be controlled by the ionic strength and the charge of
the substrate as shown for PDA 6.4C and PSS 6.4D terminated multilayers. All data
was obtained at pH4.
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sion during photopolymerization. Also with an increasing number of measurements
the force of adhesion decreased steadily indicating that PSS chains are partially torn
out of the brush. Considering the charged surface as a multivalent counterion very
strong binding is expected [35]. In our measurements the retract speeds (500 nm/s)
were rather high possibly preventing a stepwise detachment of single charged polymer
groups. Whereas more quantitative investigations will have to take these aspects into
account, we were primarily interested in a qualitative assessment of the strength of
SPB adhesion at high and low ionic strengths.
Both the adsorption study and the single particle study demonstrated the pronounced
substrate selectivity of SPB, which is a prerequisite for the construction of SPB sur-
face assemblies on charge patterned substrates. To create substrates with well-defined
positive and negative regions we printed labeled PDA-TRITC onto PSS terminated
multilayers using hydrophilized PDMS stamps. Successful pattern reproduction was
proven by fluorescence microscopy and AFM imaging. A typical microcontact print
consisting of negative circles and a surrounding positive matrix is displayed in Figure
6.5A. Onto the patterned region we applied droplets of SPB suspensions containing
1 mM and 100 mM of NaCl. These samples were stored in a humidified desiccator for
at least 24 h before washing with water and drying in a nitrogen stream. As shown in
Figure 6.5B the SPB adsorbed only onto oppositely charged areas at low ionic strength
leading to excellent pattern reproduction. Increasing the ionic strength to 100 mM on
the other hand resulted in a complete loss of substrate selectivity (Figure 6.5C). As
confirmed by fluorescence microscopy the pattern fidelity was unaffected by the depo-
sition process. The observed non-selectivity can therefore be attributed to attractive
secondary interactions, such as van der Waals forces or hydrophobic interaction, dom-
inating the SPB adsorption in the salted brush regime.
As further demonstrated in Figure 6.6, charge patterning is a powerful tool for con-
trolling surface order as well as the patterning of sub-micron SPB on the micron scale
and even up to macroscopic dimensions.

6.4 Conclusions and Outlook

We investigated the interaction of spherical polyelectrolyte brushes with charged sur-
faces. Particle monolayers prepared by SPB adsorption onto positively and negatively
charged polyelectrolyte multilayers showed a distinct dependence of the surface cov-
erage on the concentration of added NaCl. The particles adsorbed exclusively onto
oppositely charged surfaces at ionic strengths up to 10 mM, whereas higher salt con-
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Figure 6.5: SPB adsorption onto charge patterned substrates. The AFM image shows
negatively charged areas as dark circles surrounded by a positively charged matrix
6.5A. At low ionic strength the particles adsorb selectively onto the oppositely charged
regions 6.5B. Substrate selectivity is completely suppressed at high concentrations of
added salt 6.5C.
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Figure 6.6: Hierarchical structuring by selective SPB adsorption: Millimeter-sized
patterned areas were produced by microcontact printing with a custom PDMS stamp
(top: fluorescence image, bottom: phase contrast micrograph after SPB deposition)
6.6A. Micron-sized particle arrays are formed upon the adsorption of SPB (AFM)
6.6B. The Cryo-TEM image of individual SPB contrasted by the adsorption of bovine
serum albumin demonstrates the core-shell architecture 6.6C.
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centrations resulted in a gradual loss of substrate selectivity. While counterion release
and electrosteric repulsion govern the interaction between SPB and charged surfaces
in the osmotic brush regime, attractive secondary interactions become dominant in the
salted brush regime.
The strength of the interaction forces can be assessed on a single particle level by
colloidal probe AFM. For this purpose we equipped cross-linked polystyrene micropar-
ticles with UV sensitive moieties and grafted chains of polystyrene sulfonate from the
particle surfaces. This modification lead to significantly enhanced colloidal stability
in water. Further, the PSS grafted microparticles displayed a strongly negative zeta
potential even under acidic conditions, where the bare core particles carrying only
carboxyl groups are mostly neutral. In analogous single particle AFM measurements
the presence of grafted PSS chains resulted in a massively altered interaction with
positively charged surfaces. Whereas the bare cores show no attraction towards the
substrate under acidic conditions, the modified particles adhere strongly. The force of
adhesion can be regulated via the ionic strength in the surrounding medium.
Further, we used charge patterned substrates produced by polymer-on-polymer stamp-
ing to arrange SPB into patterned arrays. As expected from the experiments with ho-
mogenous surfaces site-selective SPB attachment occurred only at low ionic strength.
While this has been demonstrated with hard particles [46], the stimuli-responsive na-
ture of the brush layer avoids an irreversible hit-stick behavior and could therefore
allow us to remove structural defects by annealing. Considering the numerous chem-
ical modifications which have been reported for SPB [33, 29, 63], our study opens
exiting avenues for the production of stimuli-responsive materials with a hierarchical
internal organization.
Figure 6.6 shows a particular example of such a hierarchical structure containing two
levels of hierarchy: the internal core-shell character of the particles and their positional
order on the printed micropattern. As one can clearly see, completely novel function-
alities arise, like the use of nanoparticles for communication, which brings us to the
main aim of this manuscript:
Lieber Matthias, wir wünschen Dir alles Gute zu Deinem Geburtstag! Es ist uns eine
Freude und ein Privileg mit diesem Manuskript einen wissenschaftlichen Beitrag zu
Deiner Geburtstagsfeier leisten zu können! Herzliche Gratulation!
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Abstract

We present a new nanoporous multilayer system with a reversible pH-triggered swelling
transition. Using the layer-by-layer approach, pH-responsive block copolymer micelles
with a hydrophobic core, a weak polyanion shell and a strong polycation corona formed
from an ABC triblock terpolymer are included within multilayer films. The approach
of complexing the strong polycationic corona with a strong polyanion leads to the cre-
ation of novel double-end-tethered polyelectrolyte brush structures confined between
the hydrophobic micellar cores and the interpolyelectrolyte complexes. The swelling
degree, morphology as well as the mechanical properties of the coatings are reversibly
tunable by the solution pH due to the ionization-induced swelling of the pH-sensitive
polyelectrolyte-brush-like shell of the incorporated micelles resulting in large-scale vol-
umetric changes of the film. Moreover, controlling the internal film architecture by
the number of deposition steps allows tuning the properties of the porous multilayers
such as the density of incorporated micelles, the porosity, and the equilibrium swelling
degree to more than 1200%.

7.1 Introduction

The design of ”smart” coatings, which can reversibly switch their physico-chemical char-
acteristics in reaction to external stimuli is a very attractive research field regarding
its diverse applications, e.g. in drug delivery and microfluidic systems, cell tissue engi-
neering, as well as sensing, or actuation (see reviews [1, 2, 3, 4, 5, 6, 7, 8, 9, 10]). The
adsorption of stimuli-responsive soft matter systems on a solid support is an effective
and simple way to fabricate switchable surfaces. Coatings which respond to changes in
pH or ionic strength can be obtained by chemical grafting of polymer or polyelectrolyte
brushes onto planar [11, 12, 13, 14] or curved [15] surfaces. Alternatively, thin films of
polymer networks can be used as smart coatings. In most of these cases hydrogel-like
films can uptake large amounts of water, whereby their swelling degree (the ratio of
swollen to dry volume), which can be controlled by external physical or chemical sig-
nals, determines their mechanical and optical properties, permeability, adhesion etc.
Such a modulation of the mechanical properties of coatings can be used for example
to control cell adhesion [16].
Another elegant approach to design smart surfaces is the adsorption of block copoly-
mer micelles. Several research groups have studied the stimuli-responsive behavior of
an adsorbed monolayer of micelles [17, 18, 19, 20, 21]. Recently, we reported on the
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immobilization of micelles of a linear ABC triblock terpolymer consisting of polybutadi-
ene (B), poly(methacrylic acid) (MAA), and quaternized poly(2-(dimethylamino)ethyl
methacrylate) (Dq), BMAADq on silica [22]. We have found that by controlling the so-
lution pH at the solid-liquid interface of the adsorbed micelles, it is possible to reversibly
switch the micellar morphology and charge density of the corona. This pH-responsive
behavior can be controlled by the ionization degree of the weak polyelectrolyte middle
block (MAA) and is completely reversible on a short time scale. More recently, we
have successfully used these switchable coatings as active surfaces for bio-applications,
in particular for controlled self-regulated bacteria release [23]. However, the long-term
treatment at pH < pKa,apparent of MAA causes irreversible changes in themorphology
of the immobilized BMAADq micelles [22]. In general, the instability of a monolayer
of stimuli-responsive micelles is a challenging aspect [22, 24, 19, 21, 25] which is crit-
ical for many applications. One way to improve the resilience of such structures is
the chemical crosslinking of the hydrophobic cores. [22] Sukhishvili and co-workers
reported another facile method for stabilization against environmental influences for
otherwise instable surface-attached micelles via self-assembly of the micelles with a
polyelectrolyte layer using physical cross-linking [25]. They observed irreversible mor-
phological changes and desorption of a significant fraction of temperature-responsive
micelles of poly(N-vinylpyrrolidone)-bpoly(N-isopropylacryl-amide) into the solution,
while the same surface-adsorbed micelles covered with a top layer of poly- (methacrylic
acid) maintained their original structural integrity. Besides the improved stability,
this strategy allows coverage of any type of substrate and fine-tuning the thickness
and nanostructure of the stimuli-responsive film via layer-by-layer (LbL) assembly of
oppositely charged polymers [26, 27, 28]. In particular, Tan et al. reported that
temperature-sensitive core-shell micelles of ABA triblock copolymers can be incorpo-
rated within the LbL films while retaining their stimuli-responsive properties [29, 30].
The obtained films are generally very thin (10− 100 nm) enabling a rapid response to
environmental changes as compared to bulk materials. The incorporation of charged
nanoparticles [31, 32] as well as diblock copolymer micelles into multilayers with inte-
grated stimuli-responsive properties has been previously reported for one-type-micellar
[33, 34, 35, 36, 37] or micelle-micelle-systems [38, 39, 40]. These types of systems are
particularly suitable for the fabrication of hydrogel-like films [34] for drug delivery [33,
35, 25], coatings with tunable optical properties [40, 36], or antibacterial coatings [41].
Furthermore, LbL assembly of micelles offers the advantage of fabricating porous thin
films [40] without any of the additional post-treatment steps usually required for their
preparation [42] A special class of stimuli-responsive porous hydrogel-like thin films
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combines fast response and precise control over the pore closing/opening by an exter-
nal signal. [7, 9].
Here, we study a new LbL system, consisting of ABC block terpolymer micelles with
a hydrophobic polybutadiene (B) core, a pH-sensitive poly(methacrylic acid) (MAA)
shell, and a cationic corona of quaternized poly(2-(dimethylamino)ethyl methacrylate)
(Dq) (BMAADq) and linear strong polyanion poly(sodium 4- styrene sulfonate) (PSS).
Due to the pH-sensitive character of the incorporated micelles, the system allows the
ionization degree of the weak polyelectrolyte block (MAA) to be varied by changing
the pH. One remarkable feature of the system is that the pHsensitive block is not a
component of the multilayer complexes, but is covalently bound to the micellar core
on the one side and to the multilayer-forming corona on the other side. This approach
leads to the formation of a double-end-tethered weak polyelectrolyte brush-like shell.
Hence, we investigated the effect of solution pH on the swelling behavior as well as
on the mechanical properties of the hydrogel film. In addition, the influence of the
swelling on the film porosity was studied.

7.2 Experimental

Materials

The triblock terpolymer consisting of polybutadiene (B), poly-(methacrylic acid) (MAA),
and quaternized poly(2-(dimethylamino) ethyl methacrylate) (Dq), B800MAA200Dq285

(subscripts denoting the degrees of polymerization of the respective blocks) with anMn

of≈ 110000 gmol−1 and a PDI of 1.10 was synthesized via sequential living anionic poly-
merization followed by polymer-analogous modifications as described elsewhere. [43]
In particular, the poly(2-(dimethylamino)ethyl methacrylate) block was exhaustively
quaternized with dimethyl sulfate. After quaternization in a dioxane-water mixture
(1:1, v/v), the BMAADq terpolymer was dialyzed against pH 10 buffer solution to ob-
tain a micellar stock solution with a concentration of 0.5 gL−1. From this stock solution
changes in pH were performed by dialyzing against the corresponding buffer solutions
(pH 4, VWR, AVS Titrinorm). [43] The obtained micelles have a spherical shape as
confirmed by cryogenic TEM and DLS experiments [43]. The hydrodynamic radius Rh

of the micelles in pH 4 buffer was determined by DLS to 107 nm. According to the
core radius obtained via cryo-TEM, the aggregation number, Nagg, of the BMAADq
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micelles can be calculated with Eq. 7.1:

Nagg =
mcore

mchain
PB

=
4πNAρPBR

3
core

3M chain
PB

(7.1)

where mcore is the mass of the micellar core; mchain
PB is the mass of an individual PB

chain; NA is the Avogadro constant; ρPB is the density of polybutadiene; Rcore is the
radius of the micellar core according to cryo-TEM andM chain

PB is the molecular weight of
an individual PB chain. At pH 4 the core radius is 32 nm, which yields an aggregation
number of approximately 1800. Please note that this method is just a rough estimate
and strongly depends on the quality of the cryo-TEMmicrographs for the determination
of the core interface. Poly(sodium 4-styrene sulfonate) (PSS, Mw = 70000 gmol−1) was
purchased from Sigma-Aldrich. HCl and NaOH solution (0.1 molL−1, Grüssing) were
used to adjust the pH of water.

Multilayer deposition

The LbL films were assembled on silicon wafers (CrysTec) from 0.45 gL−1 polymer
solutions via dip coating. The substrates were cleaned using the RCA technique [44]
(sonication in a 1 : 1 mixture of water and 2-propanol for 15 min, followed by heating
at 70◦C in a 5 : 1 : 1 mixture of water, 25% ammonia solution, and 30% hydrogen
peroxide solution for 10 min). The freshly cleaned substrates were then dipped into
a solution of BMAADq micelles in pH 4 buffer solution (VWR, AVS Titrinorm, ionic
strength ≈ 0.05 M) for 15 min before rinsing with water. Next, the substrates were
dipped into an aqueous solution of PSS (adjusted to pH 4 with 0.1 M HCl) for 15 min.
The films were dried in a stream of nitrogen before characterization.

Methods

Ellipsometry measurements in air were performed with a Sentech SE 850 spectroscopic
ellipsometer at a constant incidence angle of 70◦. A home-built liquid cell [45] was used
for in situ ellipsometry in water of a different pH at a constant incidence angle of 65◦.
Measurements were performed after a minimum equilibration time of 20 min. Atomic
force microscopy (AFM) images were taken with a commercial AFM (DimensionTM

3100 equipped with a Nano-Scope V controller, both from Bruker AXS Inc., USA)
operating in TappingModeTM using Si3N4 cantilevers from Olympus with a typical
spring constant of ≈ 42 Nm−1 and a typical resonance frequency of 300 kHz (OMCL-
AC160TS).
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Scanning in fluid was performed with a direct driven TappingModeTM probe holder
(DTFML-DD-HE, Bruker, AXS Inc., USA) using cantilevers with a spring constant of
≈ 0.06 Nm−1 and a resonance frequency of 12− 24 kHz (Bruker, SNL-10).
Scanning electron microscopy (SEM) measurements were obtained on a Gemini Leo
1550 instrument operating at 3 keV. Samples were sputtered with a 1.3 nm thin plat-
inum layer.
The colloidal probe atomic force microscopy (CP AFM) measurements were performed
on an Asylum MFP 3D AFM (Mannheim, Germany) in a water droplet at the cor-
responding pH. Glass particles (Polysciences, Germany) were used as force sensors.
The CPs, made of SiO2, were glued with an epoxy resin (UHU schnellfest, Germany)
to pre-calibrated cantilevers (force constant ≈ 0.1 Nm−1, NSC 12, tipless, noAl, Mi-
cromash, Estonia) using a micromanipulator (MP-285, Shutter Instrument, USA) and
an inverted optical microscope (Axiovert 200, Zeiss, Germany). Force constants of
the cantilevers were determined by the thermal noise method introduced by Hutter
and Bechhoefer. [46] For all the presented data, a cantilever with a force constant
of 0.125 Nm−1 and a CP with a radius of R = 23 mm was used. The optical lever
sensitivity was always detected prior to recording the data by reference measurements
on a hard glass substrate.

7.3 Results and Discussion

Layer-by-layer assembly

To develop pH-responsive layer-by-layer hydrogel coatings, we used a linear ABC tri-
block terpolymer consisting of polybutadiene (B), poly(methacrylic acid) (MAA), and
quaternized poly(2-(dimethylamino)ethyl methacrylate) (Dq), BMAADq. The molec-
ular structure is given in Figure 7.1A. Details regarding the synthesis and character-
ization of the polymer can be found elsewhere. [43] In aqueous solution, BMAADq
self-assembles into core-shell-corona micelles with a hydrophobic B core, a pHsensitive
MAA shell and a strong cationic Dq corona.
At low pH (pH < pKa,app of MAA ≈ 5.5 (Ref. [47])), the pH-sensitive MAA block is
uncharged and does not form an IPEC, but rather phase separates from the corona
as shown in Figure 7.1B. At high pH, this block is negatively charged through the de-
protonation of the carboxylic acid groups leading to intramicellar interpolyelectrolyte
complex (im-IPEC) formation with the cationic corona of Dq. Hence, the composition
of the micellar shell as well as the charge density of the corona can be controlled by
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A

B

Figure 7.1: Chemical structure of the BMAADq triblock terpolymer 7.1A, schematic
representation of the solution structure of positively charged BMAADq micelles at pH
4 and pH 10, and negatively charged PSS 7.1B.
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the solution pH (Figure 7.1B.
Due to the cationic character of the micelles, we chose anionic poly(sodium 4-styrene
sulfonate) (PSS) as the counterpart for the layer-by-layer assembly. PSS is known to
form stable complexes/multilayers with strongly charged polycations (like Dq) because
of its permanently high charge density [48].
We prepared LbL films at pH 4. At this pH, the MAA shell is protonated and does
not form an im-IPEC with the Dq corona. Therefore, all of the coronal chains are
expected to form stable complexes with PSS. Consequently, the MAA block should
form an uncharged shell around the B core at this pH. Figure 7.2A displays the ellipso-
metric dry film thickness plotted versus the number of triblock terpolymer/polyanion
deposition steps, x. The film growth follows a square root dependency (Figure 7.2B).
This behavior indicates a diffusion-limited assembly process, which may originate from
the diffusion of the micelles into the pores of the film: further deposited micelles do not
adsorb on top of the film, but diffuse through the pores to fill them and thus increase
the micelle density in the multilayers.

A B

Figure 7.2: Ellipsometric dry thickness vs. the number of BMAADq/PSS deposition
steps, x 7.2A and vs. the square root of x 7.2B. The lines are a square root fit and a
linear fit to the data, respectively.

To obtain detailed structural information about the LbL multilayers, atomic force
microscopy (AFM) and scanning electron microscopy (SEM) measurements were per-
formed on dried samples. From the AFM height image of one bilayer of BMAADq/PSS
(denoted as (BMAADq/PSS)1) (Figure 7.3 a), the average diameter and the height of
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the spherical-cap-like structures (based on the average of at least 30 features) were es-
timated to be (125± 8) nm and (49± 5) nm, respectively. The dimensions obtained by
AFM correspond to the topography image including the core, the shell, and the IPEC
between the Dq corona and the extrinsic homopolymer PSS. In contrast, the SEM im-
age of one bilayer in the dry state (Figure 7.3 c) shows the hydrophobic cores (bright)
surrounded by a dark shell and the Dq/PSS IPEC indicating the retained core-shell-
IPEC-structure upon incorporation of the micelles into multilayers. The diameter of
the hydrophobic core is (71±8) nm (based on the average of at least 30 micelles), which
is comparable with the diameter of the cores in pH 4 buffer solution (≈ 64 nm) [43].
In our previous work, we have shown that the adsorption of BMAADq micelles onto a
silica surface follows the random sequential adsorption (RSA) model with a maximum
surface coverage of 0.54 [22]. Therefore, micelles can only be randomly dispersed on
the substrate for the first layer leading to a porous structure of the resulting LbL films
(Figure 7.3). The adsorption of the same micelles on the substrates covered with a
layer of negatively charged PSS resulted in similar adsorption kinetics as well as the
saturation value of ≈ 0.5 (Supporting Information, Figure 7.9). A further example
is the random adsorption of the micelles studied on ultrasonically formed mesoporous
aluminum [22]. These examples confirm that the system studied here can be used to
cover different substrates in a controlled and reproducible manner. Note that since this
hit-stick RSA adsorption behavior is associated with the immobilization of micelles,
rearrangements inside the film should not be possible. This is consistent with the work
of Kabanov and co-workers: the high affinity of PSS to polycations imposes kinetic
restrictions on the exchange reactions of PSS/Dq IPECs [49]. Therefore, to the best
of our knowledge, the nonlinear buildup and the reduction of porosity do not occur as
a result of the rearrangement of micelles during the deposition.
The assumption of micelles filling the void space in the film instead of attaching on the
top (resulting in a non-linear buildup behavior (Figure 7.2)) is supported by a detailed
study of the nanostructure (Figure 7.3). The AFM height and SEM images in Figure
7.3 demonstrate a significant increase in the micelle density in the film and therefore a
decreased porosity with increasing number of deposition steps.
The porosity (P ) of the films was evaluated from refractive index measurements ap-
plying the mixing rule to the Lorentz-Lorenz equation [50]

n2
x − 1

n2
x + 2

= P
n2
air − 1

n2
air + 2

+ (1− P )
n2
f − 1

n2
f + 2

(7.2)
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Figure 7.3: 1.5µmX1.5µm AFM height images (a and b) (color equates to z =
0− 100 nm) and SEM images (c-f) of (BMAADq/PSS)x porous films. x is the number
of build-up steps. Arrows indicate the formation of hydrophobic bridges
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where nx, nair, and nf are the refractive indices of the porous film, air, and the dense
film and P and (1 − P ) are the volume fraction of the pores and of the dense film,
respectively. With nair = 1 , the Eq. 7.2 can be simplified to

P = 1− n2
x − 1

n2
f − 1

·
n2
f + 2

n2
x + 2

(7.3)

Figure 7.4 shows the refractive indices nx of porous films measured by ellipsometry and
the resulting porosity values obtained from (7.3), assuming that the refractive index
of the dense film nf = 1.51 (estimated by ellipsometry of drop-coated PSS (n = 1.51)
and BMAADq (n = 1.51) films).

Figure 7.4: Porosity (◦) and refractive index (�) vs. the number of BMAADq/PSS
deposition steps. The lines are guides to the eye.

The porosity of the multilayers can be easily tuned between ≈ 50% and 0% by the
number of deposition steps. Such interconnected micellar network formation can be
explained by the generation of hydrophobic bridges during the assembly process as
indicated by the arrows in the SEM-images (Figure 7.3 c-e). Hydrophobic bridges
were also found in aqueous solutions of the same micelles [43] as well as those of other
block terpolymer micelles with a low glass transition temperature of the coreforming
block.[51, 52] Still, mainly spherical particles are found in the multilayers indicating
that the core-shell structure remains intact upon integration into multilayers.
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Stimulus response

On the basis of the retained core-shell structure of the LbLincorporated micelles and
due to the pH-responsive character of the polyelectrolyte brush-like MAA shell, we
investigated the swelling behavior of these films by in situ ellipsometry. To confirm
data obtained from ellipsometry, we additionally measured the height difference at the
edge of a scratch by AFM in a liquid cell. Exemplarily, results for a three-bilayer-film
(BMAADq/PSS)3 at different pH between pH 4 and 12 are shown in Figure 7.5. Films
with differing number of bilayers follow the same trend with varying pH.

A B

C

Figure 7.5: In situ measurements of the ellipsometric thickness (◦) and liquid cell
AFM height difference at a scratch (red box) of (BMAADq/PSS)3 vs. the solution
pH 7.2A, in situ ellipsometry measurements of reversible pH-triggered swelling and
contraction of (BMAADq/PSS)3 film 7.2B and corresponding 500 nmX500 nm AFM
height images (color equates to z = 0− 100 nm) in water at different pH values 7.5C.
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Swelling of the film is observed when the pH is increased to alkaline values with a
transition at pH ≈ 9.5. The increase in thickness corresponds to the deprotonation of
the carboxylic groups of the MAA shell and can be tuned by the degree of dissociation
a. In acidic solutions at α ≈ 0, the film is in a contracted state. With increasing
pH, a increases leading to a higher charge density and therefore increased repulsive
interactions between the COO− groups. This results in a higher osmotic pressure of
trapped counter ions, a stretching of the MAA chains and a swelling of the film.
The transition region at pH ≈ 9.5 (corresponding to the pH at which α ≈ 0.5) is
significantly higher than the apparent pKa ,value of PMAA reported in the literature
(pKa,app ≈ 5.5 (Ref. [47])) indicating that when confined into the micellar multilayer
film, MAA becomes a weaker polyacid in comparison to its behavior in dilute solution.
The shift in the apparent pKa values of weak polyelectrolytes upon incorporation into
multilayered films is also known from other work.[53, 54, 55, 56, 57] In contrast to our
results, in the latter cases, the apparent pKa values of incorporated weak polyacids and
polybases were shifted by ≈ 1 to 4 pH units to the acidic or alkaline values, respectively.
The above cited results indicate that the polyacid becomes a stronger acid if it is the
component of a polyelectrolyte multilayer film.
However, we observed an opposite effect, which originates from the fact that the MAA
block is not a component of the multilayer complexes. In our system, the MAA block,
which is covalently bound to the core-forming B block on the one side and to the Dq
block (forming stable IPECs with PSS) on the other side, can be described as a spheri-
cal polyelectrolyte brush (around the micellar core), confined between electrostatically
assembled layers. In fact, the shift to higher pH values agrees with experiments on
polyelectrolyte brushes. The swelling transition of grafted PMAA brush layers with
a high grafting density was found to be shifted to pH 9 as a result of the Coulom-
bic repulsion of neighboring charges. [58] Currie et al. reported similar pKa shifts
of poly(acrylic acid) brushes that became more pronounced with increasing grafting
density. [59] In potentiometric titrations of multi-arm star-shaped poly(acrylic acid)
we also observed an increase in the pKa,app with increasing arm number [60]. These
findings are additionally supported by theoretical predictions. [61]
The pH switch is fully reversible after several pH 8/pH 9 and pH 8/pH 11 cycling steps
(Figure 7.5B). The MAA domains respond to pH switching by changing between high
and low ionized states resulting in the swelling and shrinking of the multilayers.
Although a single layer of micelles studied here shows irreversible morphological changes
at pH 4 or lower [22], micelles that are covered with a layer of PSS are very robust and
stable after long-term treatment (in the order of several hours) at pH values between
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pH 4 and pH 12. This is due to the formation of a stable IPEC of PSS and the cationic
corona of the micelles. A similar method for the stabilization against environmental
influences for otherwise instable surface-attached micelles was reported by Sukhishvili
and Zhu [25]. They observed that surface-adsorbed micelles covered with a top layer
of poly(methacrylic acid) remained stable and maintained their original structural in-
tegrity, while the same uncovered micelles showed irreversible morphological changes
and desorption into the solution. The corresponding AFM images in water at different
pH values are shown in Figure 7.5C. At slightly alkaline pH (pH 8), the film maintains
its porous micellar morphology with an average pore diameter of ≈ 70 nm ranging
from 30 to 160 nm. At higher pH (pH 9), the micellar diameter increases while the
pore diameter decreases to a mean value of ≈ 50 nm. Here, the pores range in diameter
from 20 to 120 nm. At even higher pH (pH 10 and pH 11), the volume filling factor
V = Vmicelle/Vtotal, film is changed significantly upon swelling. After decreasing the pH
to 8, the film regained its original porous structure indicating the reversible morphol-
ogy changes triggered by pH. On the basis of the ellipsometric and AFM studies, we
propose a schematic illustration of the reversible pH-triggered swelling and contraction
of BMAADq/PSS multilayers (Figure 7.6).
As IPECs have an important and characteristic feature of competition (polyion ex-
change) and replacement (polyion substitution) reactions, the ionized MAA brush at
pH 11 might compete with PSS in participating complexation with quaternized amine
groups of the coronal chains. However, the rate and position of the equilibrium of
these reactions is strongly dependent on the nature of the polyelectrolyte pair within
a polyelectrolyte complex or multilayer (e.g. reviews [49],[62]). A comparable polyion
interchange reaction in polyelectrolyte multilayers (PSS or PMAA and a polycation
containing quaternized amine groups) was studied by Jomaa and Schlenoff [63]. They
demonstrated that PSS irreversibly replaced all PMAA chains that were already part
of the multilayer film at alkaline pH, when PMAA groups are completely ionized. Ex-
posure of the PSS-containing multilayers to an alkaline solution of PMAA yielded no
incorporation of PMAA as this would result in the formation of the energetically less
favorable complex. This is as well in line with earlier findings of Kabanov and cowork-
ers that in mixtures of polyanions, a polycation preferentially binds with sulfonate-
containing polyanions [49, 64, 62]. PSS is one of the strongest competitors for asso-
ciating with polycations, whereas PMAA is known to form weakly bound complexes.
[65, 63, 62] Dubas and Schlenoff reported the difference in free energy of complexa-
tion of a quaternized amine group with an acrylic acid group and a sulfonate group to
be 14.9 kJmol−1. [65] As a consequence of this strong binding of sulfonate-containing
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Figure 7.6: Proposed schematic illustration of reversible pH-triggered swelling and
contraction of BMAADq/PSS multilayers.
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polyanions with polycations, the interpolyelectrolyte chain exchange is inhibited. Thus,
for our system, the positively charged Dq corona will preferentially associate with PSS
rather than PMAA, even at pH 11.

Mechanical characterization

As the BMAADq/PSS multilayers swell upon increasing the pH of the solution, we
expect that the mechanical properties change with the degree of swelling. To study
these changes we used the colloidal probe technique introduced by Butt [66] and Ducker
[67]. Data were recorded by force-mapping measurements with an AFM. The detected
force-distance curves were transformed into force-indentation curves of the coatings
by subtracting the effect of the cantilever deflection. Figure 7.7A shows the recorded
force-indentation data for different swelling states of a (BMAADq/PSS)3 multilayer.
As upper force threshold we defined 20 nN which corresponds to deformations of around
80% of the film thickness. Measurements on the same spot of the sample show that
the film is not plastically deformed (see Supporting Information Ch. 7.A Figure7.10).
Since the adhesion in liquid is low and the films are not plastically deformed during the
measurement, we used the linear elasticity theory to evaluate the mechanical properties
of the system. The indentation of a sphere into a linear elastic infinite half space can
be described by the Hertz model [68]

F =
4

3

E

1− ν2
R1/2δ3/2, (7.4)

where F is the force applied by a spherical indenter (CP) with radius R, ν is the Poisson
ratio, E the Young’s modulus, and δ the indentation of the film. To avoid substrate
effects, only data below 30% of indentation were used for the Hertz analysis. However,
the values should be treated only as a rough estimation because the Hertz model is
not exactly suited for inhomogeneous systems as in our case. Still, our data is well
represented by the Hertz model as shown by the comparison of force curves plotted
in log-log scale together with the power function F ∝ δ3/2, confirming the Hertzian
power law (supporting information Ch. 7.A, Figure 7.11). The Young’s modulus was
estimated using Eq. 7.4. Figure 7.7B summarizes the obtained data of the Young’s
modulus and the swelling degree as a function of the solution pH. Each value for the
Young’s modulus contains at least 300 data points.
The swelling degree was estimated from the ellipsometric measurements as dsw/ddry,
where dsw and ddry are the film thicknesses in the swollen and dry state, respectively.
As can be clearly seen, the Young’s modulus is inversely proportional to the degree of
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A B

Figure 7.7: Force-indentation data for different swelling states 7.7A and Young’s
modulus (�) and swelling degree (◦) (determined by ellipsometric measurements) as a
function of the solution pH for a (BMAADq/PSS)3 film 7.7B.

swelling. The modulus decreases with increasing pH (6 to 11) by at least 2 orders of
magnitude from around 100 to 1 kPa. Surface force spectroscopy studies performed by
Tsukruk and co-workers have also shown a softening of pHsensitive LbL capsules by 2
orders of magnitude (in the range of 0.1− 1 MPa in the contracted and 10 kPa in the
swollen state) within a narrow pH range [69, 70, 71]]. Their results are comparable
to our system: for the quenched state (pH ≤ 8), the modulus is nearly constant
at around 300 kPa, which is typical for partially swollen hydrogel films [16] or LbL
capsules [70]. The transition between the contracted and swollen states occurs at
pH ≈ 9 corresponding to the estimated apparent pKa value of the MAA brush. At
pH ≥ 10 (highly swollen state), the modulus converges to the low kPa range. This
low kPa range of the Young’s modulus is characteristic for highly swollen hydrogel
materials [69, 70, 72, 71].

Effect of film thickness on swelling behavior

Due to significant differences in the density of the incorporated micelles and the porosity
of the (BMAADq/PSS)x layers (Figure 7.3), we studied the effect of film microstruc-
ture on the macroscopic swelling behavior. The swelling degree (the ratio of swollen to
dry volume) of surface-attached films equals the linear degree of swelling [73] and can
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be calculated using ellipsometric thickness measurements. The equilibrium swelling
degrees of the hydrogel-like films as a function of the dry thickness are summarized
in Figure 7.8A. Ellipsometric measurements show that the swelling degree is strongly
dependent on the LbL film thickness and therefore on the porosity of the multilayers,
which can be tuned by the number of LbL deposition steps. The maximum swelling
degree of ≈ 12 is obtained for the thinnest films made by one deposition step. With
increasing thickness (decreased porosity), the swelling degree drops to a value of 2 for
the thickest film studied.
Taking the differences in the microstructure into account, the observed trend of de-
creased swelling degree with increasing dry thickness is reasonable. The equilibrium
swelling degree is a balance between two opposing forces: on the one hand the elec-
trostatic self-repulsion and osmotic pressure of the trapped counter ions, which favor
swelling, and on the other hand the elastic free energy, which opposes swelling. Thus,
with increasing dry thickness the decreasing void fraction confines the particle volume
change to one dimension perpendicular to the substrate. Consequently, steric effects
may lead to a dominating contribution of the stretching entropy resulting in decreased
swelling.
Additionally, the solvent gradient induced by the accumulation of solvent at the out-
most layers may impact the swelling behavior. A similar trend of decreased swelling
degree with increasing thickness was found for block copolymer films [74] and for poly-
electrolyte multilayers in saturated solvent vapor [75] and solvents. [76]
Recalculation of the data to the water content in a swollen film (1−ddry/dsw) results in
a linear decrease with increasing dry thickness for all films with more than one bilayer
(ch. 7.A, Figure 7.12). The highly swollen films exhibit a maximum water content of
≈ 90%. Interestingly, the plot of the swelling degree versus the porosity of the films
yields a linear dependence (Figure 7.8B), reconfirming the dominating elastic energy
contribution with decreasing porosity. The non-zero intercept means that a closepa-
cked film with a porosity of 0 would still swell by a factor of 2 due to the contribution
of the PSS/Dq IPEC and the swelling of the MAA brush. Note that in the case of zero
porosity, only 1D swelling perpendicular to the substrate is possible.

7.4 Conclusion and Outlook

Using the layer-by-layer technique, ABC block terpolymer micelles with a hydrophobic
B core, a pH-sensitive MAA shell and a charged Dq corona were included within mul-
tilayer films with tailored porous nanostructure and integrated pH-responsive proper-
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Figure 7.8: Swelling degree vs. dry thickness determined by ellipsometric measure-
ments 7.8A and swelling degree vs. porosity showing a linear dependency 7.8B.

ties. The approach of ionic cross-linking of the cationic corona with a strong polyanion
leads to the creation of a novel polyelectrolyte brush-like structure, which is doubleend-
tethered between the hydrophobic cores and the flexible IPECs of the Dq corona and
PSS. The purpose of the latter is to prevent the dissolution of incorporated micelles pro-
viding the stability of the multilayers on the one hand. On the other hand, IPECs are
penetrable for water and electrolytes enabling high pH-induced volumetric changes.
The medium surrounding the (BMAADq/PSS)x multilayers strongly influences the
ionization degree of the double-end-tethered MAA brush and therefore its degree of
swelling and mechanical properties.
The film swelling degree and morphology, as well as the mechanical properties of the
coatings, are reversibly tunable by the solution pH. Furthermore, the swelling behavior
and the water content in the hydrogel-like films can be tuned by the porosity of the
multilayers, which can be adjusted by the number of micelles/PSS deposition steps to
more than 1200% swelling degree and 90% water content in the swollen films. With in-
creasing thickness (decreased porosity), the swelling degree drops since the contribution
of the elastic energy dominates the osmotic pressure. Surface-attached pH-responsive
hydrogel-like LbL films can be assembled from weak polyelectrolytes. [77] Although
these films are highly swellable, they are often unstable with respect to pH variations.
[78] Other LbL-derived stimuli-responsive hydrogel-like systems, whose structure is sta-
bilized by covalent cross-links often show considerably lower swelling degrees. [79] In
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our case, the stabilization results from the formation of IPECs, which are covalently
bound to the pH-sensitive component. Thus, no stabilization by covalent bonding is
needed to trap the PMAA chains and significantly higher swelling degrees are observed.
High swelling due to the separation of the binding and responsive components within
the LbL films is also known for multilayers with other incorporated core-shell ABA
triblock copolymer micelles with temperature-sensitive cores.[29, 30] In this particular
case, Tan et al. reported on the temperature-driven swelling behavior of LbL films
with swelling degrees ranging from 4 to 10. Our results demonstrate that significant
(2-12 fold), reversible, and controllable (by pH and bilayer number) swelling can be
realized via the incorporation of core-shell-corona micelles into the LbL films. Here
we take advantage of the separation of the functional components and the retained
internal structure consisting of hydrophobic core, a pH-sensitive double-endtethered
polyelectrolyte brush shell and a binding corona.
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7.A Supporting Information

Adsorption kinetics of BMAADq micelles

Adsorption kinetics of BMAADq micelles, see fig 7.9.

Figure 7.9: Adsorption kinetics of BMAADq micelles onto different substrates studied
by AFM

Linear elasticity

Measurements on the same spot of the sample show that the film is not plastically
deformed, see fig 7.10.
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Figure 7.10: Force-indentation measurements on the same spot of the sample show
that the film is not plastically deformed. Legend indicates the number of measurements

Availability of the Hertz model

Our data is well represented by the Hertz model as shown by the comparison of force
curves plotted in log-log scale together with the power function F ∝ δ3/2, confirming
the Hertzian power law, see Figure 7.11.

Water content of swollen LBL films containing block copolymer

micelles

Recalculation of the data to the water content in a swollen film (1−ddry/dsw) results in
a linear decrease with increasing dry thickness for all films with more than one bilayer,
see Figure 7.12.
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Figure 7.11: log-log plot of the force-indentation data for different swelling states of
a (BMAADq/PSS)3 film. The force is proportional to the 3/2 power of the indentation
confirming the validity of the Hertzian model. For comparison, a line corresponding to
the 3/2 power law relationship is plotted (solid line).

Figure 7.12: Water content vs. the dry thickness of (BMAADq/PSS)x films.
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8.1 Direct Measurements of Contact Stresses of Soft

Materials

Understanding the nature and the distribution of stresses at the contact of deformable
solids is fundamental to the fields of soft mechanics and adhesion. While the results
of mechanoresponsive systems based on cationic polymer brushes are very promising
(Ch.4) [1], several fundamental aspects have to be addressed to fully unlock the poten-
tial of this detection scheme.
In particular, only the response to brush compression could be quantitatively assessed
so far. The polymer brushes do show response to tensile stresses but these effects could
only be described qualitatively. Since tensile stresses are of particular interest for the
contact adhesion problems, a quantitative description of response to tensile stresses is
of prime interest.
In addition, pressure response was quantitatively analyzed for one particular probe ge-
ometry only: A spherical probe with a fixed Young’s modulus (ca 1 MPa). The method
needs validation using other probe geometries with systematically variable elastic con-
stants. These results should be compared to contact mechanics models. Also, the
influence of mechanical modulus, as well as the influence of interaction potential of the
contacting bodies on the sress distribution should be investigated in the future.
Examples for possible geometries are spheres, paraboloids, cones, and flat stamps of
crosslinked ideal networks of polydimethyl siloxane (PDMS). The elastic modulus of
those networks can be varied in a range from 100 kPa to 10 MPa.
To understand how chemistry affects the contact stress profile, the impact of chemical
interactions on stress distributions can be studied by chemical functionalization or by
changing the environment. The chemical composition of the PDMS surface might be
controlled using procedures described in Ref. [2]. Chemisorption of alkyltrichlorosilanes
onto an oxidized PDMS surface (generated by oxygen plasma) produces a monolayer
of the corresponding alkylsiloxanes. By varying the head-group functionalities of the
silanes, the chemical composition and thus the interaction potential of the PDMS sur-
face can be controlled. The SAMs can further be functionalized with moieties that
allow for specific interactions. Another route to control the surface potentials might be
HCl treatment, alteration of the environment i.e. ionic strength and pH. The impact
of changes in chemical interactions on the stress distribution can be visualized using
the same method (mechanoresponsive surfaces) as described in chapter 4.
Also, fundamental for the understanding of reversible adhesion is to quantify both con-
tact formation and detachment process such as peeling events [3, 4]. For this reason,
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extension of the methods is required to capture the dynamic effects.
In addition theoretical analysis of the experimental results could be carried out when
needed. Possible realizations are existing analytical models based on linear elasticity
as well as numerical methods as finite element modeling. By combining the charac-
terization of stress profile in the contact zone and modelling of contact mechanics it
will be able to examine the validity and limitations of the existing models of contact
mechanics. This will be a fundamental contribution to tackle numerous problems of
soft matter physics.
Another object is the enhancement of the sensitivity of the system under traction
forces. For this purpose Förster resonance energy transfer (FRET) could be a possible
approach. Suitable donator and acceptor molecules could be spaced along a polymer
brush or an alternative system. A similar approach has been recently used for mea-
suring traction forces on myosin proteins in-vitro and pN resolution has been reported
in Ref. [5]. In the unloaded state, donor and acceptor molecules will be close to each
other (2< distances <10 nm) and the intramolecular resonance energy transfer between
the fluorophores will occur depending on the selected donor-acceptor pair. Upon trac-
tion loading, the brush is stretched and the distance between donator and acceptor
molecules increases. In consequence, the intensity of the acceptor emission will de-
crease.
Mechanoresponsive surfaces and the theoretical understanding of their response will al-
low tackling problems in many different fields. Such surfaces are of particular interest
for the understanding of bioinspired reversible adhesives. This aspect will be discussed
in the following chapter (Ch. 8.2). Further possible enhancement of the sensitivity
and resolution of the mechanoresponse by rational design of brush layers is discussed
in chapter Ch. 8.3. Also, polymer brushes designed for this research can be adapted
to study chemical interaction (e.g. swelling, conformational changes) related to stress
in terms of a readable optical output. An example for the turn off (quenching) of
fluorescence as a response to ionic strength is already shown in Ch. 4 (Figure 4.6).
The fluorescence intensity decreases with decreasing brush thickness.
Another payoff of mechanoresponsive materials is that the in-situ stress sensor may
have the potential to visualize and quantify the traction forces during cell adhesion
cell migration, and the effect of forces on stem cell differentiation with a far greater
sensitivity than what has been achieved so far [5]. For this purpose, the detection
scheme and polymer brush architecture may need to be changed.
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8.2 Contact and Adhesion of Biomimetic Patterned

Adhesives

Abstract

Microstructured surfaces have demonstrated the high relevance of the contact geometry
for adhesion enhancement. Theoretical considerations indicate that the stress distri-
bution in the contact zone is a fundamental parameter but experimental evidence is
missing so far. In this work, we propose a method that allows the detection of local con-
tact stresses of biomimetic adhesives. For this purpose, we use a commercial machine
(PVM-A) combined with a confocal microscope. The PVM-A allows controlled con-
tact formation of microstructured surfaces with a flat substrate. The resulting spatial
stress distribution was observed by fluorescence microscopy with high lateral (< 1µm)
and pressure (< 10 kPa) resolution using mechanoresponsive fluorescent surfaces. We
apply this method to study the enhanced adhesive performance of mushroom- vs. flat-
terminated adhesive microstructures. The measured stress profiles are compared to
finite elemente (FE) simulations. These simulations indicate significant differences in
the stress distribution between mushroom- and flat-terminated pillars, which finally
result in different adhesive properties.

Introduction

The understanding of the nature and the distribution of stresses at the contacts of
deformable solids is essential to the understanding of reversible adhesive systems in bi-
ological and non-biological settings [6, 7, 8]. Structures mimicking topographic features
of different animal pads have been studied with respect to their adhesive properties. In
particular, the characteristics of gecko pads were analyzed due to the superior adhesive
strength of gecko feet. It has been found that the contact shape is crucial for this
feature, i.e. the role of the ”spatular” found in the fibrillar adhesive structures of gecko
pads [9, 8, 10, 11]. Recently, micro- and nanofabrication technologies have been ap-
plied to mimic the adhesive structures of geckos and other animals [9, 12, 8]. Patterned
areas up to some cm2 could be obtained and adhesion measurements were realized on
the micro-, meso- and macroscopical scale. Microstructured surfaces obtained by soft
lithography methods with micropillars terminated in flat or mushroom-shaped tip have
demonstrated the relevance of the contact geometry for adhesion enhancement. The
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mushroom- (T-shaped) and spatula-shaped tips show a remarkably improved perfor-
mance compared to the flat punch (I-shaped) and other shapes (spherical or concave)
[8]. These findings indicate that the contact geometry plays a major role in adhesion
performance [12, 13, 14, 15, 16, 17]. Additional theoretical analysis have shown that T-
and spatula-shaped tips have so far the highest potentials for adhesion enhancement
[18, 19, 20, 21, 22]. There are many indications that contact shape is the determing
factor on adhesion. Also, theoretical analysis proposes that the originating stress dis-
tribution in the contact zone determines adhesion strength. However, experimental
evidence for a relation between stress distribution and adhesion strength is missing so
far.
We have recently demonstrated that modification of polymer brushes with suitable
fluorophores is one approach for monitoring contact stresses with high resolution [1,
23]. For certain dyes, i.e. carboxyfluorescein, that are covalently immobilized on the
brush, local brush compression causes an increase in the quenching of fluorescence. In
contrast local brush stretching causes a decrease in quenching. Thus, laterally varying
brush compression or stretching results in local variation of fluorescence intensity and
can be translated into stress distributions with a lateral resolution limited by optical
read-out (< 1µm) and a pressure sensitivity of at least 10 kPa.
In this study, we use this approach to study pressure distributions of biomimetic adhe-
sive patterns in order to clarify the origin of enhanced adhesion of T-shaped structures
compared to I-shaped ones. For that purpose, we prepared micropatterned surfaces
by soft molding using polydimethysiloxane (PDMS). For surface analysis we combined
a commercially avilabe setup and confocal microscopy to follow pressure distributions
of I- and T-shaped adhesive structures at controlled contact formation. The stress
distribution in the contact area was observed using mechanoresponsive surfaces. These
findings were compared to numerical finite element simulations.

Preparation of Biomimetic Structures

Masters for flat punch (I-shaped) pillars and mushroom (T-shaped) pillars (simple flat
punch pillars with a thin annular plate at the top of the central pillar) are prepared via
an optical lithography approach, as explained elsewhere [10]. Little modifications of
the protocol were conducted in order to obtain masters for T-shaped pillars. Therefore
the development time was slightly increased to hollow out the photoresist around the
cavity base and thus from an inverse T-shape.
For the preperation of the biomimetic stamps, PDMS (Sylgard 184 kit) was purchased
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from Dow Corning, USA. The prepolymer was mixed with the curing agent using a 10:1
ratio and was stored at low pressure in a desiccator for degassing for 15 min. The blank
of the stamp was treated with an adhesion promoter (Wacker Grundig G 790, Wacker
Chemie AG, München) to achieve air impermeability of the stamp. After evaporation
of the adhesion promoter, the blank on top of the master, separated by a teflon ring was
mounted into the preparation holder (Figure 8.1A). Then PDMS was injected up to
complete filling of the chamber (Figure 8.1B). The thickness of the PDMS membrane
was controlled using a glass stopper. After curing for 6 hours at 65 ◦C, the holder, the
teflon ring, and the master were removed gently (Figure 8.1C). The resulting PDMS
structures are shown in Figure 8.2A.

A

B

C

Figure 8.1: Preparation of biomimetic stamps: 8.1A Assembly of the preperation
station, 8.1B Injection of PDMS, 8.1C Seperation of the master
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Adhesion of flat and T-terminated micropatterns

To confirm the enhanced adhesive properties of T-shaped pillars compared to I-shaped
ones we performed force spectroscopic measurements. Force profiles on structured
PDMS surfaces were recorded using custom-built adhesion measurement equipment. It
consists of a ruby sphere mounted at the end of a cantilever with a thin film force sensor.
The sphere was pressed against the structured PDMS substrates. After reaching an
adjusted pre-load the sphere was retracted. The cantilever deflection was recorded
as a function of the moving distance. The retracting curve showed higher pull-off
force for mushroom shaped structures than for flat punches, what can be determined
from distance between the baseline (where no forces acting to the cantilever) and the
minimum of the retrace curve (see Figure 8.2). It should be noted that the adhesion
force for I-shaped pillars increase up to a pre-load of 2.5 mN. Further increase of the
pre-load showed no effect. For T-shaped pillars the adhesion force inreased up to a
pre-load of 19 mN. These results are in agreement with reported data in the literature
[7, 8]. Details on the experimental setup can be found in Ref. [10]).

Contact Formation of Bioinspired surfaces

In order to study the lateral pressure distribution in a flat-flat contact configuration
(in contrast to the self-aligning sphere-flat situation) a well-defined contact between
the two surfaces needs to be achieved. For this purpose we used an automatised
microcontact printing setup (Manual Microcontact Printing System µ-CP PVM-A,
GeSiM GmbH, Germany) in combination with a confocal microscope (CLSM: LSM 710,
Zeiss). The principle is shown in Figure 8.3. The structured PDMS stamp is prepared
onto a blank (Figure 8.3) and gets inflated by an external air pressure. Then the
stamp is brought into the pre-position by adjusting the Z-level of the print head. The
pre-position is defined as the position where the stamp enters the confocal observation
volume of the CLSM at 100 kPa overpressure in the stamp. By inflation of the stamp
with additional air, an overpressure in the stamp is produced. Due to this pressure
the PDMS matrix bends and creates a contact with the mechanoresponsive substrate.
The response of the mechanoresponsive polyelectrolyte brush can be observed by the
confocal microscope. By changing the overpressure in the stamp, an approach and a
retraction cycle can be driven (possible range 90− 190 kPa).
The deformation behaviour as response to inflation of an elastic membrane and its
adhesive properties are described by Shull et al. [24, 25].
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A

B

Figure 8.2: Adhesive properties of different contact terminals: 8.2A SEM pictures for
the different contact terminals: flat punch and mushroom shaped. 8.2B Force profiles
of different microfibrillar arrays: I and T shaped. Arrays of T-shaped fibrils show the
highest adhesion performance.
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A B

C

Figure 8.3: Experimental setup to establish and to characterize a biomimetic contact:
Sketch of the experimental setup: combination of Manual Microcontact Printing Sys-
tem (PVM-A) and confocal microscope (CLSM) 8.3A, 8.3B moving into preposition,
and increasing overpressure result in contact formation and deformation of the brush
8.3C chemical details of the mechanoresponsive system
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Stress distribution under the patterned surfaces

Preparation of the mechanoresponsive surfaces is adapted from our recent paper [1].
Briefly cationic PMETAC copolymer brushes are grafted from glass slides using SI-
ATRP. In a second step carboxy-fluorescein is covalently attached to the brush. The
resulting brush substrates are calibrated following the procedure described in Ref. [1].
For this purpose the soft colloidal probe technique was used [26]. Thus, we could
determine a response function that correlates local pressure (p) with local fluorescence
intensity (I).
After calibration, the bioinspired patterns are brought in defined contact using the
PVM-A approach introduced before. Figure 8.4A shows a typical experiment of a T-
shape structured stamp on fluorescently labeled PMETAC copolymer brushes in water.
Upon contact of the stamp with the surface, dark spots occur surrounded by a bright
rim. The dark areas indicate compressive stress resulting from fluorescence quenching
between the quaternary ammonia groups of PMETAC and the dye. At the rim of the
contact areas, tensile forces cause the reverse effect. An increase of the overpressure in
the stamp leads to an increase of both the contact area (due to elastic deformation of
the pillars) and the pressure acting onto the brush. As a result of increased pressure,
the fluorescence intensity in the contact area decreases further. When retracting the
stamp by decreasing the external overpressure, the fluorescence intensity increases.
The rim is more pronounced as the stamp is retracted, indicating stronger tensile
forces and a larger area of tensile stress. These results point out that the method is
sensitive enough to study adhesion of bioinspired stamps. Especially, the hysteresis
of adhesion during the loading-unloading cycles can be visualized. With adequate
calibration (using sphere-flat measurements as a reference, like discussed above), it is
now possible to transform the intensity maps (Figure 8.4B) to local pressure profiles
(Figure 8.4C).

Origin of the adhesive performance of mushroom-shaped pillars

The adhesive performance of pillars can attributed to its debonding mechanism. Three
different types of failure modes for pillar detachment are possible. The pillar can detach
due to cohesive failure, due to crack nucleation at defects, or due to crack nucleation
at the edge. Which type of failure is energetically favorable depends on the pillar
geometry and on the interfacial forces, which influence the stress distribution in the
contact area of a pillar and the underlaying substrate. Calculations based on analyti-
cal linear elastic models predict that the stress at the edge of the contact is very large
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Figure 8.4: Pressure profile of biomimetic contacts: 8.4A optical response (scale bar
50µm), 8.4B intensity distribution of different loading and unloading steps adjusted
by changing the overpressure in the stamp, 8.4C calculated stress distribution
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(converge to infinite) for a I-shaped pillar. It has been suggested [18, 19] that the cap
of a T-shaped pillar changes the stress distribution in a way that the singularities of
the stress distributions at the edges of a flat punch contact vanish for a proper thick-
ness of the cap. This causes that crack propagation cannot occur from the edges and
nucleation of cracks is favored from defects in the contact zone [18, 19], which needs
higher seperation forces [19, 27].
To confirm these predictions, we made finite element (FE) simulations with simple
model systems for the different pillar geometries used in the experiments. The inter-
actions with the substrate are modeled by a spring potential U = 0.5kD2, where k is
the spring constant, and D the separation distance. The geometries are modeled as
sketched in Figure 8.5A.
From FE simulations we extracted the von Mises stress in the contact area (Von Mises
stresses are not directly correlated to the stress profile. Anyway it is possible to com-
pare the experimental with the simulated data qualitatively.). FE simulations show
that the stress peak for flat punch geometries vanishes, when the thickness of the cap
increases, up to a critical thickness where the stress peak disappears completely (Figure
8.5B). Further increase of the thickness causes the profile to converge to the one which
could be observed for a flat punch. This results are in agreement to findings reported
in Ref. [19, 28].
We have to mention that in our case it was hard to control the exact pillar geometry.
From SEM measurements (Figure 8.2A), we know that the real picture of the T-shaped
pillar differs (edges of the cap are rounded). Also, the approximated interaction poten-
tial is a strong simplification. However, the results are qualitative in agreement to Ref.
[19, 18]. moreover, already small caplike structures enhance the adhesion drastically
as shown in previous studies by A. del Campo et al.
As an experimental confirmation of these findings, the calculated stress distribution
must be compared to measured stress profiles. First measurements pointed out that
the stress depends on the radial position in the contact area (Figure 8.6). For this
purpose, we focused on the intensity profile created by the stress distribution of a
single T-pillar, using the combination of PVM-A and CLSM. Beside quenching of the
fluorescence in the contact area and the bright rim at the edge one can observe a slight
increase of fluorescence intensity in the center of the contact zone. This might be as-
signed to an intermediated state of the cap thickness.
Having established the setup further experiments are necessary to confirm these hy-
potheses. Also, the comparison between flat punch and mushroom shaped pillars is
missing.
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A B C

Figure 8.5: FEM simulations of the pressure profile for different pillar geometries:
8.5A sketch of the pillar geometry, thickness of the cap d increases from 5 − 20µm.
8.5B Calculated von Mises stresses in the contact area. 8.5C Relative stress profiles
(along the red line shown in 8.5B). Finite Element simulations were performed using
commercial software (Comsol Multiphysics Version 4.2). The Pillars were modeld by
the flowing parameters: for I-shaped pillars h = 40µm, R = 20µm, Young’s modulus
E = 1 MPa, load 1 N and k = 1 N/m and for T shaped pillars the cap radius was set
to r = 30µm and the cap thickness was varied between d = 5− 20µm.
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Figure 8.6: Stress distribution of a mushroomshaped pillar: 8.6A Optical response of
the mechanoresponsive surface (scale bar 20µm. 8.6B Extracted intensity distribution,
8.6C Calculated stress distribution
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Conclusion and Outlook

In summary, we established a setup to generate a defined contact situation between
soft biomimetic stamps (punches) with rigid flat substrates using stamps that can be
air filled. The contact situation was studied by detecting the spatial fluorescence dis-
tribution on mechanoresponsive surfaces. First results indicate that we are able to
measure stress profiles of bioinspired stamps. These findings could be confirmed by FE
simulations at simplified model systems.
Measurements, like those presented in this section, will help to generate a detailed un-
derstanding of the effect of geometrical structure on contact mechanics and adhesion.
So far measurements are missing on flat punch pillars to compare the local stresses of
flat and mushroom shaped pillars. Also, the contact areas should be assign the stress
to the local position in the contact zone. This can be done with micro interferometry
for example. Further failure mechanisms between the pillars and a flat surface shall be
investigated as a function of geometric properties of the biomimetic structured stamps
using microinterferometry. These findings will be correlated to stress distributions
measured during the detachment and contact formation processes. For this purpose, it
is also necessary to determine the limits of time resolution of the sensor material and
the detection setup.
An important feature for the reversibility of adhesion of topographically structured
surfaces is the mechanical instability of the pillars. Using confocal microscopy (or
other common microscopy techniques) and incorporating dye molecules directly into
the PDMS stamps, it may be possible to follow deformation modes of the pillars. In
particular, the buckling force of the pillars can be measured in that way. Beyond topo-
graphic changes, stress fields in the contact area between the buckled pillars and the
substrate are detectable with the mechanoresponsive surfaces.
New types of structured membranes can be designed that allow the study of peel-
ing events using the introduced Manual Microcontact Printing System µ-CP PVM-A.
Membranes that are not homogeneous in thickness or elastic modulus are possibly the
approach to achieve this. While loading (unloading) the membrane, an inhomogeneous
deformation will take place which results in an inhomogeneous spread and can mimic
spatula movement.
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8.3 Tuning the Response of Mechanoresponsive Brushes

Abstract

In chapter 4 we developed a system for local pressure detection based on fluorescent
labeled cationic polymer brushes [1]. However, this approach has some limitations. In
particular: 1) measurements are just possible in solution, 2) fluorescence quenching
is not specific and difficult to relate directly to the compressibility of PE polymer
brushes (as a function of the brush parameter), and 3) just one potential system was
characterized. Improvements could be changes of the mechanophores, the structure of
the polymer brush (e.g. grafting density and height) or alternative brush compositions.
For a rational design of surface layers with optimized mechanochemical response, the
molecular mechanism behind fluorescence quenching in response to pressure needs to
be understood. Therefore, one has to understand how the conversion of mechanical
energy into changes of the chemical environment inside the brush happens. Here we
show work in progress to characterize the compressibility of PE brushes as a function
of the brush parameter using force spectroscopy and fluorescence measurements. This
will help to understand the relation between compressibility, response and polymer
brush parameters.
Also, other types of response mechanism can be established in polymer brushes which
do not rely on quenching but for instance on changes of the emission spectrum of the
mechanophore. Using such a type of mechanophore that is more specific as quenching
allows to gain information from the interior of charged brushes. We discuss a possible
response by using seminaphtharhodafluor (SNARF) that shows a shift in the emission
spectrum in response to changes in the chemical environment.
With the knowledge about compressibility and potential responses the build-up of
various sensors that detect chemical interaction related stresses will be possible.

Introduction

The response of mechanoresponsive systems based on polymer brushes depends on the
nature of the polymer, grafting density, brush length, and the nature of the dye and
dye density. Thus, the effect of these parameters needs to be studied. By systematic
variation of the length and surface density of the brush, as well as fluorescein ratios in
PMETAC brushes, the effect of these factors in quenching the fluorescence signal and
the final mechano response can be investigated. Achieving this understanding can help
to improve mechano responsive systems with regard to ultimate pressure sensitivity.
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The sensitivity of the response and the force range can possibly be extended by com-
bining other mechanophores with alternative brush compositions and architectures
[23]. For instance annealed polyelectrolyte brushes allow externall triggering of the
mechanochemical response by pH or ionic strength, or vice versa. That means that
vertical compression of the brush could lead to a shift of the dissociation equilibrium.
This variation could be measured using pH-sensitive indicators for example.
An alternative could be to use polyelectrolyte gel films rather than polymer brushes.
Polymer gels systems could allow alternative routes for surface functionalization and
the usage of other mechanophores. They are flexible in handling and steric hindrance
for the mechanophore could be overcome. Also, measurements in air could be possible.
For the understanding of the processes in strongly compressed PMETAC brushes, we
combined AFM force spectroscopy with polymer brush theory. First experiments are
underway to study the effect of brush parameters on the compressibility. These exper-
iments are evaluated on basis of AdG theory (developed by Alexander and de Gennes
[29, 30]). Also, the relation between response and compressibility, i.e. the state of
quenching as a function of applied force is investigated.
Further other types of response will be addressed. A more specific response than
quenching is possible by using dyes, which show a shift in the emission spectrum
(rather than a shift in intensity) in response to changes in the chemical environment.
For instance seminaphtharhodafluor (SNARF), which responds to changes of the dis-
sociation equilibrium. For this purpose, we have established a synthesis protocol for
the attachment of SNARF dye to PMETAC polymer brushes. In order to quantify the
response of SNARF dye, the detection scheme was changed from fluorescence intensity
mapping to mapping of spectroscopic properties.

8.3.1 Understanding of the Mechanoresponse

For the design of mechanoresponsive systems based on polymer brushes we have to
understand how the brush is affected by the environment and the applied force, and
how the response is related to the compression state of the brush.

Brush Compresssion

We performed (first) force spectroscopic experiments to gain information about the
compressibility of cationic PMETAC polymer brushes with a covalently attached 5(6)car-
boxyfluorescein (CF) [1] dependent on the ionic strength. We used the colloidal probe
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(CP) technique, where a CP was attached to an AFM cantilever using micromanipu-
lation. In a further step the CP was functionalized with a 3-Aminopropyl di isopropyl
ethoxysilane (97%) to avoid electrostatic attraction between the CP and the cationic
brush. After silanization force distance data were recorded in a droplet of aqueous
NaCl solution.
As expected, we could observe that the repulsive forces increase (strength and range)
as the ionic strength I is decreased. This can be attributed to multiple origins. On the
one hand the electrostatic interactions are screened. In addition the brush swells and
steric interactions are more dominant.
In a first approximation, we analyzed the measurements in terms of the AdG theory for
an asymmetric situation (brush/ no brush; electro static interactions are neglected).
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2kBTH

35σ3/2

[
7

(
D

H

)−5/4

+

(
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H

)7/4

− 12

]
for D < H, (8.1)

As it can be seen in Figure 8.7 the AdG model fits well to the recorded data (For the

Figure 8.7: Force measurements at PMETAC brushes: Force profiles for NaCl salt
concentrations of 0.1 M and 0.01 M Measured data are firtted with the AdG model.

fitting procedure we included a displacement parameter δ because we could not reach
the constant compliance regime: D = D′ − δ). The resulting brush parameters are
physically in the right order. The brush height was 150 ± 30 nm, and the separation
distance of grafting points σ1/2 = 15 ± 3 nm for a salt concentration of 0.1 M. For a
concentration of 0.01 M the brush height was 300 ± 50 nm, and a separation distance
of grafting points σ1/2 = 19 ± 4 nm. The obtained values for the brush height are
slightly to large compared to values detected using ellipsometry [1]. However this can
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attributed to the electrostatic repulsion of the sample and the probe.
To analyze the effect of swelling, we normalized the force profiles as suggested by S.
Block [31]. The AdG model predicts that the steric interactions scale linear with the
brush height. The brush height again scales with the salt concentration as H ∝ I−1/3.
Obviously, the force profiles should show the same behavior if they are plotted over
DI1/3, where D is the separation distance of the probe and the brush. Normalization
of the resulting force profiles by I1/3 should lead to a collapse of the curves for different
salt concentrations onto a master curve. Following this procedure the effect of swelling
and the resulting steric interactions could be confirmed as pointed out in Figure 8.8
(The same procedure can be applied for mean field (MF) theories (and others). For
the MF approach the force profiles must be normalized by I2/3. However, rescaling is
just sucessful if the force profiles are shifted).

Figure 8.8: Normalization of the force profiles using the AdG model: Force profiles
collapse onto a master curve if they are normalized as predicted by the AdG model.
Inset shows rescaling using a mean field model. Rescaling in that case is just sucessfull
if the force profiles are shifted

Interpretation of the Response Function

In our previous study on mechanoresponsive polymer brushes we analyzed the mechanore-
sponse in the contact zone of a soft colloidal probe that is pressed against the PMETAC
polymer brush layer. In our case, we could observe fluorescence quenching as response
to pressure. From these measurements we could determine a response function I(p),
which correlates local fluorescence intensity (I) to local pressure (p). The pressure
is calculated with use of the JKR theory. To relate the mechanoresponse, i.e. state
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of quenching to the applied force and the compressibility of the polymer brush, we
can assume that the applied pressure p in the contact zone of the colloidal probe is
proportional to the osmotic pressure inside the polymer brush

p(D) = posm =
kBT

σ3/2

[(
D

L

)−9/4

−
(
D

L

)3/4
]
. (8.2)

Intermolecular deactivation processes, such as quenching, can be described using the
Stern-Volmer equation [32].

I0

IQ
= 1 +KcQ, (8.3)

where I0 is the intensity of fluorescence without quenching, IQ is the intensity with
the quencher of the concentration cQ and K is the quencher rate. We could show in
our previous study [1] that the fluorescence intensity of 5(6)carboxyfluorescein (CF)
is mainly quenched by METAC molecules (KcMETAC >> 1). Thus the intensity of
fluorescein with METAC can be expressed by

IMetac =
I0

1 +KcMetac
≈ I0

KcMetac
=

I0σ

KNMetac
D ⇒ I ∝ D. (8.4)

This assumption allows to interpret the detected ”inverse” response function p(I) di-
rectly as force-distance profiles. For a confirmation of this hypothesis we fitted the
recorded response functions with Eq.8.2 where D is replaced by I. The shown curves

Figure 8.9: Interpretation of the Response Function: Response functions for H2O,
0.1 M NaCl and 1 M NaCl solution: datapoints (reproduced from Ref. [1]) fitted with
AdG profiles (solid lines).



CHAPTER 8. FURTHER PERSPECTIVES 244

(Figure 8.9) demonstrate that the measured data points are located on the falling
edge of the AdG profiles. However, according to the fit the grafting density decreases
with decreasing salt concentration. Further experimnts are necessary to varify these
presumptions.

Conclusion and Outlook

In summary, we investigated the steric interactions of mechanoresponsive polymer
brush systems. We could show that the AdG model can describe the steric inter-
actions in the brush layers. Further experiments are necessary to confirm the observed
behavior. In future, we will perform force spectroscopic measurements on patterned
substrate (areas with and areas without brush) to achieve an internal reference of the
brush height. Also, this will help to separate long and short range interactions. The
effect of brush parameters on force profiles should be studied as well. For this purpose
the brush height can be varied by a change of the polymerization time. The graft-
ing density can be varied using different silanes as initiators or blocking the initiator
(grafting sites) using suitable blocking molecules (Also other variations of the synthe-
sis protocol are possible, e.g. type ligand, solvent). This will help to understand the
influence of the brush parameters on compressibility and the mechanoresponse. Fur-
ther force experiments and rescaling evaluation can help to prove experimentally, the
validity and limitation of the existing theories on polymer brushes.

8.3.2 Change of the Detection Scheme

A more specific detection scheme than fluorescence quenching will help to understand
how mechanical energy converts into changes of the chemical environment inside the
brush. Here we introduce an alternative to fluorescence quenching using a pH sensitive
fluorophore, i.e. seminaphtharhodafluor (SNARF). The physical properties of this type
of dye are triggered by the dissociation equilibrium inside the brush. Variation of this
equilibrium results in changes of the emission spectra.

Dye Attachment

The target was to bind SNARF molecules to the primary amine of the polymer
PMETAC brushes, like shown in Figure 8.10. For this purpose, we used NHS-SNARF
so that the succinimidyl ester reacts with the primary amine forming a peptide bond.
After synthesis of the copolymer PMETAC brush (on glass slides) as established in Ref.
[1], a functionalized glass slide was sonicated for 10 min in 1 M aqueous NaCl solution,
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washed with water and dried in a N2 stream. The NHS-SNARF (Invitrogen # S22801)
was treated with 10µl dimethylsulfoxid (DMSO) and incubated at room temperature
for ca. 5 min. The dye solution was mixed with water to get a final dye concentration
of 0.281 mM, and was filled on the bottom of a centrifuge cap. A glass slide (with
the copolymer PMETAC polymer brush) was placed in the cap, with the polymer film
towards the dye solution. After reaction time over night at room temperature the glass
slide was rinsed with water and sonicated 2 times, each ca. 5 min, in 1 M aqueous NaCl
solution. Finally, the slide was washed with water and dried in a N2-stream.

Figure 8.10: Attachement of SNARF to polymer brushes

Characterization

For the characterization of the dye attachment and of the response of the polymer
brushes with covalent attached SNARF dye we performed fluorescence microscopy and
fluorescence spectroscopy. The functionalized glass slides were placed on a fluorescence
microscope and images were take in a range of pH 4 to pH 9 (pH solutions with different
buffers listed in Tab. 8.1). A color change is clearly visible (Figure 8.11). This can be
related to a shift in the emission spectra of the substrates. To quantify this alteration
we analyzed the ratio of the intensity from the red channel Ir (red fluorescent emis-
sion) of the fluorescent microscope and Iy the intensity of the yellow channel, following
Ref. [33, 34] (Figure 8.12). From these calibration curves we could determine pKa
of the covalently attached SNARF [33, 34]. The mean value of three slides could be
determined to pKa = 9± 1.
Furthermore, we performed fluorescence spectroscopy. For this purpose the function-
alized glass slides were analyzed using a confocal microscope in spectroscopy mode.
Here, for each wavelength interval (3 nm) an intensity image was detected to create
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Table 8.1: Buffers that were used to study the response of PMETAC-SNARF brushes
on pH.

pH composition
4 citric acid / NaCl / NaOH
5 citric acid / NaOH
6 citric acid / NaOH
7 KH2PO4 / Na2HPO4

8 Na2B4O7 / HCl
9 Na2B4O7 / KCl
10 Na2B4O7 / NaOH
11 Na2B4O7 / NaOH / KCl
12 Na2HPO4 / NaOH

A B C

D E F

G H I

Figure 8.11: Fluorescence Microscope Images of SNARF functionalized brushes: pH4
(8.11A) - pH12 (8.11I)
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Figure 8.12: Calibration curve of the SNARF functionalized brushes

spectral profiles of the dye. For two pH values a clear change of the emission spectra
could be identified (Figure 8.13).

Figure 8.13: Emission spectra of SNARF functionalized brushes at pH7 and pH10

Conclusion and Outlook

In summary, we have established a protocol to attach the pH-sensitive dye seminaph-
tharhodafluor covalently to PMETAC polymer brushes. The obtained substrates were
characterized with respect to functionalization and the resulting fluorescence properties
as a function of pH. Further studies will verify these results. Follow up projects are
planned to study the chemical environment inside polyelectrolyte brushes, with and
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without compression, by analysis of fluorescence properties of the brush depending on
the conformation of the polymer brush. A quantitative evaluation on the effect of
these chemical modifications on response, in particular pressure sensitivity could be
carried out in these experiments. In that context, annealed PE polymer brushes and
polyelectrolyte gels could be tested as well.
Beside the question about compressibility and potential responses such an approach
can help to ”look” inside a brush and, thereby, allows proving the existing theories on
polymer brushes.
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In this thesis, so-called ”polyelectrolyte brushes” are addressed. The focus is on the
investigation and understanding of the response properties of these polymer surfaces.
For that purpose new methods are developed which combine force spectroscopy and
optical microscopy, as well established physico-chemical techniques are used.

Polymer brushes form when many polymer chains are grafted at a minimum distance
to a substrate surface so that their interaction potentials overlap. Thus, the polymers
align and can form a responsive film, in particular if polyelectrolytes are used. In
this thesis the ”grafting-from” method has been used for the treatment of the polymer
chains. In this approach polymerization is carried out directly from the surface. The
synthesis of the polymer brushes is very flexible in terms of their molecular architecture
because any type of polymerization can be used, as long as the required initiator can
be attached to the surface. Furthermore, the conformation and thus the physical prop-
erties of the polymer brushes are highly dependent on the surrounding environment,
in particular for polyelectrolyte brushes. Moreover, it is possible to bring functional
groups to the polymer chains that can be addressed by external stimuli. Thus, poly-
electrolyte brushes provide an excellent building block for responsive surfaces. Surface
properties that can be triggered are for example adhesion, charge, friction, stiffness,
optical properties, porosity, or biocompatibility. This can be obtained by changing the
environment, such as ionic strength, pH, or temperature or by external stimuli such as
electric or magnetic fields, or light and pressure. For this reason, such systems are ideal
for the rational design of sensors that can detect environmental conditions or external
stimuli. Also, they can realize the build up of actuators. These can be used for example
in stem cell research to stimulate cells and to control their growth and properties.
For the design of such applications, a fundamental understanding of the polymer
brushes, the properties of their response and the associated surface properties is re-
quired.

The first part of this thesis covers new measuring techniques for the investigation
of responsive systems. Furthermore, polyelectrolyte brushes are used for the design of
sensors and for selective adjustment of surface properties.

The soft colloidal probe (SCP) force spectroscopy method has been developed. This
method combines the advantages of a JKR-apparatus (large contact area) and the AFM
force spectroscopy (high force resolution). For this purpose, a soft colloidal particle
made from Polydimethylsiloxane (PDMS) is mounted at the tip of an AFM cantilever
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and a defined microscopic contact can be produced. This allows in-situ determination
of the contact area as a function of applied load and elastic properties of the system.
Contact parameters such as thermodynamic work of adhesion and stress distributions
can then be accessed by using the JKR approach. The method has been tested in am-
bient conditions as well as in aqueous media on well-known surface chemistries, where
the contributions of capillary in air, hydration forces and hydrophobic interactions in
water are characterized. This technique makes a broad range of systems and scientific
issues accessible due to its enhanced sensitivity.

Knowledge of the stress distribution within a contact is fundamental for the understand-
ing for all kind of contact phenomena. For this purpose a sensor has been developed, on
the basis of mechanoresponsive polymer brushes, that change their optical properties
as a function of applied pressure (cationic poly [2-(methacryloyloxy)ethyl]trimethyl
ammoniumchloride (PMETAC) brushes with a covalently attached fluorescent dye,
5(6)carboxyfluorescein (CF)). The polymer brush changes its fluorescence properties
dependent on its state of compression. This allows to detect pressure distributions
with high spatial (<1µm) and high pressure resolution (< 10 kPa).
The system has been investigated and calibrated with the SCP method. Therefore
the soft particle is brought into contact with the polymer brush and a contact area is
formed. The fluorescence changes within the contact area are detected with a confo-
cal microscope with high resolution. A local dependence of the fluorescence intensity
distribution can be observed. To understand the nature of this distribution, the con-
tact zone is described with a contact mechanics model, developed by Johnson, Kendall
and Roberts. The decrease in fluorescence intensity (as compared to the background
intensity) can be related to areas of compression and increase of fluorescence to ar-
eas of tension. Physically / chemically these fluorescence changes can be associated
with a quenching mechanism. Also, the response is stabilized well before acquisition
times, is constant over several minutes and is completely reversible. All these features
make such a mechanoresponsive system a unique starting point for the development
of stress sensors. Furthermore, three perspectives of the mechanoresponsive polymer
brushes are discussed: 1) Analytical description of the relationship between compres-
sion and response in the fluorescence signal; 2) Alternative detection mechanisms such
as changes of the emission spectrum as a function of brush compression, which can be
realized by modifying the mechanophore and 3) Applications to study of biomimetic
systems to understand e.g. the superior adhesive strength of gecko feet.
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Light can not only be used as response, but also as trigger. A system of polymer brushes
has been established that changes its chemical structure under irradiation with light.
These brushes (PNVOCMA) are composed of a methacrylate backbone and ionizable
-COOH side groups modified (caged) with a photo-removable group, 6-nitroveratryloxy
carbonyl (NVOC). Irradiation results in a conversion of the polymer brush from neutral
to a negative charged poly(metacrylic acid) (PMAA) brush and makes it hydrophilic.
Adjusting the exposure time and intensity allows, determining defined intermediate
interfacial states between the caged and the charged (fully de-protected) forms, or a
gradual transition between them. This allows matching of surface properties for the
desired application.
This thesis shows how the exposure time affects the conversion state of the polymer
brush and what is the resulting impact on wettability, adhesion and friction. With in-
creasing exposure time, the water absorption of the brush increases. Also, the surface
forces between the polymer brush and a cantilever tip of silica change due to an in-
crease in charge with photconversion, or the adhesive properties decrease, respectively.
On the other hand, the friction between the probe and the substrate increases with ex-
posure time, which can be related to substrate effects. These photoresponsive brushes
can be used for example to manipulate water condensation and motion of liquids on
brush layers by realizing surface gradients, which can utilize for the design of water
harvesting surfaces or micro fluidic systems. Other potential applications are controlled
attachment or detachment of chemical compounds or biological objects, which can used
for the design of ”Lab-on-Chip” devices.

An alternative to polymer brush systems for responsive layers as discussed in the first
part are colloidal building blocks. The second part of the thesis deals with the devel-
opment of responsive systems composed of such colloidal building blocks. These posses
several advantages: The handling of colloidal building blocks is usually simple and
their arrangement can be easily controlled by targeted self-organization. In addition,
the colloidal building blocks may have various functionalities and new properties can
be generated due to the colloidal character. Examples are the localization of light or
collective optical processes. Requirements for such applications are an understanding
of the interactions of the colloidal objects with the substrate and the responsive char-
acter of such systems triggered by the environment.

In this thesis, the adsorption of anionic spherical polymer brushes (SPBs) composed of
a polystyrene (PS) core and attached polystyrene sulfonate (PSS) chains on charged
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surfaces has been investigated. The observations are correlated to force-spectroscopic
measurements. For this purpose micron sized model particles were prepared which
could be used as probes in a colloidal probe AFM setup. These probes were used
to measure the interactions between these ”micro SPBs” and positively or negatively
charged surfaces. We showed that the adhesive properties of the SPBs can be con-
trolled by the ionic strength of the surrounding solution and the substrate charge. At
low ionic strength, the negatively charged SPBs preferably adsorb onto the positively
charged substrates. Above a critical ionic strength, this selectivity is lost. Due to
secondary interactions the particles adsorb in these condition on both systems equally.
The observations have been used to build up hierarchical structures from SPBs, which
are adsorbed from a suspension. The hierarchy can be controlled by the micro-contact
printing technique. Such systems can be exemplarily used for optical applications, if a
metal core is employed.

Furthermore, highly active surfaces have been prepared on basis of polyelectrolyte-
copolymer micelles. For this, a triblock terpolymer is used (BMAADq: polybutadi-
ene (B), poly(methacrylic acid) (MAA), and quaternized poly(2-(dimethylamino)ethyl
methacrylate) (Dq)) which forms micelles in solution composed of a hydrophobic core,
a middle block of an annealed polymer brush, and a positively charged corona. These
micelles have been disposed in multilayers using the layer-by-layer method with a neg-
ative polymer. The advantage of the micelles used in this approach is that the central
block is shielded by the other two blocks from complexation with the multilayer. Be-
cause of the central block, the micelles and thus the multilayers are strongly dependent
on the pH of the environment. At a low pH, the middle block contracts, whereas it
is highly swollen at high pH. In this thesis we investigate the swelling behavior of the
multilayer-system on the number of deposition steps and as a function of the pH value.
Further, we correlate the swelling behavior with porosity and mechanical properties of
the multilayers. Due to their high sensitivity, these responsive layers are suitable for
the design of actuators.

In summary, this work bridges from fundamental polymer chemistry (chemistry of
polymer brushes) over physics (contact mechanics, adhesion, and polymer physics) to
potential applications (sensors and actuators). Scientific input has been provided for
the research on polymer brushes, mechanoresponsive systems, force sensing, and active
materials, as well as contact mechanics, colloidal arrangement, and (bio) adhesion.
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In dieser Arbeit werden sogenannte ”geladene Polymer Bürsten” untersucht. Dabei liegt
der Fokus auf der Untersuchung und dem Verständnis der schaltbaren Eigenschaften
dieser Polymer Oberflächen. Dazu werden sowohl neue Methoden aus Kombination
von Kraft Spektroskopie und optischer Mikroskopie eingeführt, sowie bereits etablierte
physikalisch-chemische Techniken verwendet.

Polymer Bürsten bilden sich aus, wenn viele Polymerketten in einem Mindestabstand
an einer Substrat Oberfläche angebunden werden, so dass derenWechselwirkungspoten-
tiale überlappen. Dadurch richten sich die Polymere aus und bilden einen responsiven
Film. Das Anbinden der Polymerketten erfolgt in dieser Arbeit mit der sogenannten
”Grafting from” Methode, bei der eine Polymerisation direkt von der Oberfläche aus-
geführt wird.
Die Synthese der Polymer Bürsten ist sehr flexibel im Hinblick auf ihre molekulare
Architektur, da jede Art von Polymerisation anwendbar ist, solange der benötigte
Initiator an die Oberfläche gebunden werden kann. Des Weiteren hängt die Konfor-
mation und damit die physikalischen Eigenschaften der Polymer Bürsten, stark von
deren Umgebung ab, insbesondere bei geladenen Polymer Bürsten. Außerdem ist es
möglich funktionelle Gruppen an die Polymere anzubinden, so dass diese durch externe
Stimuli geschaltet werden können. Damit erweisen sich geladene Polymer Bürsten
als exzellente Bausteine für schaltbare Oberflächen. Schalten lassen sich Oberfläch-
eneigenschaften, wie zum Beispiel Adhäsion, Ladung, Reibung, Mechanik, optische
Eigenschaften, Porosität oder Biokompatibilität. Dieses Schalten kann durch Verän-
derung der Umgebung wie Ionenstärke, pH-Wert oder Temperatur und durch externe
Stimuli wie elektrische oder magnetische Felder, Druck oder Licht ausgelöst werden.
Damit eignen sich solche Systeme ideal, um Sensoren auf Umgebungseigenschaften oder
externe Stimuli bzw. Aktuatoren aufzubauen.
Diese lassen sich zum Beispiel in der Stammzellenforschung einsetzen um Zellen zu
stimulieren und deren Wachstum und Eigenschaften zu kontrollieren.
Für solche Anwendungen ist ein fundamentales Verständnis der Polymer Bürsten, deren
Schalteigenschaften und den damit verbundenen Oberflächeneigenschaften notwendig.

Im ersten Teil dieser Arbeit werden neue Messmethoden für die Untersuchung von
schaltbaren Systemen vorgestellt. Desweiteren werden geladene Polymer Bürsten für
den Aufbau von Sensoren und für die gezielte Einstellung von Oberflächeneigenschaften
verwendet.
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Es ist die kolloidale Kraft-Spektroskopie mit weichen Partikeln (engl. Soft colloidal
probe: SCP) entwickelt worden. Diese Methode kombiniert die Vorteile eines JKR-
Messgeräts (große Kontaktfläche) und der AFM Kraftspektroskopie (hohe Kraftauflö-
sung). Durch ein am vorderen Ende einer AFM-Blattfeder (Cantilever) angebrachtes
weiches Partikel aus Polydimethylsiloxan (PDMS) wird ein definierter mikroskopischer
Kontakt erzeugt. Dazu wird das Partikel mit kontrollierter Kraft gegen eine Oberfläche
gefahren, wodurch sich eine Kontaktfläche ausbildet. Diese kann mittels Mikrointer-
ferometrie beobachtet werden. Mit Hilfe von Kontakt-Mechanik Modellen lassen sich
so aus den gemessenen Größen verschiedene Parameter wie etwa die Adhäsionsenergie
pro Einheitsfläche und Spannungsverteilung in der Kontaktzone bestimmen.
Diese Methode ist an verschiedenen Modellsystemen mit bekannter Oberflächenchemie
zur Bestimmung der Adhäsionsenergie pro Einheitsfläche getestet worden. Dabei kann
klar zwischen kapillaren, hydrophilen und hydrophobenWechselwirkungen unterschieden
werden. Des Weiteren ermöglicht die SCPMethode durch ihre hohe Sensitivität die Un-
tersuchung eines breiten Spektrums an Systemen und die Aufklärung wissenschaftlicher
Fragen.

Kenntnisse über die Spannungsverteilung innerhalb eines Kontakts sind fundamental
für das Verständnis von Kontaktphänomenen, insbesondere auf der kolloidalen Skala.
Auf der Basis von mechanoresponsiven Bürstensystemen ist ein Sensoren entwickelt
worden, der seine optischen Eigenschaften als Funktion der angelegten Kraft ändert.
Dies ermöglicht Spannungsverteilungen mit hoher lateraler Auflösung (< 1µm ) und
hoher Druckempfindlichkeit (< 10 kPa) zu detektieren.
Dieser Sensor besteht aus kationischen, fluoreszenzmarkierten Polyelektrolyt Bürsten
(Poly [2 - (Methacryloyloxy) ethyl] trimethyl-ammoniumchlorid (PMETAC) Bürsten,
markiert mit einem kovalent angebundenen Fluoreszenzfarbstoff, 5 (6) Carboxyfluo-
rescein (CF)). Die Polymer Bürsten ändern ihre Fluoreszenzeigenschaften abhängig
von ihrem Kompressionszustand. Dieses System ist mit der SCP Methode untersucht
und kalibriert worden. Dazu wir das weiche Partikel mit der Polymer Bürste in Kon-
takt gebracht. Unter Kompression bildet sich eine Kontaktfläche aus. Die optischen
Signale aus der Kontaktfläche, Fluoreszenzänderungen, können mit einem Konfokalen
Mikroskop mit hoher Auflösung detektiert werden. Dabei kann in der Kontaktfläche
eine lokal vom Ort abhängige Fluoreszenzintensitäts-Verteilung beobachtet werden.
Um den Verlauf dieser Verteilung zu verstehen, ist die Kontaktzone mit einem Kontakt-
mechanik Modell, entwickelt von Johnson, Kendall und Roberts, beschrieben worden.
Dabei zeigt sich, dass unter Kompression die Fluoreszenzintensität kleiner wird. An-
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dererseits nimmt die Fluoreszenzintensität zu, wenn man an den Bürsten zieht. Mit
diesen Überlegungen ist es möglich eine Antwortfunktion zu bestimmen, die der lokalen
Fluoreszenzintensität einen lokalen Druck zuordnet. Physikalisch/Chemisch kann die
Fluoreszenzänderungen einem ”Quenching Mechanismus” zugeordnet werden. Außer-
dem ist das Signal reversibel und stabil. All diese Eigenschaften machen ein solches
mechanoresponsives System zu einer einzigartigen Basis für den Aufbau von Druck
Sensoren.
Darüber hinaus werden drei Perspektiven der mechanoresponsiven Polymer Bürsten
diskutiert: 1) Analytische Beschreibung des Zusammenhangs von Kompression und Än-
derung des Fluoreszenzsignals; 2) Alternative Detektionsmechanismen wie Änderung
des Emissionsspektrums als Funktion der Bürstenkompression durch Modifikation des
Mechanophors und 3) Anwendungsmöglichkeiten auf die Untersuchung von biomimetis-
chen Systemen, wie zur Aufklärung der bemerkenswerten Hafteigenschaften von Geck-
ofüßen.

Licht kann nicht nur als Antwortfunktion verwendet werden, sondern auch als Trigger.
Es ist ein System von Polymer Bürsten etabliert worden, das aufgrund der Einstrahlung
von Licht seine chemische Struktur ändert. Diese Polymer Bürsten (PNVOCMA)
bestehen aus einem Methacrylat Rückgrat mit ionisierbarem -COOH Seitengruppen,
die durch Bestrahlung des photosensitiven 6-nitroveratryloxy Carbonyl (NVOC) frei
werden und eine Poly (Methacrylsäure) (PMAA) Bürste ausbilden. Dadurch ändert
sich die Oberfläche von neutral zu negativ geladen und wird hydrophil. Mit diesen
photoresponsiven Systemen ist es möglich Oberflächeneigenschaften nicht nur zwis-
chen ihren Extremwerten hin und her zu schalten, sondern diese durch Anpassung der
Belichtungszeit und Intensität definiert einzustellen und damit für die gewünschte An-
wendung zu optimieren.
In dieser Arbeit wird gezeigt, wie sich die Belichtungszeit auf den Umwandlungszu-
stand der Polymer Bürste auswirkt und wiederum was für einen Einfluss das auf
Benetzbarkeit, Adhäsion und Reibung hat. Mit Zunahme der Belichtungszeit wird die
Wasseraufnahme der Bürste größer. Außerdem verändern sich mit der Photokonversion
auch die Oberflächenkräfte. Mit Zunahme der Bestrahlungsdauer werden Reichweite
und Stärke von repulsiven Wechselwirkungen zwischen der Polymer Bürste und einer
Cantileverspitze aus Siliziumdioxid größer und die Hafteigenschaften nehmen ab. An-
dererseits wird die Reibung zwischen der Sonde und dem Substrat mit Zunahme der
Belichtungszeit größer, was durch Substrateffekte erklärt werden kann. Diese photore-
sponsiven Systeme können zum Beispiel dazu verwendet werden, um Wasserkondensa-
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tion und die Bewegung von Flüssigkeiten zu manipulieren. Dies kann in ”Wasserernte-”
oder Mikrofluidik-Systemen eingesetzt werden. Eine weitere Anwendung ist das gezielte
Ankoppeln oder Abtrennen von chemischen Verbindungen oder biologischen Objekten.
Dies kann beispielsweise in ”Lab-on-Chip”-Geräten verwendet werden.

Alternativ zu den gezeigten Ansätzen von Polymer Bürsten auf flachen Substraten
lassen sich responsive Systeme auch aus kolloidalen Bausteinen aufbauen. Der zweite
Teil dieser Arbeit befasst sich mit dem Aufbau von Schaltbaren Systemen aus solchen
Bausteinen. Dies bringt einige Vorteile mit sich: Die Handhabung von kolloidalen
Bausteinen ist in der Regel einfach, bzw. lässt sich die Anordnung dieser durch gezielte
Selbstorganisation gut kontrollieren. Außerdem können die kolloidalen Bausteine di-
verse Funktionalitäten besitzen und durch den kolloidalen Charakter ganz neue Eigen-
schaften generieren, beispielsweise die Lokalisierung von Licht oder kollektive optische
Prozesse.
Voraussetzung für solche Anwendungen ist das Verständnis der Wechselwirkungseigen-
schaften mit dem Substrat und des Verhaltens solcher Bausteine abhängig von ihrer
Umgebung.

In dieser Arbeit ist das Adsorptionsverhalten von geladenen sphärische Polymer Bürsten
(SPBs) bestehend aus einem Polystyrene (PS) Kern und angebundenen Polystyrene
Sulfonate (PSS) Ketten) auf geladenen Oberflächen untersucht und dieses mit kraft-
spektroskopischen Messungen korreliert worden. Dazu sind Modell-Partikel hergestellt
worden, die als kolloidale Sonden an einem AFM-Cantilever verwendet werden können.
Mit diesen Sonden und Messung der Wechselwirkungen zwischen diesen ”Mikro-SPBs”
und positiv bzw. negativ geladenen Oberflächen wird gezeigt, dass die Hafteigen-
schaften der SPBs durch Ionenstärke und Ladung des Substrats gesteuert werden kön-
nen. Bei geringer Ionenstärke adsorbieren die negativ geladenen SPBs vorzugsweise auf
den positiv geladenen Substraten. Ab einer kritischen Ionenstärke geht diese Selektiv-
ität aber verloren und die Partikel adsorbieren aufgrund sekundärer Wechselwirkungen
auf beiden Systemen gleich gut. Dieses Verständnis wird weiter dazu genutzt, um hi-
erarchische Strukturen aus SPBs aufzubauen, die aus einer Suspension adsorbiert wer-
den. Die Strukturierung kann hierbei durch die Mikrokontaktdruck-Technik gesteuert
werden. Verwendet man metallische Kerne (anstatt der bei unserem Modellsystem
verwendeten PS Kerne) lassen sich für optische Anwendungen interessante Strukturen
aufbauen.
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Weiterhin sind aktive Oberflächen durch Polyelektrolyt Copolymer- Mizellen hergestellt
worden. Dazu werden Triblockterpolymere verwendet (BMAADq: Polybutadienblock
(B), einem pH-sensitiven Polymethacrylsäure-Mittelblock (MAA) und einem perma-
nent geladenen Block aus quarternisiertem Poly(2-dimethylamino)ethylmethacrylat)
(Dq)), welche in Lösung Mizellen mit einem hydrophobischen Kern, einen Mittel-Block
aus einer schwachen Polymer Bürste und einer positiv geladenen Korona ausbilden.
Diese Mizellen werden mit der ”Layer-by-Layer-Methode” mit einem negativ geladenem
Partner-Polymer in Multilagen angeordnet. Durch den Mittelblock sind die Mizellen,
und damit auch die Multilagen stark von dem pH Wert der Umgebung abhängig. Bei
einem niedrigen pH Wert zieht sich der Mittelblock zusammen, wogegen er bei einem
hohen pH Wert stark gequollen ist. Der Vorteil der hier verwendeten Mizellen ist,
dass der Mittelblock durch die anderen beiden Blöcke von der Komplexierung in der
Multilage abgeschirmt ist. In dieser Arbeit haben wir das Quellverhalten dieser Sys-
teme in den Multilagen untersucht und dieses abhängig von Anzahl der Multilagen
und pH-Wert quantifiziert. In einem weiteren Schritt haben wir dieses Verhalten mit
Porosität und mechanischen Eigenschaften der Multilagen korreliert. Durch ihre hohe
Sensitivität eignen sich diese responsiven Lagen sehr gut als Aktuator-Materialien.

Zusammenfassend wurde in dieser Arbeit eine Brücke von Polymer Chemie (Chemie der
Polymerbürsten) über die Physik (Kontaktmechanik, Adhäsion und Polymerphysik)
zur potentiellen Anwendung (Sensoren und Aktuatoren) geschlagen. Dabei wurden
wissenschaftliche Beiträge zur Forschung an Polymer Bürsten, mechanoresponsiven
und aktiven Materialien, Krafterkennung und Kontaktmechanik, kolloidaler Anord-
nung und (Bio-) Haftung geleistet.
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Polyelectrolyte Brushes

Local Neutrality Approximation

The local neutrality LEA makes the approximation that the charge and the force is
locally balanced in the polymer brush system. This section is oriented on Ref. [1].
The brush is immersed in an infinte reservoir of solution that contains besides H+ and
OH− a concentration of (e.g. monovalent) ions of different chemical nature (e.g. Na+

and CL− ).

charge balance

For charge balance, two electroneutral subsytems are assumed: the polymer brush and
the bulk solution seperated by a semipermeable membrane. In the brush, mobile ions
c+/− are balanced by the immobilized charge αcp.

αcp + c− = c+ brush (A.1)

C− = C+ bulk (A.2)

where cp is the concentration of polymer units (charged and uncharged), c+/− is the
total molar concentration of positive or negative mobile ions in the brush and C+/−

are the total molar concentrations of positively and negatively charged ions in the
bulk solution. Due to the electrostatic potential u, the mobile ions are redistributed,
showing a Boltzmann like behavior.

ci+/− = Ci+/− exp(eu/KbT ) (A.3)

Donnans Rule declare that the ratios of concentrations of different positively charged
ions inside and outside the brush are not equal to each other and are inverse to that
for negatively charged ions:

ci+/Ci+ = Cj−/cj− (A.4)

With Eq. A.1 and A.4 the total concentration of mobile ions inside the brush is

(c+ + c−)2 = α2c2
p + 4C+C+. (A.5)
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To show what one can learn from the charge balance discussed above, we treat on a
system with an external characteristic given by:

CH+ = COH− = CH∗ = 10−7 mol/l for pH = 7

CS+ = CS− = CS eg.: Na+ and Cl−

⇒ C+ = C− = (CH∗ + CS)

Using of Eq. A.4, one can deviate the dependence of the degree of ionization α on
polymerbrush and external characteristic represented by the dissociation constant KD,
cp and (CH∗ + CS).

αcp
CH∗ + CS

=
KD

CH∗

α

1− α
− CH∗

KD

α

1− α
(A.6)

because, the the dissociation constant is related to the degree of ionization of the brush
(HA = H+ + A−) by mass law:

KD =
cH+α

1− α
(A.7)

With eq. A.6, the dependence of c+ and c− on the system parameters follows as

(c+ + c−)2 = α2c2
p + 4(CH∗ + CS)2. (A.8)

Force Balance

The conformation of the brush is determined by the balance between electrostatic forces
(Fion), steric (volume) interactions (Fconc), and elastic repulsion of the chains (Fconf ).

Fconf = Fconc + Fion (A.9)

The free energy of one polymer chain is defined as

f(~R,N) = U(~R,N)− TS(~R,N). (A.10)

whith U(~R,N) the inner energy and S the entropy defined by

S(~R,N) = KbT lnψ(~R,N). (A.11)

In Eq. A.11 ψ is the number of conformations of the chain with N monomers and end
to end vector ~R.
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The volume or steric interactions can be approximated by a viraial expansion:

fconc
KbT

=

∫
d~r

(
1

2
v2c(~r)

2 +
1

6
v3c(~r)

3 +O(c(~r)4)

)
≈ v2

(
N

σH

)2

(A.12)

The elastic repulsion of a polymer chain can be modeled by entropic springs connecting
the monomers. The spring constant holding the chain in conformation is

kG = 3KbT/Na
2 (A.13)

and thus

fconf
KbT

∝ 1/σ ·H2

Na2

The partial pressures P of fconc and fconf are given by P = −(∂f/∂h)T,N :

Pconc = −v2

(
1/σN

H

)2

Pconf = − H

Na2
(A.14)

The electrostatic force can be estimated by the difference of the osmotic pressure of
mobile ions inside and outside the brush ∆π

fion
KbT

∝ σPion = σ(c+ + c− − (C+ + C−)) (A.15)

Using Eq. A.8 this results in

Pion ∝ σ

[√(
αφ

a3

)
+ 4(CH∗ + CS)2 − 2(CH∗ + CS)

]
. (A.16)

With these expressions follows:
In case of neutral polymer brushes:

Pconf = Pconc ⇒
1/σH

Na2
= v2

(
1/σN

H

)2

⇒ H ∝ σNσ−1/3 (A.17)
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For PE brushes: short range interactions are in general weak compared to electrostatic
forces.

Pconf = Pion. (A.18)

Convertion leads to

H ∝ Naα1/2 , for CH∗ + CS <<
αφ

a3
(A.19)

H ∝ N(a2α2σ−1C−1
S )1/3 , for CS >>

αφ

a3
, CH∗ . (A.20)

PE brushes which can be described by Eq. A.19 are called Osmotic brush (OsB).
This is the case if the concentration of salt in solution is small and the concentration
of counterions inside the brush equal to that of immobilized charge. If the salt ion
charges dominate compared to the immobilized charges inside the brush (Rq. A.20)
the PE brush is named salted brush (SB). Here, the brush height decreases weakly
with increasing in salt concentration and grafting density.

A.1 References

[1] E. B. Zhulina, T. M. Birshtein, and O. V. Borisov. “Theory of Ionizable Polymer
Brushes”. In: Macromolecules 28.5 (1995), pp. 1491–1499.
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A Little Coding with Igor

In the following the main evaluation procedures used for the evaluation of the exper-
imental data written for IgorPro are listed. The full code is availabe from CD stored
at University Bayreuth, Physical Chemistry II.

1. Evaluation of force map data (JPK Nanowizard I): EvalJPKFD.ipf

2. Evaluation of force map data (MFP 3D): EvalMFPFD.ipf

3. Communication of MFP and LSM 710: CommAFMCLSM.ipf

4. Reconstruction of object topographies from RICM-measurements: Reconstruc-
tRICM.ipf

5. Response function of mechanoresponsive surface: Responsemechano.ipf
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