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1 Summary 

In the present thesis, the synthesis of hybrid polymers based on the efficient modification 

chemistry of poly(methylsilsesquioxanes)-poly(pentafluorophenylacrylate) is described, 

yielding various substrate surfaces with different properties, such as anti-fouling and 

thermo- or light-responsive behavior. For this purpose, the new hybrid polymers 

poly(methylsilsesquioxane)-poly(4-vinyl benzaldehyde) (PMSSQ-PStCHO) and light- and 

temperature-responsive polymers were synthesized.  

First, it was demonstrated an effective two-step approach to integrate zwitterionic α-

aminophosphonic acids onto substrate surfaces, which were shown to provide antifouling 

effects. 

Thereafter, silicon surfaces were functionalized with poly(methylsilsesquioxane)-poly(4-vinyl 

benzaldehyde) in THF. Subsequently, α-aminophosphonates were introduced on surfaces via 

Kabachnik–Fields post-polymerization modification (sur-KFR), by employing various 

combinations of amines and dialkyl phosphonates. The successful Kabachnik-Fields reaction 

of aldehyde functionalized surfaces with amines and dialkyl phosphonates was proven by 

precise analysis of the obtained surfaces, which included infrared, energy-dispersive X-ray 

and X-ray photoelectron spectroscopy measurements, confirming a practically quantitative 

conversion of aldehydes without any detectable structural defects. After subsequent 

deprotection reaction of dialkyl phosphonates, the obtained zwitterionic surfaces were 

characterized by various techniques, such as infrared spectroscopy, contact angle 

measurements and surface energy measurements. Additionally, bacterial cell adhesion 

assays and blood adsorption assays were conducted to prove antifouling properties of the 

resulting films. It was found that the obtained zwitterionic-functionalized polymer substrates 

exhibited a low protein adsorption in PBS buffer and showed reduced adhesion properties 

against S. epidermidis cells.  

Then, different methods to generate of temperature- and light-responsive coatings on the 

surfaces were investigated. Therefore, new thermo- and light-responsive copolymers were 

synthesized, that are derived from alkylamines, yielding a thermo-responsive behavior with 

an amino-spiropyran as the corresponding photochromic group. To prepare the 

temperature- and light responsive coatings, two complementary approaches were explored. 

In the first approach, the reactive hybrid polymer is modified prior to deposition on a 

surface. Alternatively, a reactive hybrid polymer coating is deposited on a surface and 
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subsequently functionalized via a post-modification route yielding the respective responsive 

surfaces.  

In the present thesis, was presented the synthesis of hybrid polymers is described based on 

the efficient modification chemistry of poly(methylsilsesquioxanes)-poly(penta-

fluorophenylacrylate) yielding various substrate surfaces that exhibit a thermo- or light-

responsive behavior. Furthermore, the reversible isomerization of spiropyran moieties in the 

copolymers, which was induced by irradiation with UV light, had an influence on the water 

wettability behavior. First, different temperature-responsive coatings were prepared by 

surface-modification reactions inside the capillary and the accessible temperature-controlled 

switching range of the contact angles was directly measured using water with different 

temperatures. The obtained values are comparable to the results obtained by the sessile 

drop method but the error range is much smaller, which allows a more accurate 

determination of the equilibrium contact angles. This convenient method of reactive 

coatings inside glass capillaries may find further application in searching for other 

poly(acrylamide)-based stimuli-responsive coatings which may not be limited to 

temperature or light as a stimulus. 

The results of this work show the versatility and the high potential of inorganic-organic 

hybrid polymers which are suitable for the preparation of various applications in different 

areas of life, such as medicine, microbiology, microelectronics and many others. 

 

2 Zusammenfassung 

In dieser wissenschaftlichen Arbeit wurde die Synthese neuartiger Hybridpolymere 

basierend auf PMSSQ-PPFPA-Chemie beschrieben, die zur Herstellung von Antifouling-

Oberflächen sowie licht- und temperaturschaltbaren Oberflächenbeschichtungen verwendet 

werden können. Dafür wurden neue Hybridpolymere, wie zum Beispiel 

Poly(methylsilsesquioxane)-poly(4-vinyl benzaldehyde) (PMSSQ-PStCHO) und Temperatur- 

und lichtschaltbare hergestellt.  

Zunächst, wird eine Zwei-Schritt-Methode zur Ei führu g o  z itterio ische  α-

Aminophosphonsäuren an den Substratoberflächen vorgestellt, die einen Antifouling-Effekt 

aufweisen.  

Des Weiteren wurden die Siliziumwafer mit Hybridpolymer-Lösung in THF funktionalisiert 

u d die α-Aminophosphonat-Gruppen mit Hilfe der sur-KFR unter Verwendung 
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verschiedener Amine und Dialkylphosphonate. Die erhaltenen Aldehyd-funktionalisierten 

Siliziumwafer wurden mit Hilfe von Infrarotspektrometrie, energiedispersiver 

Röntgenspektroskopie und Photoelektronenspektroskopie charakterisiert. Die 

Untersuchungen zeigen eine quantitative Umwandlung der Aldehyd-Gruppen ohne 

nachweisbare Strukturfehler.  

Abschließend wurde die Entschützung der Dialkylphosphonate durchgeführt und die 

resultierenden zwitterionischen Oberflächen wurden mittels Infrarotspektroskopie, 

Kontaktwinkelmessungen und Oberflächenenergiemessungen untersucht.  

Zusätzlich wurden bakterielle Zelladhäsion-Tests und Blutadsorption-Assays durchgeführt, 

um die Antifouling-Eigenschaften der resultierenden Beschichtungen zu testen. Die 

Zwitterion-funktionalisierten Oberflächen weisen nach dem Waschen mit PBS-Puffer eine 

sehr niedrige Abscheidung der Biomaterie sowie reduzierte Hafteigenschaften gegen                           

S. epidermidis-Zellen auf. 

Ferner wurden verschiedene Verfahren zur Erzeugung von temperatur- und lichtschaltbaren  

Oberflächenbeschichtungen untersucht. Hierzu wurde ein neues thermo- und 

lichtschaltbares Copolymer synthetisiert, in welchem die thermische Schaltbarkeit auf einem 

Alkylamin sowie auf der photochromen Gruppe des Spiropyran funktionalisierten Amins 

basiert. Es existieren zwei komplementäre Ansätze zur Herstellung der temperatur- und 

lichtschaltbaren Beschichtungen. Bei dem ersten Ansatz kann das reaktive Hybridpolymer 

vor der Abscheidung auf der Oberfläche modifiziert werden. Alternativ wird eine Hybrid-

reaktive Polymerbeschichtung an der Oberfläche abgeschieden und anschließend einer 

Modifikationsreaktion unterzogen, wobei entsprechend funktionalisierte Oberflächen 

entstehen.  

In der vorliegenden Arbeit wird die Synthese von Hybridpolymeren basierend auf der 

Modifikation der reaktiven Ester-Gruppen des poly(methylsilsesquioxanes)-poly(penta-

fluorophenylacrylats), was zu Oberflächenbeschichtungen mit thermisch- und 

lichtschaltbaren Eigenschaften führt, beschrieben. 

Darüber hinaus konnten die Wasserbenetzbarkeits-Eigenschaften der resultierenden Filme 

durch die reversible Isomerisation von Spiropyran-Einheiten des Copolymers bei UV-Licht-

Einstrahlung beeinflusst werden.  

Zuerst wurden temperaturschaltbare Beschichtungen mit Hilfe der 

Oberflächenmodifizierung der Innenwand der Glaskapillare durchgeführt. Danach wurde der 
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Wasserkontaktwinkel bei verschiedenen Temperaturen gemessen, um den möglichen 

temperaturkontrollierten Schaltbereich zu untersuchen. Die erhaltenen Kontaktwinkelwerte 

stimmen mit den Ergebnissen der Kontaktwinkelmessungen am statischen Tropfen überein. 

Allerdings ist der Fehlerbereich viel kleiner, was eine genauere Bestimmung des 

Gleichgewichts-Kontaktwinkels ermöglicht. Ferner kann diese Methode der Beschichtung 

von Innenwänden der Glaskapillaren bei der Untersuchung anderer Poly(acrylamid)-

basierenden, stimuliresponsiven Beschichtungen verwendet werden, die nicht nur durch 

Temperatur bzw. Lichteinstrahlung angeregt werden können. 

Die Ergebnisse dieser Arbeit zeigen die Vielseitigkeit und das große Potential der 

anorganisch-organischen Hybridpolymere, die für viele verschiedene Anwendungen in 

unterschiedlichen Bereichen unseres Lebens geeignet sind, z. B. in der Medizin, der Marine, 

der Mikroelektronik und in vielen anderen Bereichen.  

 

3 Introduction  

In the past years, the defined functionalization of micrometer surfaces has gained increasing 

interest, both in the microelectronic and in the automotive industry as well as in the building 

sector. Many different approaches of surface coatings have been tested and investigated. 

Particularly interesting are reactive polymer coatings which are applied from the solution 

and allow the tailoring of surfaces with versatile properties. 

Recently, synthetic stimuli-responsive polymer films have gained great interest for the 

monitoring of reversible and nonreversible wetting properties. The use of different chemical 

and physical stimuli such as solvent, temperature or mechanical strength and the use of 

environmentally friendly chemicals can lead to a change in wettability behavior. Generally, 

external stimuli, such as solvents, light irradiation, temperature, pH value and electrical 

potential, can change the surface properties followed by a change in surface 

behavior.
1,2,3,4,5,6 
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4 Polymeric Materials 

Functional polymers have gained enormous importance in recent years in many different 

areas such as the fabrication of electronic devices, medical and biomedical products, marine 

equipment and in nanoscience because of their versatile and unique properties.  

Different polymeric materials with different architectures or functionalities usually require 

different polymerization techniques such as step-growth polymerization (polyaddition and 

polycondensation reactions) or chain-growth polymerization (radical polymerization, anionic 

or cationic polymerization). The most important polymerization techniques for the 

generation of functional surface coatings are free radical and controlled radical 

polymerization.  

The free radical polymerization is the most commonly used technique to produce synthetic 

polymers due to the radical initiation of the polymerization reaction of many different 

monomers which occurs despite inert reaction conditions and impurities.  

The controlled radical polymerization has the ability, besides controlling the molecular 

weight and obtaining a narrow molecular weight distribution, to build up polymers with 

specific architectures. Moreover, it shows tolerance towards a broad range of functional 

groups, for example, reactive esters, such as pentafluorophenyl esters. Furthermore, the 

controlled radical polymerization combined with a post-polymerization modification step 

allows the preparation of reactive surface coatings which exhibit high stability and reactivity. 

Usually, the coated substrate with reactive groups on the surface will be modified by dipping 

into a solution containing the desired functionalized molecule.  

These two types of radical polymerization approaches will be explained below.
1,7

  

 

4.1 Free radical polymerization 

Free radical polymerization starts by the reaction of an initiator (Figure 1) and a vinylic 

compound followed by propagation and termination reactions (Scheme 1).
7  

 

 

 

Figure 1 Initiators BPO and AIBN.
7
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The polymerization reaction which is started by the addition of monomer by the radical R
•
 

occurs until it undergoes the reversible halogen transfer reaction, which in turn leads again 

to the corresponding polymer chain with a halogenic end group (RMnX) and Mt
n
XnLm. This 

reversible activation reaction of the growing chain end results in a low concentration of free 

radicals which helps to reduce the rate of termination during the polymerization reaction.
13  

After reversible halid atom transfer reaction and so-called o e-electron-oxidation-process , 

a radical R
•
 and the corresponding higher oxidation state metal complex with the 

coordinated halide anion Mt
n+1

Xn+1Lm will be formed. The radical R
•
 is, on the one hand, in an 

equilibrium with R-X, but on the other hand, it can react with the monomer M, with other 

monomers or with Mt
n+1

Xn+1Lm (Scheme 2).  

 

 

 

Scheme 2 Mechanism of copper-catalyzed ATRP. 

 

In summary, the ATRP polymerization technique allows the creation of defined architectures 

such as polymer brushes and block-copolymers, enabling a good control of the molecular 

weight and narrow molecular weight distributions.
13,14,15

 

 

4.2.2 Reversible Addition Fragmentation Chain Transfer Polymerization (RAFT) 

The reversible addition fragmentation chain transfer polymerization is one of the most 

effective methods to perform a controlled radical polymerization.
7,8,16

 RAFT is started by 

common radical initiators, like AIBN or BPO. RAFT is conducted in the presence of a chain 

transfer agent (CTA), such as dithioesters, trithiocarbonates, dithiocarbamates or 

xanthogenates, whose addition to the growing chain leads to a radical intermediate. 

Thiocarbonyl thioester derivatives are most commonly used as CTA reagent (Figure 2).
17,18,19

 

The formation of stable thiocarbonyl thio radical intermediates is strongly influenced by the 

Z group, which provides both the stabilization and the proper fragmentation of R. Strong 

stabilizing groups activate the C=S bond, thus enhancing the radical addition that leads to 

the formation of the radical intermediate. At the same time, R should be a better leaving 
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group than the propagating chain Pn and a good re-initiation group towards the 

monomer.
20,21 

 

 

Figure 2 Molecular structure of chain transfer agents and the corresponding radical intermediate.
22

 

 

Schema 3 shows the general mechanism of the reversible addition fragmentation chain 

transfer polymerization. Firstly, the CTA radical intermediate is formed by addition of the 

propagating chain (Pn) to the CTA. Secondly, the formed CTA radical intermediate releases 

the remaining R. Subsequently, R reversibly transfers the polymerization to another chain 

(Pm) reversibly. 

To su  it up, the li i g -character of this type of polymerization technique is assured by the 

continuous addition-fragmentation equilibrium.
23,24
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Scheme 3 Mechanism of the RAFT-polymerization. 
11,19,21

 

 

In summary, both ATRP and RAFT polymerization techniques allow a good control of the 

molecular weight by conversion and narrow molecular weight distributions. However, RAFT 

polymerization is more preferable due to a wide monomer applicability and absence of 

transition metal element like copper (I), which requires additional purification steps to 

remove the toxic metal.
21,23
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5 Hybrid materials 

Hybrid materials include inorganic and organic species which have been known since the 

Maya epoch for example, Maya blue, which was a hybrid of indigo and clay. Such materials 

combine the unique features of ceramics and organic materials, such as hardness, thermal 

stability, bioactivity or elasticity, hydrophobicity and chemical activity. This makes hybrid 

materials suitable not only for biomedical applications, such as fully biocompatible implants, 

but also for many different application fields, such as electronics, mechanics, sensors etc.
25

 

Depending on the composition and structure of organic and inorganic components hybrid 

polymers can be categorized into matrix and building blocks. But the most frequently used 

classification is based on the interaction between inorganic and organic components. Within 

this category, hybrid materials can be divided into to two groups, on the one hand, systems 

with non-covalent bonds, such as van-der-Waals or hydrogen interaction, and on the other 

hand, strong chemical bonds between inorganic and organic components, for example 

covalent or Lewis acid-based bonds (Figure 3).
26 

 

Not only the bonding characteristics, but also the structural properties can be used to 

differentiate between the various hybrid materials. For example, phenyltrialkoxysilanes are 

organic compounds which contain a functional group that allowing an attachment to the 

inorganic network via the trialkoxysilane group. Thereby, the organosilica network is 

modified with functional groups which are not undergoing further chemical reactions with 

the material formed. In case of a hybrid network with integrated inorganic part, the organic 

moieties are modified with many anchor groups. If a reactive functional group is 

incorporated into the system, it is called a network functionalizer. Figure 4 summarizes the 

described systems. 
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Figure 3Selected interactions typically applied in hybrid materials and their relative strength.
25  
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Figure 4 Role of organically functionalized trialkoxysilanes in the silicon-based sol-gel process: A). network 

modifier, B). network builder, C). network functionalizer.
25

 

 

In nature, a large number of natural materials, like bones, nacre, pigments etc., consist of 

inorganic-organic blocks. Their unique and favorable combination of properties within one 

material inspired scientists to create new chemical pathways of hybrid polymers. In this 

manner, the sol-gel process was developed which has revolutionized the synthesis of 

inorganic-organic polymers. A sol-gel process is based on the formation of sol during the 

mixing of alkoxide precursors, such as tetramethyl-orthosilicate (TMOS) or tetraethyl-

orthosilicate (TEOS), with water. The basic sol-gel reaction starts with the hydrolysis reaction 

of metal alkoxide (RO-Si) followed by a condensation reaction of alcohol and a condensation 

reaction of water (Scheme 4).
26

 

The properties of the resulting products, for example, the degree of crosslinking, the surface 

morphology and the porosity, can be affected by the ratio of precursor to solvents, the 

amount of water and the reaction conditions, such as temperature and pressure as well as 

the conditions during drying and curing.
26 

Silicon compounds with a general structure such as (H3CO)3Si-X, are able to condensate with 

hydroxyl groups which are located on the substrate surface, followed by the cross-linking in 

the presence of atmospheric moisture. Trialkoxysilanes are adhesion promoters due to the 
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reaction of hydroxyl groups on different surfaces which can be used to generate a covalent 

bond interface between the organic coating and metals, glass, silicon or plastic substrates.
 

Sol-gel materials enable the creation of highly adherent, chemically inert coatings on various 

substrate surfaces that can be prepared from a variety of different commercially available 

alkoxy precursors. In particular, poly(silsesquioxanes) (PSSQ) are good candidates for the 

preparation of defined inorganic-organic hybrid coating materials. Generally, PSSQs have a 

composition of RSiO3/2 with R=aryl, alkyl, hydrogel etc. and allow to form three-dimensional 

networks due to their three possible access points for further silanol condensation.
27,28,29

 
 

 

 

 

Scheme 4 Basic reactions of the sol-gel process: 1. hydrolysis of tetra-alkoxysilanes,                                                  

2. Condensation reaction of partially hydrolyzed mixtures, 3. Condensation of fully hydrolyzed mixtures.
26

  

 

Soluble PSSQ materials which are normally used for the preparation of different coating 

applications are, for example, poly(methylsilsesquioxanes) (PMSSQ) or poly(phenyl-

silsesquioxanes) (PPSSQ).  

The most frequently used PSSQ gels in coating applications are either 

poly(methylsilsesquioxanes) (PMSSQ), poly(alkylsilsesquioxanes) or poly(phenylsilsesqui-

oxanes) (PPSSQ). These hybrid materials are organic molecules with several silanes can be 

adjusted for the preparation of various applications, such as in electronics, biomedicine or 

optics.
30,31
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5.1 Stimuli-responsive hybrid polymers 

The changing of surface wettability can be induced by external stimuli, such as light 

illumination, solvents, electrical potential, temperature, pH or ion-pair receptors followed by 

a change in surface behavior.
1,32,33,34,35,36,37 

Moreover, stimuli-responsive hybrid polymers enable the preparation of superhydrophobic 

surfaces on the one hand, i. e., very rough surfaces with an advancing water contact angle of 

very rough surfaces that of at least 150°. On the other hand, so-called superwetting or 

superhydrophilic surfaces with an apparent contact angle of less than 5° can be obtained.
37 

For example, a reversible switching from a superhydrophobic to a superhydrophilic surface 

can also be achieved by electrochemical oxidation-reduction reactions of polyaniline films on 

a conducting substrate (Figure 5 A). In addition, electroactive self-assembled monolayers on 

different substrates are able to form a multichannel surface switch by electrical tuning 

between two redox states which makes such systems interesting for the production of 

microfluidics and biosensors.
38,39,40,41,42 

 

 

 

Figure 5 (A) Reversible water contact angle switching of the aligned ZnO nanorod array-coated stainless mesh 

film under the alternation of UV irradiation and dark storage. (B) Electrical potential-induced wettability 

conversion between oxidized perfluorooctanesulfonic-doped polyaniline films and reduced polyaniline films. 

(a) The switching is conducted in 0.1 M perfluorooctanesulfonic acid solution. (b) The switching is conducted in 

0.1 M tetraethylammonium perfluorooctanesulfonate.
38,43
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Besides organic materials, a large number of inorganic materials are used for stimuli-

responsive surfaces. Inorganic oxides, such as ZnO (Figure 5 B), TiO2 (Figure 6 ) and SnO2, are 

well-known as stable, nontoxic and highly reactive materials which are able to induce large 

wettability changes.
3,43,44,45,46,47,48,49 

 

 

 
Figure 6 Hydrophobic–hydrophilic switching of titania–carboxyl and titania–amine complex systems.

49 

 

The group of stimuli-responsive polymers includes biopolymers and synthetic polymers. 

Stimuli-responsive biopolymers, such as nucleic acids or proteins, occur in nature. In the last 

decades, thermo-responsive polymers have gained increasing interest for various 

applications, especially in the field of biomedical applications, such as diagnostics, 

therapeutics and surgery. The most extensively investigated biocompatible thermo-

responsive and water-soluble polymer are poly(N-isopropyl acrylamide) (PNIPAm). PNIPAm 

possesses a lower critical solution temperature (LCST) of 32 °C which is in a physiologically 

interesting temperature range. This behavior can be explained by reversibly changing 

between the entropic and the enthalpic contribution to the free energy of thermo-

responsive polymers in aqueous solutions.
49,50

 At temperatures below the LCST, the 

enthalpic effects predominate over the entropic effects, expressed by hydrogen bonds 

between the polymer chain and water molecules, which leads to the extended solubilized 

state of the PNIPAm chains. Upon increasing the temperature above 32 °C, the entropic 

contribution increases, resulting in the breaking of the intermolecular hydrogen-bonds 
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between the polymer chains and the water molecules. Hence, a collapsed state of the 

polymer chains can be obtained.  

Due to the lower critical solution temperature at 32 °C PNIPAm is able to act a surface-

immobilized function which leads to a temperature-responsive wetting behavior (Figure 7). 

Below the LCST, PNIPAm is soluble in water which results in more hydrophilic surfaces. This 

change in surface hydrophobicity is accompanied by further property changes, e.g., a 

collapsed PNIPAm surface above the LCST which promotes protein adsorption and cell 

adhesion.
51,52,53,54,55,56,57,58,59,60,61 

 

 

 

Figure 7 (A) Schematic depiction of the functionalization steps leading to the PNIPAm-grafted multiwalled 

carbon nanotubes/PNIPAm–Au substrate and the reversible bioelectrocatalysis of 1,4-dihydro-b-nicotinamide 

adenine dinucleotide (NADH) which are controlled by temperature. NAD=nicotinamide adenine dinucleotide. 

(B) Static water contact angle measurement for the PNIPAm brushes as a function of temperature. The surface 

changed from hydrophilic to hydrophobic below and above the LCST.
51,56

  

 

Synthetic light-stimuli responsive polymers are good candidates for a preparation of light-

switchable surfaces. As already mentioned above, light- or photo-responsive surface 

coatings are capable of changing their wetting behavior upon irradiation with light of a 

defined wavelength. Azobenzene is probably the most well-known candidate used in light-

responsive surfaces because it can switch between two isomeric forms, trans- and cis-

azobenzene, upon exposure to UV light resulting in a change of molecular properties such as 

surface wettability, viscosity, free volume, dipole moment or solubility.
62,63,64,65,66,67 



 Hybrid materials  

 

17 

Not only a reversible light-responsive behavior but also an irreversible one is known. Such 

irreversible effects for example, can be obtained in polymers with photocleavable moieties 

containing photochromic units. The polymers, which contain light-responsive groups, 

undergo an irreversible transformation upon exposure to UV light resulting in more polar 

species. One representative of this group is the ortho-nitrobenzyl ester (ONB) that can be 

used for the preparation of photopatternable polymer thin films.67,68,69,70,71,72
 

 

Table 1 Light-switchable chromophores. 

Light-switchable chromophores 

Reversible switching 

 

 

Spiropyran derivative  

 

 Azobenzene derivatives 

 

CMFST nanoparticles 
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Reversible/Irreversible 

switching 

Cinnamates derivatives 

 

Irreversible switching o-nitro-benzyl derivatives 

 

Sulfonium triflate based PAG 
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6 Thin film characterization  

For analysis of the obtained polymer films, a range of different characterization methods 

allow both the analysis of the chemical composition the physical properties and morphology. 

The methods used for investigation of the achieved surface coatings are explained below.  

 

6.1 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative spectroscopic 

technique, which allows to examine the chemical compositions and electronic state of the 

elements on the substrate surface and the physical topography.
73,74,75

 

XPS spectra are obtained by irradiation of the sample with a beam of X-rays under high 

vacuum or ultra-high vacuum conditions from the top 0 to 10 nm of the material. Thus, the 

kinetic energy and the number of released electrons are being measured at the same time.  

The binding energy of the emitted electron can be determined by the equilibrium of 

Rutherford:  

 

 kineticphotonbinding EEE  (1) 

 

where Ephoton is the energy of the X-ray photons used, Ekinetic is the kinetic energy of the 

emitted electrons and φ is the work function of the material.  

The energy of the escaped core electrons provides further information about the elemental 

composition. From the difference in the shifts of the binding energy, additional information 

can be obtained, for example, on the oxidation state of the element. Additionally, the 

information about a deep profile of the thin film can be achieved by ion bombardment.
 76
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Figure 8 XPS setup and operating principle. 

 

 

6.2 Atomic Force Microscopy (AFM) 

Atomic force microscopy (AFM) is a very important type of scanning probe microscopes 

(SPM), which allows the investigation of nanoobjects and surfaces at high resolution. This 

technique has several advantages, for example, it can provide a 3-D surface profile of a 

sample and it is a non-destructive method, which works without any special treatment such 

as a high vacuum. 

The method is based on the attractive and repulsive forces between a small tip at the end of 

a cantilever which is scanning across the sample and the substrate surface. In dependence 

on surface topography, the cantilever undergoes a deflection, which is measured by a laser 

beam. This is reflected from the top of the cantilever in an array of photodiodes. The sample 

is placed on a piezoelectric holder, which can be moved in all three space directions (x and y 

- scanning the sample, z - maintaining a constant force). The scanning process is evaluated in 

a topographical image of the surface (Figure 9). 
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Figure 9 General setup of an atomic force microscope. 

 

The most frequently used operating modes for an AFM are contact mode, non-contact mode 

and dynamic contact mode. Depending on the nature of the sample and the desired 

information about the surface tips, different motions can be applied.  

In the contact mode, the cantilever deflection is kept constant because the force between 

the surface and the tip remains constant during the whole scanning time. In the non-contact 

mode, the tip does not contact the surface of the sample. The cantilever oscillates with the 

resonance frequency which is influenced by van-der-Waals forces between the tip and the 

surface. The changes in resonance frequency result in changes in oscillation compared to the 

external reference oscillation, which allow the scanning software to provide information 

about the topography of the sample. 

The dynamic contact or so-called tapping mode is normally used for soft materials and 

polymeric samples. In this mode, the cantilever oscillates in a similar way to that of the non-

contact mode, resulting in amplitudes of 20 to 200 nm. During scanning, the tip slightly 

touches the sample surface, with the oscillation amplitude remaining constant by vertical 

movement of the piezo scanner.
77
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6.3 ATR-FTIR spectroscopy 

Attenuated-total-reflection Fo

technique to investigate the ch

preparation.
73,78 

 

Figure 10 ATR-FTIR setup 
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and reflects along the length of the crystal. Furthermore, the evanescent wave can be 

determined by wavelength of radiation, refractive indices and the angle of incidence.
80

 

 

6.4 Contact angle measurements 

The contact angle is an angle between three phases: solid, liquid and gas. It describes the 

wetting behavior of solid surfaces and can be quantified through the Young equation.
81

 

 

SLSL γγcosθγ   (3) 

 

where Sγ , 
Lγ , SLγ  are interfacial tensions of the solid, the liquid, and the vapor phases.  

 

 

 
Figure 11 Contact angle of the solid surface and three interface tensions. 

 

A drop of liquid can show different behaviors on solid surfaces, either the liquid spreads 

completely over the solid or a drop with a material-specific contact a gle CA, θ  is for ed. 

The contact line where the liquid, the solid and the gas phase interact is the three-phase 

contact line (Figure 11). 

In the contact angle measurements, the interfacial tension of the solid surface plays an 

essential role, therefore it is higher than the interfacial tension of the solid–liquid interface                

( SLγγS  ). In this case, the contact angle is smaller than 90 °, which leads to the partial 

wetting of the solid surface. The hydrophobic surfaces exhibit an energetically less solid–

liquid interface than the bare solid surface ( SLγγS  ), in such cases, the contact angle is larger 

than 90 °.  
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The contact angle and the interface tension are important characteristics of a coatings: 

Depending on the applications, the contact angles of different liquids can be used for the 

calculation of the surface energy.
 
In the following, the static contact angle of water on a 

solid/coated surface under ambient conditions is discussed.
82,83

 

The most commonly used method is the sessile drop method, in which the contact angle of a 

liquid drop is observed with a microscope. Contact angle of a drop, which appears dark 

because of the light source placed behind it, can be determined by means of a goniometer 

or by a video system.  

An alternative method is that of the captive bubble, which is based on the measurement of 

the angle at the edge of a bubble, which is placed under the substrate within the liquid. 

Another technique is the capillary rise method, which is suitable for liquid contact angle 

measurements of powders. In this case, the liquid rises inside a thin coated capillary and the 

contact angle can be calculated from the meniscus height.
82,83,84

 

Real surfaces behave differentl to ideal surfaces and are influenced by different factors, such 

as surface roughness, chemical heterogeneity and/or changes of the surface structure 

caused by the wetting line or by adsorbed molecules on the surface. In such cases, the 

calculation of the contact angle is more difficult, because of hysteresis. Hysteresis is defined 

as the difference between an ad a ci g θadv) and a recedi g θrec) contact angle. The 

ad a ci g co tact a gle θadv) is the contact angle, which is measured while the volume of 

the drop increases. The recedi g co tact a gle θrec) is measured while the volume of the 

drop decreases, just before the wetting line recedes. Usually the receding contact angle is 

significantly lower than the advancing contact angle. 

In addition to the influence of surface roughness and chemical heterogeneity, the contact 

angle hysteresis can be influenced by the mean contact angle.  

The effect of the surface roughness on those surfaces that are not too rough can be 

described by the Wenzel equation:
84

  

 

cosθRcosθ roughapp   (4) 

 

In this equation, roughR  is surface roughness, which is the ratio between the actual and the 

projected surface area. θapp is the apparent contact angle, which can be observed with the 

eye or with an optical microscope. The surface roughness is always larger or equal to one                      
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( 1roughR ), hence the apparent contact angle decreases by the surface roughness for                        

θ < 90 ° in hydrophilic surfaces. For hydrophobic surfaces the apparent contact angle                          

(θ > 90 °) increases if roughness is present. 

The influence of the chemical heterogeneity on the contact angle hysteresis is described by 

the Cassie and Baxter equation:
85

 

 

2211app cosθfcosθfcosθ   (5) 

 

Therefore, for solid and chemically inhomogeneous surfaces two different kinds of regions 

exist with contact angles θ1 and θ2, for which occupy the surface ratios f1 and f2 apply.
86

 

The most prominent example of hydrophobic and rough surfaces is the Lotus effect. In 

nature, the surface of a leaf can be covered with hydrophobic spikes, which are responsible 

for the roughness. Furthermore, air is trapped between the spikes making them responsive 

to chemical heterogeneity. Hence, the lotus effect is suitable for the preparation of super-

water-repellent, so-called superhydrophobic surface coatings.
 87

 

 

 

6.5 Surface free energy measurements 

Surface free energy measurement (SFE) is one important application of the contact angle 

measurement. The surface free energy of the solid corresponds to the surface tension of the 

liquid. The contact angle describes the wetting behavior of the solid surface but it always 

depends on the liquid that is used for the measurements. 

The most frequently used method for SFE calculations is the OWRK method. This method 

requires the use of at least two liquids, one polar and one dispersive. For this purpose, water 

and diiodomethane are the most frequently used liquids.  

Owens, Wendt, Rabel and Kaelble created one method of SFE measurement by division of 

the surface free energy into individual components. In this method, SFE is formed by the 

components of dispersive and polar SFE, where the interfacial energy SLγ  is determined by 

the contribution of water or diiodomethane, and the delaminated surface is calculated by 

forming the geometric mean. The model leads to the following relationship:  
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73,74 

 

6.6 Calculation of the equilibrium contact angle from the meniscus height 

To calculate the equilibrium contact angle from the meniscus height (x), Equation 6 was 

used, where the surface tension ( LGγ ) of water at a certain temperature was calculated 

using Equation 7 (Eötvös rule).
88,89 

The density of water (δ) at 15 °C is 999.10 kg/m³ and at                

60 °C the density is 983.19 kg/m³.  
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To compare the obtained values with the contact angles obtained by the sessile drop 

method, similar coatings were produced on flat glass substrates. After determination of the 

advancing and the receding contact angle (θa, θr), the equilibrium contact angle was 

calculated using Equation 8.  
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7 Aim of work 

In my research work, I am investigating different synthetic approaches for highly cross-linked 

hybrid polymers, which can build stable and adherent coatings on surfaces, independent of 

the substrate. Furthermore, I am interested in the development of new concepts of surface 

functionalization based on these hybrid polymers which are suitable for various purposes 

and applications. 

For the preparation of strongly adherent and stable materials which allow the incorporation 

of different functionalities in the coating material, hybrid polymers based on trifunctional 

silanes were used.  

The hybrid polymers combine the inorganic part consisting of poly(methylsilsesquioxane) 

(PMSSQ) which is capable of adhering to substrate surface and the reactive organic part. 

Obtained hybrid polymers are applicable directly from the solution by spin- or dip-coating 

and show unique adhesion properties on different substrates such as silicon, metals or glass 

due to the large amount of free silanol groups of the inorganic part. The silanol groups are 

able to form a cross-linked film by secondary condensation, mechanically interlocking and 

van der Waals adhesion phenomena leading to reactive and stable surface coatings.  

Moreover, for the synthesis of inorganic-organic polymer the preformed PMSSQ should 

contain reactive chain transfer agent (CTA) moieties which allow a controlled radical 

polymerization reaction (RAFT). The obtained hybrid polymers can be used for many 

interesting applications, such as antifouling surfaces, temperature- or light-responsive 

coatings.  

In summary, the scope of this work can be divided into two parts: 1. sir-KFR and zwitterionic 

systems, 2. temperature- and light-responsive capillaries.  

Different inorganic-organic hybrid polymers could be successfully synthesized and 

characterized. Moreover, they could be applied to various substrates, resulting in functional 

and reactive surface coatings.  

In the following, the synthetic concept based on the RAFT polymerization technique will be 

presented. Subsequently, a summary of general coating properties is shown. Afterwards the 

obtained reactive and functional surface coatings will be demonstrated.  

The detailed description of procedures and applied expertises are given in the corresponding 

publications (Publications I, II, III). 
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9 Results und discussion 

 

9.1 Synthesis of Inorganic-Organic Hybrid Polymers 

Hybrid organic-inorganic materials can be used to generate coatings on a variety of 

substrates, for example, silicon, glass or metal. Furthermore, a large number of functional 

groups can be installed onto the presynthesized polymers via the so-called post-

polymerization modification or polymer analogous reactions.  

The active esters are very classical functional groups that were discovered by Ringsdorf and 

Ferruti in 1972. This is one of the most useful groups for post-polymerization modifications 

because of very mild reaction conditions between amines and active esters and an excellent 

conversion of the corresponding amides (almost 100%). A library of different monomers 

which have frequently been used for the synthesis of functional polymer materials has been 

investigated, for example, pentafluorophenyl acrylate (PFPA), N-hydroxy succinimide 

acrylate (NHSA), pentafluorophenyl 4-vinylbenzoate (PFP4VB) and 4-acryloxyphenyl-

dimethylsulfonium triflate (DMSPA).
90

 

To produce hybrid polymers based on the chemistry of poly(silsesquioxanes), two different 

synthesis paths we compared with each other: A). a post-modified one and B). a prior-

modified on. In summary, both of these ways are suitable for the preparation of 

temperature-responsive surfaces with different amines based on the chemistry of the hybrid 

polymer PMSSQ-PPFPA. The zwitterionic α-amino phosphonic acid moieties on surfaces 

based on the chemistry of poly(methylsilsesquioxane)-poly(4-vinyl benzaldehyde) (PMSSQ-

PStCHO) could be obtained after successful Kabachnik-Fields post-polymerization 

modification (KF-PMR) of the aldehyde-functionalized surfaces. In contrast, the light- and 

temperature-responsive surfaces could only be obtained by prior deposition of the new 

hybrid polymer on the surface.
91,92,93 

First, co-condensation of organically modified trifunctionalized silane and PMSSQ was 

performed, leading to macro chain transfer agents (mCTA) which are able to initiate a RAFT 

polymerization. Subsequently, inorganic-organic hybrid polymers could be obtained by 

grafting of different monomers (Scheme 5).
94,95
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9.1.2 Hybrid Polymer Synthesis Using RAFT  

In the context of my Dr. rer. nat. thesis, was investigated the synthesis of polymers based on 

poly(methylsilsesqioxane) (PMSSQ). I am particularly interested in organic-inorganic hybrid-

polymers that are especially suited for surface coatings due to their reactive character. The 

reactive coating, based on an activated ester such as pentafluorophenyl ester, can be 

converted into the desired functional polymer by a simple polymer-analogous reaction.
 96

 

The hybrid polymers were synthesized as shown in Scheme 5. Initially, dithiobenzoic acid 

benzyl-(4-ethyltrimethoxysilyl) ester was co-condensed with methyltrimethoxysilane 

(MTMS) to yield the macro initiator PMSSQ-CTA. This species provides a high functionality of 

unreacted silanol groups and initiating moieties for the reversible addition fragmentation 

chain transfer polymerization. Subsequently, RAFT polymerization reaction of 

pentafluorophenolacrylate (PFPA) was performed.
96

 

 

 

 

 

Scheme 5 Synthesis of PMSSQ-PPFPA. 1. Co-condenzation of the macro-CTA. 2. Grafting-from 

polymerization via RAFT polymerization yielding in an inorganic-organic hybrid polymer.
92,93 
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Figure 12 Thermo gravimetric analysis of synthesized hybrid-polymers. 

 

Obtained hybrid-polymers had molecular weight ranging from approx. 12000 g/mol to 

approx. 7000 g/mol and are soluble in THF. Furthermore, they were investigated by thermo-

gravimetric analysis (TGA). A very thermal decomposition behavior of hybrid-polymers could 

be shown. First, a secondary condensation occurred between 120 °C and 160 °C. Then, at 

400 °C, the decomposition of the pentafluorophenyl ester block was observed. 

The block ratio between the organic and the inorganic blocks of two different hybrid-

polymers was detected from the mass deficits. Figure 13 shows the resultant hybrid polymer 

consisting of 80 wt% PFPA and 20 wt% PMSSQ which was in good agreement with the 

starting materials. As already shown in previous studies, the reactive surfaces could be 

prepared from the polymer solution by using spin-coating on glass and silicon substrates 

(Scheme 6). 
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Scheme 6 Surface analogous reaction to create different surface coatings, starting from reactive precursor 

coating. 

 

9.2 General Coating Properties 

As mentioned above, two different synthetic approaches for the preparation of new 

inorganic organic hybrid polymers were used. A variety of different functional and reactive 

polymers were synthesized and characterized by different techniques such as AFM or FT-IR.  

When using the first technique (A), hybrid polymers were prepared by RAFT polymerization 

from a library of different monomers using a macro-CTA agent based on PMSSQ.  

Second technique (B) was used for the preparation of light- and temperature-responsive 

surface coatings. First, a light- and temperature-responsive hybrid copolymer was 

synthesized via a sequential post-polymerization modification of PMSSQ-PPFPA. 

Subsequently, the hybrid polymer PMSSQ-PPFPA was converted with an amino-

functionalized spiropyran and isopropylamine. 

The obtained hybrid polymers show versatile and interesting properties, which are 

summarized below.
 97,98,99

 

- All obtained hybrid polymers are soluble in all common organic solvents which allows  

both dip-coating and spin-coating, irrespective of the substrate used.  

- All coating materials could be annealed at 130 °C for 2-4 hours, independently from 

the organic part. 

- All film coatings are stable and insoluble in any common organic solvent.  

- Independently from organic functionality, stable and adherent films could be 

prepared from all synthesized hybrid polymers.  
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- For the preparation of stable and adherent surface coatings, 10-20 % of the inorganic 

part are sufficient (Figure 13).  

- AFM measurements show very smooth surface coatings without any structural and 

chemical defects (Figure 14). 

- All coated surfaces exhibit a unique wetting behavior which is only determined by the 

ratio of the inorganic to the organic part.  

 

 

Figure 13 Influence of the variation of the organic to the inorganic weight ratio on the observed contact angle 

after spin coating on a silicon substrate (spin-coated from 10 wt% solution in THF). (Installation of Zwitterionic 

α-Amino Phosphoric Acid Moieties on Surfaces via a Kabachnik-Fields Post-Polymerization Modification, N. 

Wagner, L. Schneider, M. Michelswirth, K. Küpper, P. Theato, Macromolecular Chemistry and Physics 216, 

783-793 (2015)). 

 

 

 

https://www.chemie.uni-hamburg.de/tmc/theato/index.html
http://dx.doi.org/10.1002/macp.201400591
http://dx.doi.org/10.1002/macp.201400591
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Figure 14 AFM height image of Si-surfaces after spin-coating with PMSSQ-PStCHO (A) and after post-

polymerization modification by the Kabachnik-Fields reaction (B). (Installation of Zwitterionic α-Amino 

Phosphoric Acid Moieties on Surfaces via a Kabachnik-Fields Post-Polymerization Modification, N. Wagner, L. 

Schneider, M. Michelswirth, K. Küpper, P. Theato, Macromolecular Chemistry and Physics 216, 783-793 

(2015)).  

 

In order to create functional surface coatings with specific desired properties, such as 

antifouling or light - and temperature-responsive characteristics, inorganic-organic hybrid 

polymers have to be synthesized by RAFT polymerization reaction. Afterwards, the desired 

functionalities can be introduced into the PMSSQ network by post-polymerization reaction, 

for example through sur-KFR. In contrast, the light- and temperature-responsive surfaces 

could only be obtained by prior deposition of the new hybrid polymer on the surface. 

In the following, several examples of functional surface coatings are presented. 

 

9.2.1 Temperature- and Light-Responsive Capillaries  

A new convenient method to produce different temperature- and light-responsive coatings 

with an appropriate method allowing an accurate determination of the wettability switching 

range will be described in detail in the publication III. First, a new thermo- and light-

responsive copolymer was synthesized via a sequential post-polymerization modification of 

PMSSQ-PPFPA. Then the hybrid polymer PMSSQ-PPFPA was partly converted with an amino-

functionalized spiropyran, followed by reaction with an excess of isopropylamine. 

Subsequently, the light- and temperature-responsive surfaces were obtained by prior 

deposition of the new hybrid polymer on the silicon surface or inside of glass capillaries. For 

https://www.chemie.uni-hamburg.de/tmc/theato/index.html
http://dx.doi.org/10.1002/macp.201400591
http://dx.doi.org/10.1002/macp.201400591
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this purpose, 10% hybrid polymer solution in THF was spin-coated onto clean silicon 

substrate surfaces. The glass capillaries were coated by dipping them into a polymer 

solution.  

The obtained functional surface coatings were investigated. The switching of the contact 

angles was determined by the meniscus height of water rising inside the capillary at 

temperatures below and above LCST. For the temperature- and light-responsive surface, the 

surface switching was additionally investigated before and after UV irradiation.  

The meniscus height of the prepared glass capillaries was determined at 15 °C (below LCST) 

and at 60 °C (above LCST). To compare the obtained values with the contact angles which 

were obtained by the sessile drop method, similar coatings were produced on flat silicon 

substrates. Additionally, the measurements of advancing and receding contact angles were 

performed by the method of addition and removal of volume. Then the equilibrium contact 

angle from the meniscus height was calculated and compared with the values obtained from 

the measured contact angles.  

Moreover, temperature-responsive surfaces on silicon substrates with different amines 

(cyclopropylamine (CPA), diethylamine (DEA), isopropylamine (IPA), methylethylamine 

(MEA) based on the chemistry of the hybrid polymer PMSSQ-PPFPA were prepared and 

contact angle measurements were conducted by the sessile drop method. As with the 

functional surface coatings, the glass capillaries were functionalized with amines by 

postmodification reaction. The meniscus height of the prepared glass capillaries was 

determined at 15 °C and at 60 °C.
99,100,101,102

 

The obtained values of advancing, receding and equilibrium contact angles are summarized 

in Table S1, Publication III. Figure 16 shows the equilibrium contact angles obtained by the 

sessile drop method (A) and the capillary rise method (B) at 15 °C and at 60 °C. 
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Figure 15 Equilibrium contact angles obtained by the sessile drop method (A) and equilibrium contact angles 

obtained by the capillary rise method at 15 °C and at 60 °C on silicon surfaces coated with PMSSQ–PPFPA after 

conversion with IPA, MEA, CPA, DEA, coating of thermo- and light-responsive copolymer (P2), and PMSSQ-

PNIPAM as well as the unconverted surface (PMSSQ–PPFPA). (Reactive Coatings in Glass Capillaries: 

Preparation of Temperature- and Light-Responsive Surfaces and Accurate Determination of Wettability 

Switching, N. Wagner, D. Kessler, P. Theato, Macromolecular Chemistry and Physics, 217, 92-100. (2016)). 

 

To sum it up, the synthesis of hybrid polymers based on the efficient modification chemistry 

of PMSSQ–PPFPA leads to the substrate surfaces which exhibit a thermo- or light-responsive 

behavior.  

Moreover, it was observed that the reversible isomerization of spiropyran moieties in the 

copolymers that is induced by irradiation with UV light influences the water wettability 

behavior. Different temperature-responsive coatings can be prepared by surface-

modification reactions inside the capillary and the temperature-controlled switching range 

of the contact angles was measured at different temperatures. The values obtained are 

comparable to those obtained by the sessile drop method, but the error range is much 

smaller. This convenient method of reactive coatings inside glass capillaries allows a more 

accurate determination of the equilibrium contact angles.  

Further, two synthetic pathways, post-modified and prior-modified, were compared with 

each other. In conclusion, it can be said that both of these ways are suitable for the 

preparation of temperature-responsive surfaces with different amines based on the 

chemistry of PMSSQ–PPFPA. Contrary, the functional surfaces using the new light- and 

temperature-responsive hybrid polymer could only be obtained by prior deposition of the 

hybrid polymer on the surface. For detailed information see publication III.
100

 

https://www.chemie.uni-hamburg.de/tmc/theato/index.html
http://dx.doi.org/10.1002/macp.201500324
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9.2.2 Zwitterionic α-Aminophosphonic Acid Moieties on Surfaces  

Multicomponent reactions (MCRs) were discovered by Strecker in 1850 and gained 

increasingly in importance ever since. This type of reaction class is very versatile and 

provides many advantages for organic and polymer chemistry. Particularly interesting are 

MCRs for post-polymerization modification reactions of the chain ends or the side chains 

having different amounts of functional groups simultaneously. Therefore, MCRs have 

become a favorite type of reaction leading to different patterns of polymers, such as star-

shaped or branched polymers.
103,104,105

 

Various MCRs include many reactions, for example, the Biginelli reaction, the Gewald 

reaction, the Passerini reaction, the Mannich reaction, the Hantzsch reaction, the Ugi 

reaction and the Kabachnik-Fields reaction.
106

 

In recent years, a series of multicomponent reactions has emerged as an innovative 

synthetic platform in the field of organic chemistry. This has not only boosted drug 

discovery, but also the construction of new skeletons. Although multicomponent reactions 

have triggered new chemistry and new applications, only little attention has been paid to 

polymer chemistry. A mainstream of polymer chemistry has been to shift from simple 

polymer systems to widespread application fields, such as drug delivery, electronic devices, 

solar cells, etc. This requires that polymer chemists must develop a robust and reliable 

synthetic platform to install functional groups into polymer structures. In this context, the 

use of multicomponent reactions to functionalize polymers is rationally expected to be a 

fruitful synthetic strategy, not only for polymer chemists but also for material scientists.  

For the many multicomponent reactions reported so far, I turned my attention to the 

combination of inorganic-organic hybrid polymers with multicomponent reactions, such as 

the Kabachnik-Fields reaction (KFR) because they allow the incorporation of modified 

amines, amino acids and other functionalities. As shown in previous studies, the 

incorporation of amino acids into polymers is a promising strategy to obtain functional 

polymers, and amino acid conjugation is still an important issue in polymer chemistry. 

Hence, a novel functionalization strategy for artificial polymers is proposed, using 

multicomponent reactions in order to produce novel types of amine/phosphonic acid fused 

polymers.  

Publication I reports on the installation of α-aminophosphonic acids onto surfaces of 

different substrates, for example Al or Cu, via surface KFR (sur-KFR) on aldehyde-bearing 
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exhibiting surfaces based on the chemistry of the hybrid polymer PMSSQ-PStCHO. First of all, 

new aldehyde-functionalized surfaces were prepared by applying coating of organic-

inorganic hybrid polymers bearing aldehyde moieties onto substrates. In this context, 

poly(methylsilsesquioxane)-poly(4-vinylbenz-aldehyde) (PMSSQ-PStCHO) was prepared via 

RAFT polymerization. As mentioned previously, macro-RAFT agents derived from PMSSQ 

(PMSSQ-CTA) can be used as RAFT agents to control the polymerization of vinyl monomers, 

such as 4-vinyl-benzaldehyd yielding new organic-inorganic hybrid polymers 

In order to provide surfaces featuring aldehyde moieties, PMSSQ-PStCHO hybrid polymers 

were introduced onto substrates. For this, thin polymer films on silicon substrates were 

prepared by spin-coating of a PMSSQ-PStCHO solution. Contact angles measurements of the 

obtained surfaces have shown that aldehyde moieties can be made accessible on the coating 

surface when the PStCHO content of the hybrid polymers was is more than 50 wt%. 

In order to show the direct advantages of sur-KFR, a library of different surfaces has been 

synthesized by employing various combinations of amines and dialkyl phosphonates, and 

contact angle measurements of functionalized surfaces were performed. Depending on the 

employed combination of amines and dialkyl phosphonates, the values of the advancing 

contact angle changed proving the successful installation of polymeric α-amino 

phosphonates with diverse functionalities via sur-KFR. However, the obtained contact angles 

did not vary dramatically due to the small chemical differences between the employed 

amines and the dialkyl phosphonates (Figure 6, Paper I).
107,108

 

In addition, the PMSSQ-PStCHO coatings were prepared on Cu- and Al-substrates and KFR 

was conducted making this coating/functionalization approach substrate-independent (see 

Supporting Information, Publication I). 

Subsequently, zwitterionic α-amino phosphonic acids should be installed on the substrate 

surface by deprotection reaction of α-aminophosphonates. For this purpose, the 

deprotection processes for polymeric α-amino phosphonates were studied in detail. First, 

the deprotection process was performed in solution and then adopted to the deprotection 

on surfaces. In order to achieve this, diisopropyl phosphonate and p-toluidine were used for 

the Kabachnik-Fields postmodification reaction (KF-PMR). After deprotection obtained 

polymer can be clearly assigned to the targeted zwitterionic polymeric α-amino phosphonic 

acid (P(St-AP-OH)). A successful deprotection reaction was provided by IR measurements. 

Furthermore, direct evidence for the conversion of phosphonate moiety into phosphonic 
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acids was proven by 
31

P-NMR measurements which were conducted before and after 

deprotection reaction and revealed an obvious peak at 20.8 ppm owing to phosphonates 

disappeared and a clear peak at 18.8 ppm owing to phosphonic acid developed (see 

Supporting Information Publication I). 

Finally, sur-KFR was conducted on the silicon substrate surface and α-aminophosphonic acid 

moieties were installed on the surface. Based on the deprotection reaction of polymeric α-

aminophosphonates, deprotection of polymeric α-aminophosphonates immobilized on a 

silicon substrate was conducted in acetonitrile in the presence of a large excess amount of 

TMSBr. The deprotection of phosphonate moieties was confirmed by FT-IR measurements 

and contact angle measurements (see Figure 10, Publication I). The IR spectra of the silicon 

surfaces before and after sur-KFR confirmed a practically quantitative deprotection of 

phosphonate moieties. 

The measurements of the contact angle after deprotection reaction show that there is a 

decrease in the CA values of up to 42° after deprotection reaction providing good evidence 

of structural changes from a non-polar phosphonate ester to a polar zwitterionic α-

aminophosphonic acid (Figure 11 and 12, Publication I). 

The conversion of aldehyde-functionalized surfaces with amines and dialkyl phosphonates 

by the Kabachnik-Fields reaction was proven by IR, EDX, and XPS measurements. Afterwards, 

the deprotection strategy of the obtained α-amino phosphonic acids for zwitterionic 

functionalized surfaces was demonstrated, opening the possibilities for new anti-fouling 

surfaces. 

 

9.2.3 Investigation on Antifouling Properties of Zwitterionic α-Aminophosphonic Acid 

Moieties on Surfaces 

Many different polymers have been used as nonfouling materials, such as poly(ethylene 

glycol) (PEG) and zwitterionic polymers and poly(sulfobetaine methacrylate) (PSBMA) for the 

reduction of the protein adsorption on the surfaces. The antifouling coatings became more 

and more important within the last three decades due to their essential role in various 

medical, biochemical, marine and industrial applications as well as in water purification 

systems.  

The zwitterionic nature has been revealed to play a unique and indispensable role in 

polymer chemistry due to the anionic and cationic terminal groups which form a hydration 
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layer during the solvation of the charged groups.
 
Zwitterionic polymers possess two very 

distinguishing properties for the antifouling property and the silent property as
 
a medium in 

blood.  

An effective two-step approach to integrate zwitterionic α-aminophosphonic acids onto 

substrate surfaces was investigated. First, aldehyde-functionalized surfaces were treated by 

sur-KFR with amines and dialkyl phosphonates. Subsequently, the deprotection reaction was 

conducted in order to create zwitterionic- functionalized polymer substrates (Figure 16). The 

obtained zwitterionic surfaces were characterized by various techniques, for example, IR, CA 

and surface energy measurements. In addition, the antifouling properties of the resulting 

films were proven by bacterial cell adhesion assays and blood assays.  

 

 
Figure 16 Deprotection reaction of sur-KFR modified substrate surfaces.  

 

The water contact angles of PMSSQ-PStCHO-modified silicone substrates decreased after 

sur-KFR and after the subsequent deprotection reaction. This decrease in the CA is a direct 

consequence of the structural changes from a non-polar phosphonate to a polar zwitterionic 

α-aminophosphonic acid. The biggest reduction of contact angles of up to 31 ° could be 

obtained for sur-KFR with p-aminobenzoic acid and diisopropyl phosphonate (see Paper 

III).
109

 

Moreover, a change in surface energy of the functionalized surfaces could be observed. The 

polar component of silicone substrate surfaces increased moderately after sur-KFR, but 

increased remarkably after deprotection reaction, proving the installation of zwitterionic α-

aminophosphonic acid. Figure 17 summarizes the trends of surface energy before and after 

sur-KFR with diisopropyl phosphonates and p-aminobenzoic acid, and after deprotection 

reaction (for more information see Paper III).  
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Figure 17 Polar component of PMSSQ-PStCHO-cured silicon surfaces, after sur-KFR and after deprotection 

reaction with various amines and diisopropyl phosphonates. (Investigation of Antifouling Properties of Surfaces 

Featuring Zwitterionic α-Aminophosphonic Acid Moieties, N. Wagner, P. Zimmermann, P. Heisig, F. Klitsche, W. 

Maison, P. Theato, Macromolecular Bioscience 15, 1673-1678 (2015)). 

 

Further, the antifouling properties were investigated by a protein assay using blood and 

comparative bacterial cell adhesion tests. The resulting zwitterionic α-aminophosphonic acid 

moieties exhibit a clear reduction of the adsorption of biomaterial and show a clear 

antifouling effect with almost no bacterial colonization on the coated silicon substrates after 

deprotection reaction.
109

 

 

https://www.chemie.uni-hamburg.de/bc/heisig/index.html
https://www.chemie.uni-hamburg.de/pha/phachem/maison/index.html
https://www.chemie.uni-hamburg.de/pha/phachem/maison/index.html
https://www.chemie.uni-hamburg.de/tmc/theato/index.html
http://dx.doi.org/10.1002/mabi.201500196
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Table S1. Equilibrium contact angles obtained by the sessile drop method and the capillary 

rise method on different temperature-responsive surface coatings. 

entry coating with 
conversion 

with 

T 

[°C] 

sessile drop method capillary rise method 

a [°] 
r 

[°] 

equi 

[°] 

x 

[mm] 

equi 

[°]
1
 

error 

range [°] 

#1 
PMSSQ-

PNIPAM 
 

15 78 66 72 15 78.8 79.5-77.9 

60 103 90 97 -7 94.8 95.6-94.2 

#2 
PMSSQ-

PPFPA 
IPA 

15 77 67 72 20 73.7 
75.5 – 

74.2 

60 100 92 96 -5 93.4 
94.0 – 

92.8 

#3 
PMSSQ-

PPFPA 
MEA 

15 82 77 79 19 75.3 
76.4 – 

74.9 

60 110 101 105 -9 96.3 
97.0 – 

95.6 

#4 
PMSSQ-

PPFPA 
CPA 

15 75 69 72 21 74.2 
74.9 – 

73.4 

60 105 98 102 -8 95.6 
96.3 – 

94.9 

#5 
PMSSQ-

PPFPA 
DEA 

15 89 75 72 8 84.0 
84.8 – 

83.3 

60 117 102 109 -10 97.0 
97.9 – 

96.3 

#6 
PMSSQ-

PPFPA 

no 

conversion 

15 96 82 89 -3 92.4 92.8– 91.4 

60 98 84 91 -3 92.4 
92.8 – 

91.4 

#7 P2²  

15 77 65 71 15 78.8 79.5-77.9 

60 99 85 92 -5 93.4 94.0-92.8 

1equi in the sessile drop method was calculated using equation 3; x: meniscus height; the 

error range was calculated from x ± 1 mm. 
2
 measured before UV irradiation 
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Figure S1. 
1
H NMR spectra of purified PMSSQ-PNIPAM-PSpAM (P2). 
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Figure S2. TGA 

Figure S2. Thermogravimetric analysis of PNIPAM, PMSSQ-PFPA and P2. 

 

 

Figure S3. Meniscus heights in glass capillaries coated with P2 before and after UV light 

irradiation at 15°C.  
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Figure S1. 
1
H-NMR spectra of synthesized PMSSQ-PStCHO with different ratios of inorganic 

and organic moieties. 
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Figure S2. Thermogravimetric analyses of PMSSQ-PStCHO with expected weight ratio 

Inorganic/Organic: 70/30, 60/40, 40/60, 30/70, 20/80, 10/90. 

 

Figure S3. The corresponding 1
st
 derivative of the thermogravimetric curves of PMSSQ-PStCHO with 

expected weight ratio Inorganic/Organic: 70/30, 60/40, 40/60, 30/70, 20/80, 10/90. 
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Figure S4. AFM height image of Si-surfaces before (A) and after functionalization by Kabachnik-

Fields reaction R1 (B). 

 

Figure S5. SEM image of Si-surfaces before (A) and after functionalization by Kabachnik-Fields 

reaction R1 (B). 
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Figure S6. EDX measurements on Cu-surfaces before (A) and after functionalization by Kabachnik-

Fields reaction R1 (B). 

 

Figure S7. EDX measurements on Al-surfaces before (A) and after functionalization by Kabachnik-

Fields reaction R6 (B). 
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Figure S8. C1s spectra of P1 modified substrates with R13 (red curve) and R17 (blue curve) in 

comparison to the non-functionalized by sur-KFR substrates (gray curves) respectively. Localization 

and amplitudes of the spectroscopic species features of the spectra were revealed by fit. They are 

given to the diagrams by use of vertical lines. 

 

Figure S9. Si2p spectra of of P1 modified substrates with R13 (red curve) and R17 (blue curve). 

Localization and amplitudes of the spectroscopic species features of the spectra were revealed by fit. 

They are given to the diagrams by use of vertical lines. 
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Synthesis of diisopropyl [(4-methyphenyl) amino-phenyl-methyl]phosphonate (AP-
i
Pr)  

Under Ar atmosphere at 80 °C, diisopropyl phosphonate (4.70 mL, 28.2 mmol) was added to 

a dry 1,4-dioxane solution (10 mL) of benzaldehyde (2.20 g, 20.5 mmol), and p-toluidine (2.0 

g, 18.7 mmol). After the reaction mixture was stirred for 20 hours at 80 °C, the reaction 

mixture was directly purified by column chromatography (silica gel, eluent; ethyl 

acetate/petro ether = 1/2) to give diisopropyl [(4-methyphenyl)amino-phenyl-

methyl]phosphonate (AP-
i
Pr) as a white solid. 

Yield, 5.98 g (16.5 mmol, 88.5 %). 
1
H NMR (300 MHz, CDCl3) δ; 7.60 – 7.13 (m, 5H), 

6.91 (d, J = 7.7 Hz, 2H), 6.53 (d, J = 8.4 Hz, 2H), 4.83 – 4.59 (m, 2H), 4.48 (dp, J = 7.0, 6.1 

Hz, 1H), 2.19 (s, 3H), 1.43 – 1.13 (m, 9H), 0.95 (dd, J = 6.3, 0.7 Hz, 3H). 
13

C NMR (75 MHz, 

CDCl3) δ; 144.33, 144.13, 136.40, 129.63, 128.40, 128.36, 128.05, 127.97, 127.67, 127.63, 

127.39, 113.92, 71.98, 71.93, 71.89, 71.83, 57.78, 55.77, 24.26, 23.82, 23.75, 23.28, 23.20, 

20.36. 
31

P NMR (162 MHz, CDCl3) δ; 20.49. Anal. Calcd for C20H28NO3P (361.41): C, 66.46; 

H, 7.81; N, 3.88. Found: C, 66.46; H, 7.87; N, 3.74. ESI-MS; Calcd for C20H28NO3P, 

[M+Na
+
]; 384.17; Found for [M+H

+
]; 384.1703. 

Synthesis of [(4-methyphenyl) amino-phenyl-methyl]phosphonic acid (AP-OH)  

Under Ar atmosphere at room temperature, trimethylsilyl bromide (2.20 mL, 16.8 mmol) was 

added to a dry 1,4-dioxane solution (10 mL) of AP-
i
Pr (1.0 g, 2.8 mmol). After the reaction 

mixture was stirred for 6 hours at 60 °C, 10 mL of methanol was added to the reaction 

mixture under open condition. After stirring for another 30 minutes, the reaction mixture was 

evaporated under vacuum condition to give [(4-methyphenyl)amino-phenyl-

methyl]phosphonate (AP-OH) as a pale yellow solid. 

Yield, 690 mg (2.5 mmol, 88.9 %). 
1
H NMR (300 MHz, CD3OD) δ; 7.63 – 7.12 (m, 9H), 4.96 

(d, J = 17.2 Hz, 1H), 2.31 (s, 3H). 
13

C NMR (75 MHz, CD3OD) δ; 141.12, 133.43, 133.32, 

131.35, 131.18, 131.10, 130.77, 130.01, 124.61, 68.10, 65.45 (d, J = 147.1 Hz), 20.98. 
31

P 
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NMR (162 MHz, CD3CN) δ; 9.25. ESI-MS; Calcd for C14H16NO3P, [M-(P(O)(OH)2+H
+
]; 

196.11; Found for [M-(P(O)(OH)2+H
+
]; 196.1125. 

In order to guarantee the successful deprotection processes, the Kabachnik-Fields reaction and 

subsequent deprotection with low molecular weight model compounds were monitored by 

using 
1
H and 

31
P NMR and ATR-mode IR measurements. In this context, diisopropyl [(4-

methyphenyl)amino-phenyl-methyl]phosphonate (AP-
i
Pr) was prepared and deprotected in 

the presence of excess amount of TMSBr in 1,4-dioxane to afford the corresponding α-amino 

phosphonic acid, namely [(4-methyphenyl)amino-phenyl-methyl]phosphonic acid (AP-OH). 

The isopropyl protons of AP-
i
Pr were observed in the region ranging from 0.9 to 1.4 ppm in 

the 
1
H NMR spectrum of AP-

i
Pr, whereas the peaks owing to the isopropyl protons 

completely disappeared for AP-OH. The ATR-mode IR measurements of the model 

compounds before and after the deprotection reaction revealed that strong absorption at 1370 

cm
-1

 clearly disappeared (Figure S10). Furthermore, in the 
31

P NMR spectra of AP-
i
Pr and 

AP-OH, an obvious peak at 20.5 ppm owing to phosphonates of AP-
i
Pr clearly shifted to a 

peak at 9.3 ppm owing to phosphonic acid of AP-OH, giving a reasonable agreement with the 

spectral changes in the case of polymeric α-amino phosphonates. Therefore, we fully 

confirmed a facile conversion of polymeric α-amino phosphonates into polymeric α-amino 

phosphonic acids by simple treatment with TMSBr. 
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Figure S10. ATR-mode IR spectra of AP-
i
Pr before (solid line) and after (dashed line) 

deprotection reaction on AP-
i
Pr with TMSBr. 
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Synthesis of PMSSQ Macro-CTA. A preparation of inorganic macro-RAFT CTA was 

conducted by slightly modifying a previously reported method 
33

 and the typical procedure 

was as follows: A dry THF solution (15 mL) containing dithio benzoic acid 4-

ethyltrimethoxy-silylester (0.98 g, 2.5 mmol) was placed in a round bottomed flask. The 

reaction mixture was cooled to 0 °C and methyltrimethoxysilane (MTMS, 3.47 g, 25 mmol) 

and 500 mmol water and 10 mmol HCl were added and stirred for 3 hours at 0 °C. 

Afterwards, the reaction mixture was dissolved in diethyl ether, washed with water. After 

drying organic phase over MgSO4, was ether was removed and the product was dried in high 

vacuum. Yield 3.32 g (1.46 mmol, 58%). 
1
H-NMR (CDCl3) δ: 7.99 (br, 1H); 7.36 (br, 8H); 

5.80 (br, 8H); 4.55 (br, 2H); 3.48 (br, 2H); 2.71 (br, 2H); 0.99 (br, 2H); 0.17 (br, 69.1H). Mn = 

2279 g/mol, PDI = 1.6 

 

Synthesis of PMSSQ-PStCHO: A DMSO solution (4 mL) of PMSSQ macro RAFT agent 

(0.5 g, 219.4 µmol), AIBN (10 mg, 60.89 µmol), and 4-vinylbenzaldehyde (1.0 g, 7.56 µmol) 

was placed in a Schlenk flask and degassed by freeze-thaw cycles. The degassed reaction 

mixture was stirred at 80 °C for 4 hours and afterwards precipitated into methanol to afford a 

pale colored powder. Yield 0.91 g (0.042 mmol, 82%.) 
1
H-NMR (300 MHz, DMSO-d6) δ: 

9.92 (br); 8.13-7.93 (br, 2H); 7.39-7. 82 (br, 2H); 7.30-6.90 (br); 6.37-6.80 (br); 5.18-5.42 (br, 

1H); 0.7-1.85 (br); 0.10 (br, H). Mn=21400 g/mol, PDI=1.63  



Appendix 

 

 

Figure S1.  
1
H NMR spectra of purified PMSSQ-PStCHO. 

 

 

 

 

Figure S2. Antifouling assay on silicone substrates. Uncoated silicon substrate (B), PMSSQ-

PStCHO modified surfaces (A). Surfaces functionalized by  sur-KFR with 4-
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aminoacetanilide/bis-(2,2,2-trifluoroetyl) phosphonate (C), 4-bromoaniline/diisopropyl 

phosphonate (D), p-anisidine/diisopropyl phosphonate (E) after deprotection reaction with 

TMSBr.   

 

Table 1. Growth of Staphylococcus epidermidis DSM20044 / ATCC 14990. 

 

t Time 

[min] 

OD 550 CFU/mL logCFU 

0 0  200000 5,30 

1 48 0,0015 220000 5,34 

2 80 0,0015 580000 5,76 

3 115 0,0168 620000 5,79 

4 184 0,0038 1040000 6,02 

5 260 0,0175 1560000 6,19 

6 289 0,0284 2580000 6,41 

7 320 0,0597 3400000 6,72 

8 351 0,0137 4000000 6,60 

9 378 0,2095 20000000 7,30 

10 414 0,3595 50000000 7,70 

11 446 0,4842 104000000 8,01 

12 471 0,5445 140000000 8,15 

13 505 0,6352 180000000 8,26 

14 535 0,7212 246000000 8,39 

15 560 0,7913 288000000 8,46 

16 595 0,9099 400000000 8,60 

 

 

Figure S3. Viable cell count (CFU/ml) of S. epidermidis plotted against time. 
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Chemicals  

Chemicals 

CAS number 

Hazard symbol H-phrases P-phrases 

Acetone 

 (67-64-1) 

  

GHS02, GHS07 

H225-H319-H336 P210-P261-

P305+P351+P338 

Acetonitrile 

(75-05-8) 
  

GHS02, GHS07 

H225-H302+H312 + 

H332-H319 

P210-P280-

P305+P351+P338 

Azobisisobutyronitrile 

(78-67-1) 

 

GHS02, GHS07 

H242-H332-H302-H412 P210-P240-P403+P235 

p-Anisidine  

(67-66-3) 

  

GHS08, GHS09, GHS06 

H301-H310-H330-

H350-H373-H400 

P201-P260-P273—

P280-P284-P301+P310 

Benzene 

(71-43-2) 

 

GHS02, GHS08, GHS07 

H225-H350-H340-

H372-304-319-315 

P201-P210-P308+P313-

P301+P310-P331-

P305+P351+P338-

P302+P352 

Chloroform  

(67-66-3) 

  

GHS08, GHS07 

H225-H302+H332-

H315-H319-H335 

P210-P261-

P305+P351+P338 

Cyclopropylamine  

(765-30-0) 

   

GHS02, GHS05, GHS07 

H225-H302-H314 P210-P280-

P305+P351+P338-P310 

Dichlormethane  

(75-09-2) 

  

GHS07, GHS08 

H315-H319-H335-

H336-H351-H373 

P261-P281-

P305+P351+P338 

Diethylether  

(60-29-7) 

  

GHS02, GHS07 

H224-H302-H336 P210-P261 

Dimethyl sulfoxid  

(67-68-5) 

This substance is not classified as hazardous according to directive 

67/548/EWG 

Dioxane  

(123-91-1) 

   

GHS02, GHS08, GHS07 

H225-H319-H335-H351 P210-P261-P281-

P305+P351+P338 

Ethanol  

(64-17-5) 

 

GHS02 

H225 P210 

Ethyl acetate  

(141-78-6) 

  

GHS02, GHS07 

H225-H319-H336 P210-P261-

P305+P3+P338 

2-Ethyl-1-Hexylamine 

(104-75-6) 
 

   

GHS02, GHS05, GHS06 

H226-H302-

H311+H331-H314 

P261-P280-

P305+P351+P338-P310 

Hexane  

(110-54-3) 

    

GHS02, GHS08, GHS07, 

H225-H304-H315-

H336-H361f-H373-

P210-P261-P273-P281-

P301+P310-P331 



Chemicals 

 

GHS09 H411 

Isopropanol 

 (67-63-0) 

  

GHS02, GHS07 

H225-H319-H336 P210-P261-

P305+P351+P338 

Isopropylamine  

(75-31-0) 
   

GHS02, GHS05, GHS06 

H224-

H301+H311+H331-

H314-H335 

P210-P261-P280-

P301+P310-

P305+P351+P338-P310 

Carbon disulfide 

(75-15-0) 

    

GHS02, GHS07, GHS08 

H ‐H fd‐H ‐ 

H ‐H  

P ‐P ‐P  

+P +P ‐P  

Magnesium sulfate 

(7487-88-9) 

This substance is not classified as hazardous according to directive 

67/548/EWG 

Methanol 

(67-56-1) 
 

   

GHS02, GHS06 

GHS08 
 

H225-

H301+H311+H331-

H370 

P210-P260-P280-

P301+P310-P311 

N,N-Dimethylformamide (68-

12-2) 

   

GHS02, GHS07, GHS08 

H226-H312+H332-

H319-H360D 

P201-P280-

P305+P351+P338-

P30+P313 

N,N’-Dicyclohexylcarbodiimide 

(538-75-0) 

  

GHS05, GHS06 

H302-H311-H317-H318 P280-P305+P351+P338-

P312 

N,N-Dimethylethylenediamine 

(108-00-9) 

   

GHS02, GHS05, GHS07 

H225-H302-H312-H314 P210-P280-

P305+P351+P338-P310 

Sodium bicarbonate (144-55-8) This substance is not classified as hazardous according to directive 

67/548/EWG 

Sodium hydroxide 

(1310-73-2) 

 

GHS05 

H290-H314 P280-P305+P351+P338-

P310 

Sodium sulfate  

(7757-82-6) 

This substance is not classified as hazardous according to directive 

67/548/EWG 

Pentafluorphenol 

(771-61-9) 

  

GHS05, GHS06 

H301-H311-H314-H318 P260-P301+P310-

P303+P361+P353-

P305+P351+P338-P361-

P405 

Pentafluorphenyl acrylate 

 (71195-85-2) 

 

GHS07 

H315-H319-H335 P261-P305+351+338 

Hydrochloric acid 

(7647-01-0) 

  

GHS05, GHS07 

H290-H314-H335 P261-P280-

P305+P351+P338-P310 

Tetrahydrofuran  

(109-99-9) 

   

GHS02, GHS07, GHS08 

H225-H260-H351-

H319-H335 

P210-P231+P232-

P303+P361+P353-



Chemicals 

 

P305+P351+P338-P405-

P501A 

Triethylamine  

(121-44-8) 

   

GHS02, GHS05, GHS06 

H225-H302-H312-

H314-H332 

P210-P280-

P305+P351+P338-P310 

Trifluoracetic acid 

(76-05-1) 

  

GHS05, GHS07 

H314-H332-H412 P273-P280-

P305+P351+P338-P310 

Trimethylsilyl bromide 

(2857-97-8) 
  

GHS02, GHS05 

H226-H314 P280-P305+P351+P338-

P310 
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