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Abstract

"Self-Assembled Monolayers" (SAMs) represent a type of structure that is using
molecular self-assembly to build structure and function on the nanometer scale.
Self-assembled monolayers, which have desired control on the molecular level, should
be considered as a potential technique for the construction of more highly ordered
materials. Monolayers on substrates formed by self-assembly technique can be used
as surface modification, to adjust the physicochemical property of the outermost

surface of a material.

The aim of this project is to demonstrate a modular approach to the synthesis
of new functionalized molecules for self-assembly. In this way we can create a library
of molecules which can be used to pass the desired chemical or physical properties
to surfaces. In the same strategy, we include a reactive group that can be used
to polymerize the molecules once they have self-assembled on the surface or in
solution. This is intended to increase the final stability of the films by multi-site
attachment and is expected to eliminate the two main disadvantages of the simple
alkane phosph(on)ate SAMs, their inferior stability in aqueous solutions and the

difficulty of introducing reactive functionalities for the attachment of biomolecules.

Starting from 3-bromophenol (1) and 12-iodododecylphosphonic acid
(12a), compounds 12-(4-amino-3-vinylphenoxy)dodecylphosphonic acid (14) and
12-(4-acetamido-3-vinylphenoxy) dodecylphosphonic acid (21) were designed
and new procedures have been developed. Polymerization and solvoly-
sis of compound tert-butyl-4-(12-(diethoxyphosphoryl)dodecyloxy)-2-vinylphenyl-
carbamate (16) gave poly-2-ethyl-4-(12-phosphonododecyloxy)benzenaminium bro-
mide (26). Copolymerization of 16 with styrene gave poly-(2-isopropyl-4-(12-
phosphonododecyloxy)benzenaminium bromide)-co-styrene (28). All compounds

were fully characterized by NMR spectroscopy, elemental analysis and when pos-
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sible, melting points and molecular weight distribution were investigated for the

polymers.

SAMs were prepared with the synthesized monomers and polymers. The sub-
strates are dipped in a solution containing the adhesion promoter, until highly or-
ganized and densely packed molecular layers were formed on the substrate. The
formation of SAM is driven by a strong interaction between the substrate and the
anchoring group of the adhesion promoter, e.g. phosphonic acid and metal oxide

surface.

The modified surfaces were characterized by variable angle spectroscopic el-
lipsometer (VASE), X-ray photoelectron spectroscopy (XPS), and Infrared spec-
troscopy (PM-IRRAS).



Zusammenfassung

Selbstorganisierende monomolekulare Schichten, sogenannte SAMs, kénnen dazu
verwendet werden die Struktur und Funktion einer Oberfliche im Nanometerbereich
zu verandern. Wird der Aufbau auf der molekularen Ebene kontrolliert, kénnen sol-
che SAMs als mogliche Bausteine zur Herstellung von hohergeordneten Materialien
dienen. Ausserdem konnen die physikochemischen Eigenschaften einer Oberfliche

durch solche monomolekulare Schichten angepasst werden.

Dieses Projekt soll zeigen, dass es moglich ist mit einem modularen Ansatz
funktionalisierte Molekiile zu synthetisieren. So kann eine systematische Zusammen-
stellung von Molekiilen hergestellt werden, welche es ermoglicht die chemischen und
physikalischen Eigenschaften der Oberflache in der gewiinschten Weise zu veréndern.
Mit demselben Ansatz soll eine reaktive Gruppe ins Molekiil eingebaut werden, wel-
che eine Polymerisation erlaubt, sobald sich die Molekiile auf der Oberfliche oder in
Losung angeordnet haben. Durch diese Polymerisation und das Verwenden von mul-
tiplen Bindungsstellen auf der Oberflache wird die Stabilitat des Films erhoht. Diese
Modifikation sollte die zwei Hauptnachteile von einfachen Alkanphosphat-SAMs eli-
mieren, das heisst die verminderte Stabilitéit in wéssriger Losung und die Schwierig-
keit reaktive Gruppen anzubringen, welche das Funktionalisieren mit Biomolekiilen

ermoglicht.

12-(4-amino-3-vinylphenoxy)dodecylphosphonic acid (14) und 12-(4-acetamido-
3-vinylphenoxy) dodecylphosphonic acid (21) wurden ausgehend von 3-bromophenol
(1) und 12-iodododecylphosphonic acid (12a) hergestellt, wobei neue Vorgehenswei-
sen entwickelt werden mussten. Die Polymerisation und Solvolyse von tert-butyl-4-
(12-(diethoxyphosphoryl)dodecyloxy)-2-vinylphenyl-carbamate (16) ergab die Ver-
bindungen poly-2-ethyl-4-(12-phosphonododecyloxy)benzenaminium bromide (26).
Durch die Copolymerisation von 16 mit Styrol entstand poly-(2-isopropyl-4-(12-
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phosphonododecyloxy)benzenaminium bromide)-co-styrene (28). Alle Komponen-
ten wurden mit NMR Spektroskopie und Elementaranalyse charakterisiert und wenn

moglich wurden die Schmelzpunkte und Molekulargewichts-verteilungen bestimmt.

Die synthetisierten Monomere und Polymere wurden dazu verwendet selbst-
organisierende Schichten herzustellen. Dazu wurden die Substrate in eine Losung
synthetisierter Molekiile getaucht bis organisierte und dichtgepackte monomoleku-
lare Schichten entstanden. Die starke Wechselwirkung zwischen Substrat und An-
kergruppe des synthetisierten Molekiils, in diesem Fall zwischen Metalloxid und

Phosphonséaure, begiinstigt dabei die Bildung des SAMs.

Alle modifizierten Oberflachen wurden mit Rontgenphotoemissions Spektrosko-
pie (XPS), spektroskopischer Ellipsometrie (VASE) und Infrarot Spektroskopie (PM-
IRRAS) charakterisiert.
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CHAPTER 1

Introduction and Scientific Background

1.1 Background of Self-Assembled Monolayers
(SAMS)

1.1.1 Definition of Self-Assembly

An organized self-assembled monolayer (SAM) is a single layer of molecules on a
substrate in which the molecules exhibit a high degree of orientation, molecular
order and packing. There are two common methods for depositing such a monolayer,

namely, Langmuir-Blodgett deposition and self-assembly technique.
The three different definitions of self-assembly are as follows:

1) In chemical solutions, self-assembly (also called Brownian assembly) results
from the random motion of molecules and the affinity of their binding sites for one
another. Also, it refers to the joining of complementary surfaces via nano-molecular

interactions [1].

2) A method of integration in which the components spontaneously assemble,
typically by bouncing around in a solution or gas phase until a stable structure of

minimum energy is reached [2].

3) Self-assembly is the process by which a system of non-living chemical com-

ponents has become a living, biological system |[3].

These three definitions highlight the problem of defining self-assembly. Today,

self-assembly is one of the most interesting topics in science, and governments are
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investing enormous amounts of money into related projects. As the number of
publications on SAMs is increasing tremendously (273 in 1996, 562 in 1998, 721 in
2000 and 946 in 2002), new applications are likely to be developed.

SAMs are ordered molecular assemblies formed by the spontaneous adsorption
of an active surfactant on a solid surface from solution or a gas phase (Fig. 1.1). Here
the surfactant consists of a surface active head-group, a spacer, usually with an alkyl
group, and a reactive tail group. The assembly into these two-dimensional systems
is produced by a spontaneous chemical reaction at the interface, as the system
approaches equilibrium. The degree of order in these systems is largely determined
by the alkyl chain length; SAMs prepared by using molecules with short alkyl chains
(fewer than 10 carbons) apparently lack sufficent attractive interactions between
alkyl chains to produce well-ordered monolayers [4]. Although there is a limitation
in using long-chain molecules, SAMs of functionalized long-chain hydrocarbons are
most frequently used as building blocks of supermolecular structures which show
new functions that can not be exhibited by the isolated monomer. The interactions
between subunits are non-covalent such as hydrogen bonds, electrostatic and van

der Waals forces.

An appropriate choice of the building groups will contribute to the optimal de-
sign of the SAMs. Deposition of SAMs is done by either liquid-phase or vapor-phase
deposition. Liquid-phase deposition is a very convenient, fast, and easy process.
Vapor-phase deposition, on the other hand, requires a specially constructed reac-
tor and gas flow lines, but can overcome the limitations of liquid-phase deposition,
such as difficulty in the transport of reactive species, non-uniform distribution of
reactants, and incomplete coverage of surfaces, but it is limited to volatile, low-

molecular-weight adsorbates.

This simple process makes SAMs inherently manufacturable and thus techno-
logically attractive for surface engineering and the building of superlattices. One
advantage of using SAMs is that the alkane chain length can also be easily modified,
thus creating films of variable thickness. Longer alkane chains with methyl or tri-
floromethyl end groups will have greater dispersion interactions than shorter chains,

thus leading to a lower free energy and a more ordered monolayer [6].
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Figure 1.1: Self-assembled monolayers are formed by simply immersing a substrate into a solution
of the surface-active compound. The driving force for the spontaneous formation of the 2D assembly
includes chemical bond formation of molecules with the surface and intermolecular interactions [5].

1.1.2 History of Self-Assembly

In the past decade, self-assembled monolayers (SAMs) have been extensively stud-
ied due to their well-defined structures that can be fabricated by a simple dipping
process [5]. These organized, surface-confined monolayers are commonly used to

impart the desired chemical or physical properties to surfaces.

It is interesting to comment on the modest beginning of self assembly and on im-
portant milestones. The field really has begun much earlier than is often recognized.
In 1946, Zisman and his coworkers published the preparation of a monomolecular
layer by adsorption (self-assembly) of a surfactant onto a clean metal surface [7]. At
that time, the potential of self assembly was not recognized, and this publication
initiated only a limited level of interest. In the late 1970s Sagiv [8] successfully
adsorbed trichlorosilanes onto silicon oxide. Nuzzo & Allara [9] showed in the early
1980s that thiols on gold SAMs can be prepared by the adsorption of di-n-alkyl
disulfides from dilute solutions, which were to become the most popular SAM sys-
tem and brought SAMs into the popular scientific consciousness. Interest in these

monolayer films has tremendously increased since that time, and the development
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and application of surface-sensitive experimental techniques (e.g. scanning probe
microscopy, and infrared spectroscopy and X-ray photoelectron spectroscopy) have
resulted in an improved understanding of the film structure and growth process.
Ulman'‘s book [10] serves as a useful introduction to SAMs and thin organic films in

general.

1.1.3 Ultrathin Films; Langmuir-Blodgett versus SAM Tech-

niques

Studies of monolayers have been motivated by their relevance to a variety of hetero-
geneous phenomena including solid-state microelectronics, electrochemistry, cataly-
sis and biology. One route to the preparation of such structures is via the classical
Langmuir-Blodgett monolayer transfer technique [11] [12]. The area of Langmuir-
Blodgett films, monolayer structures transferred from a water surface to a substrate
has received a great deal of attention [13]. These films are effective for study because
of the simple manner in which a single monolayer or multilayers can be deposited.
This powerful approach unfortunately suffers from several drawbacks, most impor-
tant being the requirement for planar substrates, the sensitivity to environmental
contaminants and the large number of mechanical manipulations required to pro-
duce complex structures. These problems arise from the fact that LB films are
metastable structures and prepared via transfer of preassembled monolayers to the
substrate [11]. Sagiv and coworkers have demonstrated that the adsorption of a
stable monolayer, followed by alternate chemical activitation and adsorption steps,
can yield organized multilayer structures without the need of monolayer transfer
techniques. Unfortunately, the a-chlorosilane-w-alkene system, which they chose
to illustrate this concept, does not permit stacking of more than 2-3 layers before

structural defects occur in the film [14].

There are two main aims in the preparation of organic thin layers on solid
surfaces. One is the modification of the surface properties of the solids. Physico-
chemical properties, such as the stability and wettability of solid surfaces, can be
altered by the adsorption of ultrathin organic layers. Both modified and unmodified
surfaces provide new paths for chemical reactions and selective guest binding. The
other aim is the construction of novel supramolecular assemblies on solid surfaces.

The distribution, orientation and diffusion of adsorbed species on solid surfaces have
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been controlled by the interactions between the surface of inorganic solids and the
adsorbed species, the intermolecular interactions between adsorbed species, and the
presence of co-adsorbed species. Consequently, novel controlled microstructures can
be achieved by the choice of host (solid surface) and guest species. The reactions of
adsorbed species at solid surfaces can often generate desirable features that are not

available in homogeneous media.

Typical LB films are prepared by transferring monolayers of amphiphilic
molecules at the air-water interface onto solid substrates. The amphiphilic molecule
is a molecule with one end that is hydrophilic, and, therefore, is preferentially im-
mersed in water, and the other end that is hydrophobic, and preferentially resides
in air (or in the nonpolar solvent). The amphiphilic molecules are first dissolved in
an organic solvent that is immiscible with water, spread on the water surface, and
compressed by decreasing the area in which the molecules are confined, to form a
monolayer at the air-water interface, at the same time as the solvent evaporates.
Then the monolayer is transferred onto a solid substrate, either by dipping the sub-
strate through the interface or by touching it to the interface. The procedure can
be used to obtain ultrathin films with the structure and thickness (monolayer or
multilayer) controlled at molecular level. Three possible structures produced by LB

technique are shown in Fig. 1.2,
Q
pi
1111
M1

A B C

-0 —O

43

—

—o0 —0 —o0

Figure 1.2: A, B and C- mode in Langmuir-Blodgett film deposition.
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1.2 Substrates for SAMs

SAMs provide a convenient, flexible and simple system with which to tailor the
interfacial properties of metals, metal oxides and semiconductors. The molecules
that form SAMs have a chemical functionality, or headgroup, with a specific affinity
for a substrate, the headgroup has a high affinity for the surface and displaces
adsorbed organic materials from the surface. There are a number of headgroups

that bind to specific metals and metal oxides (Table 1).

1.3 Investigated SAM Systems

Many studies have been carried out to clarify the monolayer structures using vari-
ous surface probes such as X-ray photoelectron spectroscopy [43], grazing incidence
infrared reflection absorption spectroscopy (IR-RAS) [44], ellipsometry [45], surface

plasmon resonance spectroscopy (SPR) [46], or atomic force microscopy (AFM) [6].

The monolayer self-assembly technique is based on a reasonable choice of both
the adsorption chemistry and the molecular shape of the adsorbate. By choosing
an adsorption chemistry, which is selective but stable, a large variety of functional
groups can be incorporated into the adsorbed molecule without disrupting the ex-
pected connectivity with the substrate. By choosing an appropriate set of molecular
shapes, dense crystalline-like packings can be achieved. In favorable cases, one
can achieve a unique and well-defined monolayer structure. Today, monolayer self-
assembly chemistries include thiols [47], disulfides [48] and sulfides [48] on gold; fatty
acids [49] and phosph(on)ates on metal oxides [50]; silanes on silicon dioxide [51] and
hydroxy functionalized surfaces [52]; and isonitriles on platinum [53]. Many more
are certainly possible, such as the recently published catechol derivative anachelin
on TiO, surfaces [54].

1.3.1 Thiols, Sulfides, Disulfides

In the self-assembly method, alkanethiols, SH(CHs), X, usually in the form of thiols,
disulfides, or sulfides are spontaneously assembled onto gold or other precious metals
upon exposure of the metal surface. Solution adsorption of sulfides onto zerovalent

gold substrates are preferred because of their inertness toward corrosion or oxidation.
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Table 1.1: Combinations of headgroups and substrates used in forming SAMs on metals and
metal oxides [15]

Amphiphiles Substrates References [15]
ROH Fe,O, [16]
Si-H [17]
Si [18]
RCOO~/RCOOH a-AlO; [19]
Fe,O, [20]
Ni [21]
Ti/TiO, 122]
RCOO-OOCR Si(111):H [23]
Si(100):H 23]
RNHQ FGSQ [24]
Mica [25]
Stainless Steel [26]
RCN Ag [27]
Au [27]
RNC Pt [28]
RSH Au [29]
Stainless Steel [26]
RSR Au [30]
RSSR Au 9]
R,3P Au [31]
Rs;P=0 Co [32]
RPO3*~ /RP(O)(OH), Al [33]
Indium tin oxide [34]
Mica [35]
TiO, 136]
ZI‘OQ [37]
RPO42_/RPO4H2 Al [38]
NbyO3 [38]
Ta203 [4]
RSiX; X = H, Cl, OCH,CH3 HfO, [39]
Indium tin oxide [40]
PtO [41]
TiO, 139]

ZI’OQ [42]
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Such SAMs can be simply prepared that are highly stable, densely packed and

ordered.

These SAMs remain the most popular system despite being limited to noble
metals. The selective binding of thiols to gold, as well as the absence of a stable
gold oxide surface layer, allows for the incorporation of a wide range of functional
groups (Fig. 1.3). The structure of a self-assembled monolayer depends on the

morphology of the metal and characteristic of the molecules such as size, head- and

tail-group.
Organic Interface:
- Determines surface properties
- Presents chemical functional groups
Terminal
Functional
Group
Spacer ) Organic Interface (~1 nm):
(Alkane Chain) - Provides well-defined thickness
- Acts as a physical barrier
- Alters electronic conductivity
and local optical properties
Ligand or Metal-Sulfur Interface:
Head Group | - Stabilizes surface atoms
- Modifies electronic states
Noble Metal
Substrate

Figure 1.3: Schematic diagram of an ideal, single-crystalline SAM of alkanethiolates supported

on a gold surface with a (111) texture.

1.3.2 Silanes

Trichlorosilanes are known for their excellent grafting to silica surfaces. Substrates
such as Si/SiOy can react with trichlorosilanes resulting in a three-dimensional net-
work of reactive Si-OH groups and Si-O-Si bonds. The organosilane derivatives
RSiX3, RoSiXy or R3SiX, where X is a chloride or alkoxy group and R is an organic
group that can carry different functionalities, are known to react with hydroxy-

lated surfaces to form monolayers. In a typical procedure, a hydroxylated surface
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HO R
HO R\ R \S'/
. R '
_Si-0O /O\\ o~ O
\/, 5i—
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Cl-Si-cl Si 0-Si-0-Si-0 -Si HO-Si-0O \Si/
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Partial monolayer Dense monolayer Multilayer

Figure 1.4: Schematic diagram of surface modification of an oxide surface by octadecyltrichlorosi-
lane [56].

is introduced into a solution of alkyltrichlorosilane in an organic solvent. When
alkyltrichlorosilane is used, Si-Cl bonds react with the OH groups present on the

surface of the substrate to form a siloxane network.

Silane chemistry has also been used for covalent multilayer growth [55], but this
chemistry can be difficult to control and it is susceptible to unwanted polymerization

reactions, preventing the ability to create uniform, layered interfaces (Fig. 1.4).

1.3.3 General Overview of Phosphate and Phosphonate
SAMs

As an important class of self-assembled organic molecules, phosphonic acids, are
somewhat less often characterized compared to silanes and thiols, but are the be-
coming of great practical interest because of their ability to produce SAMs on a

range of metal oxide surfaces [33].

Organophosphonates and organophosphates are structurally similar. An
organophosphate has 4 oxygens with an alkyl group connected via a phosphoester
bond. Phosphonates have 3 oxygens with a carbon attached directly to phosphorus
(Fig. 1.5). The lack of a hydrolyzable P-O-C linkage makes phosphonate compounds
more stable in aqueous solution and easier to make SAMs with than organophos-

phate compounds.
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O @
I [
— R
~\ OH ' \~OH
RO ©oH R \OH
Organophosphate Organophosphonate

Scheme 1.1: Structure of organophosphate and phosphonate compounds.

The reaction of long-chain alkylphosphonic acids with metal oxide supports
leads to dense, well-ordered SAMs [37] [57] [36] that can find applications in a wide
range of fields such as catalysis, corrosion resistance, microelectronics, and chemical

sensors [5].

Organophosphorus compounds have attracted interest as an alternative to
organosilane compounds in the functionalization of inorganic surfaces due to
their characteristic features such as a large number of available organophospho-
rus functional molecules and the difference in surface reaction mechanisms between
phosphorus- and silane-compounds. Many metal oxides, including metal oxides
of titanium, aluminum, iron, steel, and copper, have been used as a substrate
organophosphorus compound-involved surface modification because they are not
water sensitive [58]. The binding mode of organophosphorus molecules has been
proposed to be mono-, bi-, and tridentate (Fig. 1.6) this being a property of both
the surface and the nature of the organophosphorus compounds. Surface modifica-
tion of TiOs with phosph(on)ates or phosphoric acids is an attractive topic because
of the altered catalytic function of the transition metal oxide surface [59]. Phos-
phonates and phosphonic acids form SAMs on TiOs surfaces by the formation of
Ti-O-P bonds. Textor et. al. [56] [60] [61] [62] have extensively studied alkyl
phosphate-SAM formation on TiOs, NiyOs, TasO5 of alkyl phosphates. X-ray pho-
toelectron spectroscopy (XPS) and time-of-flight secondary ion mass spectroscopy
(TOF-SIMS) were employed to study the binding of alkyl phosphates to TiOs.

Transition metal oxides such as tantalum oxide (TayOs ), niobium oxide (NiyOs),
and titanium oxide (TiO,), in particular, are known to interact strongly with
phosph(on)ates and to form relatively stable interfacial bonds. Like thiol on gold,
phosph(on)ate-metal oxide SAMs form monolayers with a "tail-up" orientation and

a tilt angle of the hydrocarbon chains of about 30° with respect to the surface nor-
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Monodentate Bidentate Tridentate

Figure 1.5: Different bonding modes of a phosphonate unit to a metal oxide surface [56].

mal [63] [64]. The use of organic solvents in the deposition process has three main

disadvantages compared to water:

(1) Organic solvent molecules may be trapped within the adlayer and reduce
the order of the SAMs.

(2) For the formation of mixed adlayer systems, it can be difficult to find an

organic solvent that is suitable for both components.

(3) On an industrial scale, organic solvents are increasingly disfavored because

of both environmental emission and disposal issues.

Moreover, for applications in areas such as medical devices and implants, the
presence of even minor organic solvent residues in the adlayers cannot be tolerated,
in view of potential cell-toxicity effects and other biological risks. On the other hand,
SAMs, in particular of molecules with functional groups, are of great interest for the
modification and functionalization of biomaterials and medical devices. Therefore, a
technique based on the deposition of SAMs from aqueous alkyl phosphate solutions
has been developed and successfully applied to a variety of metal oxide substrates
[56]. Textor et. al. [56] [60] [61] [62] have studied alkyl phosphate-SAM formation
on TiO, with an agressive solution of a dodecyl phosphate ammonium salt. They
showed that self-assembly process from aqueous solution onto titanium oxide surface
allows the wettability of the surface to be tailored, not only in the case of smooth
surfaces but also for high-surface-area materials, such as a sandblasted and acid
etched (SLA) dental implant surface.

Lightweight, strong titanium metal is of increasing importance in fields as diverse
as aviation and aerospace [65], high-performance sports equipment |66, and medical
implants [67] [68] [69]. Titanium metal readily surface oxidizes [70], but the native
oxide coating is generally resistant to further chemical reaction, which makes coating

with organics problematic. Alkanephosphonic acids are common coatings |71] for
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native oxide surfaces of metals or alloys such as tin [72] [73], iron [74] [75], steel
[73] [75], aluminum [75] or copper [76] [74] or for bulk oxides such as mica [77].
Indeed, even though phosphonic acids react strongly with ZrO, from hot solution,
the comparable reaction with TiOy is poor [57]. Schwartz and co-workers have
reported that self-assembly of alkanephosphonates on the native oxide surface of
Ti can be effected by a simple procedure of aerosol deposition followed by solvent
evaporation; subsequent warming gives a strongly surface-bound, ordered films of the
alkanephosphonate species, which resist removal by solvent washing or mechanical

peel testing [78].

The adsorption of octadecyl phosphate from organic solvent onto oxide surfaces
of tantalum, titanium, niobium, and aluminum was studied with different surface
analytical tools. The molecules were found to form densely packed SAMs if prepared
from a heptane/2-propanol solution. The packing density is comparable to that of
alkanethiols on gold, resulting in a similar inclination of the alkane chains from the
surface normal. However the average size of regular two dimensional structures is
smaller (< 2 nm x 2 nm) than those of thiols on polycrystalline gold (> 10 nm)
due to the nanocrystalline to amorphous character of the oxide surface. Zwahlen et.
al. [79] found that dodecyl phosphate adsorbed from aqueous solution formed self-
assembled films of comparable quality to those of the longer octadecyl phosphate

prepared from organic solvent and those of a similar thiol/gold systems.

Octadecyl phosphoric acid ester on metal oxide has been found by contact angle,
optical waveguide lightmode spectroscopy (OWLS), near-edge X-ray absorption fine
structure spectroscopy (NEXAFS) and X-ray photoelecrtron spectroscopy (XPS)
measurements [4] to closely resemble those from the corresponding alkane thiol-
gold systems, with respect to packing density, inclination and order. The system
shows promise as an approach to functionalizing oxide surfaces with well-ordered
organic layers with potential applications in the fields of biochemical analysis and
sensors. Spencer and coworkers have described for the first time a self-assembly
technique that employs alkyl phosphoric acid esters to produce dense, highly or-
dered monolayers in a "tails-up" configuration, on a TayO5 surface. Tantalum oxide
was chosen because of its high refractive index, which makes it possible for ap-
plication in a planar-waveguide-based bioaffinity sensor [80]. Upon appropriate w-
functionalization, alkanephosphate-based SAMs have the potential to be used as the
interface that anchors active sensing elements or as the basis of passive, biomolecule-

resistant regions on the sensor surface.
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Textor et. al. [63] have focused on the structural chemistry at the phos-
phate oxide interface. By the help of three complementary surface analytical tech-
niques (angle-dependent X-ray photoelectron spectroscopy, time-of-flight secondary
ion mass spectroscopy, and atomic force microscopy in lateral force mode) they
showed that a 2.2 nm thick "tails-up"-oriented adlayer is formed, which displays lo-
cal near-hexagonal order, strong P-O-Ta bonding, and the presence of (-P-0O-);Ta
species. They proposed a model for the binding and the structural organization
of the octadecly phosphate molecules on the tantalum oxide surface involving di-
rect coordination of the terminal phosphate head-group to Ta(V) cations forming a
strong complexation bond, two types of bonding of the octadecyl phosphate with

both monodentate and bidentate phosphate-Ta(V) coordinative interactions.

Hofer et. al. [56] have demostrated that both pure and mixed alkyl phosphates
with different terminal functionalities can be deposited from aqueous solution by
converting the free (water-insoluble) alkyl phosphoric acid into the corresponding
water-soluble salts . They described two novel approaches to modifying metal oxide
surfaces: use of aqueous solutions of alkane phosphates in the self-assembly process
and the tailoring of surface wettability based on mixed alkane phosphate/hydroxy-
terminated alkane phosphate SAMs. Mixed SAMs on metal oxide surfaces are of
particular interest to the biosensor and biomaterial field, because they allow surface
properties such as wettability, polarity, surface charge, and so forth to be tailored in a
precise manner. Such surface tailoring may prove to be highly relevant for controlling
the interaction between the SAM-modified surface and biological systems, such as

proteins, antibodies, and cells.

Tosatti et. al. [60] continued with SAMs of dodecyl and hydroxy-dodecyl phos-
phates on both smooth and rough titanium and titanium oxide surfaces. They per-
formed the deposition and characterization of monolayers of dodecyl and hydroxy-
dodecyl phosphates and a mixture of the two from aqueous solutions of their am-
monium salts onto three different substrates: titanium oxide and titanium metal
films, deposited by physical vapor deposition onto glass and silicon substrates (serv-
ing as smooth, flat model surfaces), and a special titanium dental implant surface
with a rough, highly corrugated surface. This study describes the physicochemical
and structural properties of the single-component and mixed SAMs on titanium
and tests the feasibility of using alkyl phosphate based SAMs to tailor the surface

properties of titanium medical devices.
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It is well established that thiols are strongly adsorbed on gold and silver, car-
boxylic acids adhere to aluminum oxide surfaces, and nitriles and amines bind to
platinum [81]. There is very little reported in the literature about surfactants with
phosphonate or phosphate headgroups as protecting agents. In one such piece of
work, Maoz and Sagiv, reported that C;g phosphates form robust self-assembled
monolayers on polar surfaces such as glass and ZnSe [55][75], unlike surfactants
with -OH and -COOH terminal functional groups. Consequently, alkyl phosphates
or phosphonates should be considered for applications where strong binding of or-
ganic molecules to surfaces is needed. As for the adsorption of phosphonates or
phosphates ontp nanoparticle surfaces, the literature is extremely sparse. In one
such work, Gedanken et. al. [82] studied the adsorption of alkanesulfonic and alka-
nephosphonic acids on the surface of amorphous ferric oxide particles and proposed
two possible bonding schemes for the phosphonate ions on Fe?"| i.e., one Oxygen
or two Oxygen atoms of the phosphonate group binding onto the surface. The
possibility of using alkyl phosphonate and phosphate surfactants as efficient binding
ligands on metal oxide nanoparticle surfaces has motivated others; Sahoo et. al. [83]
showed the surface derivatization of magnetite (Fe3O,4) by oleic acid (OA), lauric
acid (LA), dodeclyphosphonic acid (DDP), hexadecylphosphonic acid (HDP), and
dihexadecyl phosphate (DHDP). They compare properties of carboxylic acid coated
particles to colloidal nanoparticles coated with phosphonate or phosphate ligands.
They found that alkyl phosph(on)ates could be used for obtaining thermodynami-
cally stable dispersions of magnetic ferrite nanoparticles. The good biocompatibil-
ity of phosph(on)ate ligands may advance the utilization of encapsulated magnetic
nanoparticles in medical applications such as magnetic resonance imaging and other
biophysical purposes. Besides alkyl phosph(on)ates bind efficiently to iron oxide
particle surfaces and can serve, in general, as potential alternatives to fatty acids as

coating agents for oxide nanoparticles.

Zr Complex-Modified Surfaces, Multilayers

While alkanethiols on gold have been investigated extensively, the opportunity to
form complex interfacial structures, e.g. multilayers, is limited unless specially func-
tionalized molecules are used in the formation of the initial layer [44] [84] [85] [86].
For alkanethiols, terminal methyl groups effectively prevent chemical addition be-

yond the first layer so alternative chemistries that allow for the simple formation
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of multiple layers had to be developed to avoid this problem. Metal-phosphonate
chemistries have proven to be a remarkably effective and robust route to the forma-
tion of multilayer assemblies. Layered metal phosphonates are attractive materials
for several reasons. Synthesis of the layered assemblies is simple, involving an im-
mersion of a primed substrate into alternating metal ion and «, w-biphosphonate
solutions. The low solubility of the complex formed between phosphonates and
several metal ions makes the structures especially robust, in contrast to Langmuir-
Blodgett layers, which are characterized by weak interlayer associations. Zirconium
phosphonate layered complexes are most common, but other metal ions like iron
have been used as well [75] [87] [88]. The structures are built up one layer at a
time with control over the specific molecular identity of each layer, which allows for
a fine control over the chemical, electrical, or optical properties of each layer and,

consequently, of the entire film.

Alkanethiols do not form strongly bound monolayers on native metal oxide
surfaces [89] [90], and siloxanes can be unstable to hydrolysis under physiological
conditions [91] [92]. Schwartz and co-workers have reported that self-assembled
monolayers of phosphonates can be strongly bonded to Ti or Ti alloy surfaces via
reaction of phosphonic acid with their native oxides [78| [92] [93], but attempts to
make sterically controlled films of two different phosphonates on the same substrate
have not been succesful, mixing of the precursor phosphonic acids on the surface is
apparently faster than their bonding to that surface. They further reported that
«, w-diphosphonic acids can form hydrolytically stable, strongly bound films of
the corresponding phosphonates directly on the native oxide surfaces of Ti and
Ti-6A1-4V. These films can be activated in a way that is, in principle, accessible
to patterning. This method gives a new type of compound interface between a
surface and a biomolecule. In particular, they found that zirconium tetra-(tert-
butoxide) can react rapidly with these films, either across the entire surface or at
determined places by controlled deposition. These surface-bound alkoxides can be
further derivatized to bind a biomolecule to the surface. Derivatized Zr complex-
modified surfaces are hydrolytically stable, and they can retain the high mechanical

shear strength of parent diphosphonate film-metal oxide surface interfaces [94].

Mallouk et al [95] [96] have reported a multilayer synthesis based on the se-
quential adsorption of components of ZDBP, Zr(O3PC;oHPO3). They selected

this compound because like many transition-metal phosphonates, it spontaneously
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crystallizes as a layered compound when solutions of the appropriate metal salt and

phosphonic acids are mixed.

When considering the possible structures that may result from a particular
surfactant /substrate combination, it is useful to examine the bulk state analogues.
A wide range of layered metal carboxyalkylphosphonates have been synthesized to
investigate their potential use as ion exchangers, proton conductors, catalyst and
host materials. Divalent metals such as Zn and Fe can form structures where the
carbonyl group is connected to the metal center. In the case of tetravalent metals
(Zr, Ti) only the phosphonic acid groups coordinate with the metal. The resulting
lamellar Zr|O3P(CH,),,CO2H]|y structures consist of planes of metal atoms linked
together by phosphonate groups with the organic groups lying above and below the
inorganic layer. The pendant acid groups form strong interlayer hydrogen bonds,
associating as interlayer dimers. Interesting even/odd effects have been observed for
the reactivity of Zr|O3P(CH;),,CO2H]|» toward guest molecules which was attributed
to changes in the orientation of pendant carboxylic acid groups with the numbers
of methylene groups [97]. Given these results, it is not unreasonable to expect that
carboxyalkylphosphonic acids will form carboxylic acid terminated surfaces on ZrO,
and TiO, [37].

1.4 Applications of SAMs

Self-organized molecular monolayers at interfaces have been intensively studied in re-
cent years for a variety of scientific and technological reasons [98]. Monolayers of in-
soluble amphiphiles deposited at the water/air interface, known as Langmuir mono-
layers (LMs), provide insight into fundamental issues of two-dimensional physics.
They are also model systems for studies of structure and dynamics in membranes.
SAMSs represent a particular flexibility of surface modification and are believed to
hold promise in a variety of technologies, including corrosion resistance, catalysis,
prevention of bio-fouling, chemical sensing, and microelectronics [5]. Sophisticated
surface analytical and structural techniques have led to a detailed understanding of
molecular epitaxy and packing in SAMs, particularly in films composed of alkylthiols
adsorbed on the Au(111) surface [99].

Self-assembly is one of the few practical strategies for making nanostructured

ensembles. Therefore, the field of nanotechnology and robotics will benefit from
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self-assembly. It is also common to find self-assembly in more dynamic systems such

as smart materials and self-healing structures [3].

SAMs that resist the attachment of protein are being studied for a wide range
of applications, from the reduction of biofilms on large ships to the prevention of

the foreign body response on implants.

1.4.1 Corrosion Protection

The application of self-assembly for corrosion protection has been recently in the
focus of interest. Self-assembling molecules with unique properties, e.g. formation
of well-defined dense, ordered and stable layers, are capable to form protective layers
with appropriate stability. The design of surface properties became possible in this

way.

Although the self-assembling phenomenon is well known, care must be taken
during application on commonly used structural metals. There is a significant impact
of the structure and composition of the metal surface itself on the self-assembly.
Oxide-free metal surfaces and metals covered with stable oxides provide favorable
conditions for self-assembly [49]. Some problems arise when molecules are self-
assembled on continuously changing surfaces or metals covered with unstable, porous
oxides. In this later case, the inhomogenity and instability of the metal substrate
result in a disordering of the adsorption layers. SAMs derived from the assembly of
n-alkanethiols onto copper have been succesfuly applied for prevention of corrosion
of the underlying copper in various conditions [51]| [52] [50] [53]. Chemisorption of
alkanethiols on a reduced iron surface has been shown to supress iron corrosion by
hydrophobic film formation [100] [101]. Another field of application of the assembly
process is in the replacement of chromating procedures on reactive metals such as
aluminum. Chemical modification of aluminum [102| [103] and zinc [102] surfaces
by self-assembled layers of alkanephosphonic and -phosphoric acids can improve the
organic coating adhesion and corrosion protection. Self-assembling molecules with
two reactive groups, one attached to the metal surface and the other connected to
an organic coating, can inhibit electrochemical reactions at the interface and result

in very stable bonds between the organic coating and the metal surface.

Corrosion testing of SAMs indicated a higher corrosion resistance for aluminum

modified with SAMs of phosphonic acid compared to carboxylic acids. An inelastic
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electron tunneling spectroscopy study of the adsorption and structure of alkyl phos-
phonic and alkyl phosphoric acids suggested that tridentate species were formed

with aluminum oxide surfaces [103].

1.4.2 Friction Reduction

Aluminum-coated silicon substrates are commonly used for various mi-
cro/nanotechnological systems (MOEMS/NOEMS) including Digital Micromirror
Devices (DMD). For efficient and failure proof operation of these devices, ultra-
thin lubricant films of self-assembled monolayers (SAMs) are increasingly being
employed. Fluorinated molecules are known to exhibit a low surface energy, ad-
hesion and friction, which is desirable for tribological applications. Hoffmann and
co-workers [104] have investigated contact angle, surface energy, friction, adhesion
and wear properties of a perfluoroalkylphosphonate SAM and compared them with
those of alkylphosphonate SAMs on Al surfaces. They found that both fluorocar-
bon and hydrocarbon SAMs showed a reduction in adhesive force, friction force,
and coefficient of friction as compared to bare Al. Perfluorophosphonic acid, which
has the lowest surface energy, also exhibited a lower adhesive force than decyl- and
octadecylphosphonic acid SAMs. At small normal loads, the friction force for flu-
orocarbon SAMs was lower than for their hydrocarbon counterparts. However, for
high loads, the friction force was higher for fluorocarbon compared to hydrocarbon
SAMs. From a tribological point of view, it is found that SAMs with compliant and
long hydrocarbon backbone chains and those with fluorocarbon backbone chains
show a highly desirable behaviour [105].

1.4.3 SAMs for Biomaterials

SAMs help in the development of new biomaterials. They serve as model surfaces
for isolating biological interactions (such as cell signaling, cell adhesion, and protein
interactions) on the molecular level. A primary advantage of SAMs is that changing
as little as one atom of the terminal group can dramatically alter the macroscopic
properties of the surface. Such surface properties include wettability, biocompati-

bility and protein/cellular adhesion.

The use of titanium and its alloys as biomaterials is increasing due to their

relatively low modulus and good corrosion resistance [106] [107]|. Also, titanium is
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remarkably compatible with human tissue in comparison with other metals. Since
the biological response to an implanted biomaterial is influenced by the surface
properties of the materials at a molecular level [108] [109] [110], the interaction
between an implant and its surrounding tissue can often be controlled by modifying
the chemical and/or physical properties of the implant surface. This control is
achieved in two stages, for example, electropolishing and anodic oxidation of the
Ti45Nb alloy provide a surface with a uniform oxide layer that is the mixture of
TiOy and NboOj [111]. SAMs are useful for modifying surface chemistry and/or
attaching molecules to surfaces. The SAMs provide chemically and structurally well-
defined surfaces that can be manipulated using standard synthetic methodologies
[112]. SAM attachment to a metal or alloy surface depends in large part on the
composition and reactivity of the surface. It is therefore important to control the
surface onto which a SAM will be attached with respect to its chemical composition
and microstructure, as they will determine the quality of the SAM in terms of its

stability, degree of coverage, and order.

Self-assembled monolayers are finding increasing use to tailor the molecular
recognition properties of surfaces used in biosensing. Self-assembled monolayers
have been used to control the properties of sensors on the basis of the quartz crystal
microbalance [113], acoustic plate modes [114] and surface plasmon resonance [115].
Non-specific adsorption of protein is a common problem with these devices. Ligands
immobilized on SAMs terminated in oligo(ethylene glycol) groups provide a route to

generate biospecific surfaces with a high control over the properties of the surfaces
[116].

High selectivity provided by biomolecules (antibodies, enzymes, nucleic acids)
or biological systems (receptors, whole cells) is exploited in biosensors, in which a
biological sensing element is integrated with an electrochemical, optical or piezo-
electric transducer [117] [118]. Most commonly, the biological component (capture
molecule) is immobilised on the surface of the transducer. As a consequence, im-
mobilisation strategies for biomolecules are of importance in order to preserve their
biological activity. At biological recognition, i.e. when the immobilised molecule
and its ligand (analyte) interact, a signal is generated which is related to the con-

centration or amount of the analyte in the sample, or bound to the surface.
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1.5 Scope of this Thesis

In the past 10 years, organophosphorus compounds have attracted growing interest
due to their high affinity toward metal oxides. In our case TiO, was chosen because
dodecyl phosphate and hydroxy-terminated dodecyl phosphate were shown to spon-
taneously assemble on smooth titanium oxide [56] and due to its importance related

to applications in the fields of medical devices or optical biosensors.

In this work, the self-assembly technique has been used to fabricate monolayers.
By using phosphonic acid ester derivatives in establishing monolayers is believed
to have potential for designing specific interface architectures in sensor technology,
for surface modification of oxide-passivated metallic biomaterials and for composite

metal oxide-polymer interfaces.

Most of the SAMs studied so far use the sulfur-gold interaction. Since gold is not
a preferred material for large-scale applications and/or transparent optical sensors,
a self-assembling system for metal oxide substrates is favored. With this background
in mind, this thesis aims at developing "A Modular Approach to Functional SAMs"
that takes into account a polymerization on the substrate. A particular objective is
to develop a synthetic scheme where we combine a polymerizable center piece with
11 and tail group. To achieve this, several synthetic steps had to be developed,
optimized, adapted and finally combined in order to produce densely packed self-

assembled monolayers.
The specific tasks comprising this research are as follows:
(1) Synthesis of functionalized alkyl phosphonates.
(2) Self-assembly of phosphonates on TiOs.
(3) Polymerisation of SAMs on the substrate.
(4) Compare with assembled polymers from the same monomer.

At their fundamental level, living cells self-assemble. Thus, an understanding
of the mechanisms behind self-assembly will help to understand life. Beyond this

though, self-assembly has countless uses. Among the benefits of self-assembly are:
(1) huge numbers of components can be dealt with

(2) fabrication with (sub)atomic accuracy in the z-direction
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(3) patterning a theoretical single molecule resolution
(4) low cost of fabrication
(5) generation of 3D structures is possible

Chapter 2 describes the various surface analytical methods and tools to clean
and characterize the modified surface. These techniques include UV-cleaner, oxygen
plasma cleaner, contact angle measurement, variable angle spectroscopic ellipsome-
ter (VASE), X-ray photoelectron spectroscopy (XPS).

Chapter 3 describes the design of the adhesion promoter, the forma-
tion of the self-assembly monolayer and characterization of the self-assembly
layer. 12-(4-amino-3-vinylphenoxy)dodecylphosphonic acid (14) respective (22),
12-(4-acetamido-3-vinylphenooxy)dodecylphosphonic acid (21), poly-2-ethyl-4-(12-
phosphonododecyloxy)benzenaminium bromide (26) and poly-(2-isopropyl-4-(12-
phosphonododecyloxy)benzenaminium bromide-co-styrene) (28) are designed as ad-
hesion promoters. This involves the synthesis of compounds 14, 21, 26, and 28.
The most challenging part of the project was to synthesize the above mentioned
molecules in a pure form. Until now these compounds have not been described in
the literature. Various new procedures have been developed to achieve the monomers

and polymers.

Chapter 4 describes analytical methods to characterize synthesized molecules
and preparation of surfaces for self-assembly. Synthesis protocols of compounds and

characterization results are explained in the last part.
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CHAPTER 2

Instruments

The following instruments were used for specific parts of the work:

2.1 UV-cleaner

An easy method for cleaning substrate surfaces is the treatment in a UV-cleaner for
30 minutes. The mercury vapor lamp that is placed close to the substrate surface
transforms ambient oxygen into ozone. Singlet oxygen, ozone and high intensity UV
irradiation oxidize traces of organic impurities. However, in some experiments we
saw that higher amounts of impurities at the surface cannot be burned away with this
method. We used two different UV-cleaners in our experiments: UV-Ozone Cleaner
(Model 135500 Boekel Industries; Inc.) in Laminar flow box (Skan USA-180) for
surface preparation & UV-Ozone Photoreaktor (Ultra-Violet Products).

2.2 Oxygen plasma cleaner

A related method is oxygen-plasma cleaning. Typical treatment times are a couple of
minutes. It has been shown that repetitive cleaning cycles or cleaning for a longer
time is not useful to remove contamination and we believe that excessively long
radiation may result in surface damage. The apparatus used for the experiments
are: Plasma Cleaner /Sterilizer (Harrick) & Plasma Cleaner/Sterilizer (Harrick PDC-
32G).
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2.3 Contact Angle Mesurement

One of the most sensitive techniques for obtaining surface information is the mea-
surement solid/liquid/vapor contact angle. The basis of the method is related to
surface/interface energy and surface tension. When atoms or molecules are exposed
at an interface, they are no longer surrounded from every side like molecules in the
bulk substance. They either lose some of their interaction energy, in the case of
the ideal surface/vacuum interface or share some of the interaction energy with the
molecules in the surrounding medium. Hence the tendency of liquids to minimize
their surface area or the occurrence of capillary phenomena determines the surface
tension (capillarity is the collective name of phenomena occurring on surfaces that
are mobile enough to modify their shape according to surface tension requirements
1]

The basis for measuring the instrument of solid surface tension by contact angle
is the equilibrium at the three-phase boundary (Fig. 2.1). A drop of a liquid
placed on a solid surface will modify its shape due to the different surface/interfacial
tensions, until an equilibrium is reached. Thomas Young described the three-phase
equilibrium in terms of the vectorial sum shown in Figure 2.1, resulting in the

following equation (2.1) or interfacial equilibrium [2] [3].

Ysv — VsL = YLv €os (2.1)

Surface wettability was investigated by measuring advancing and receding con-
tact angles in a sessile drop experiment (Ramé-hart, Inc. NRL C.A. Goniometer
Model No 100-00-230). All the reported values are the average of advancing contact

angles at 5 different spots per sample.

2.4 Variable Angle Spectroscopic Ellipsometer
(VASE)

Ellipsometry is an optical technique used for investigation of optical properties and
thickness of layered structures. Ellipsometry measures a phase shift and changes in
amplitude of polarized light upon reflection at interfaces. Flat reflective surfaces are

required.
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YLV

YSV 0 YSL

Figure 2.1: Liquid drop on a surface. The resulting interfacial tensions +;; are related with the
contact angle 6 through the Young equation 2.1. L = liquid, S = Solid, V = vapour

This technique is based on changes in the polarization due to reflection of a light
beam on the sample surface. The amount of change in polarization upon reflection
is dependent on the optical properties of the substrate, the surface layer and the
ambient [4]. To correlate the measured changes in light polarization with surface
properties, a theoretical optical model is needed. With the help of such models
it is possible to determine refractive index and thickness of the adsorbed layer by
iteration of the ellipsometric angles ¢ and A. A (Delta) is defined as the change of
the phase difference between the p- and s-components of the polarized light upon
reflection, while ¢ (Psi) is the angle whose tangent is the ratio of the magnitudes
of the total reflection coefficients of the p- and s- component. The total reflection
coefficient is the ratio of the amplitudes of the outgoing wave to the incoming wave.
Therefore, the results are highly dependent on the assumption made about the

surface properties.

Using a single wavelength ellipsometer, the two ellipsometric angles, 1) and A,
are measured and the effective refractive index, N= n+ik, obtained by iteration.
When a new adlayer is adsorbed, e.g. a protein, the ¢ and A angles change and
three more parameters have to be determined: the adsorbates refractive index (real
and imaginary) and its thickness (Fig. 2.2). Since only one equation with three
unknown variables is available, two of these three parameters have to be known or
assumed within the model. For organic films, which are generally dielectrics, the
imaginary part of the refractive index, k, is usually set to zero [4] and therefore

the adlayer refractive index can be chosen from a pre-set value, determined with
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Ambient N .
ambient
Adsorbed layer ¢ ] Njayer = nf + i.kf
Substrate Nsubstrate = Ns + i-kg

Figure 2.2: Three phase model for ellipsometric measurements [4]

independent methods. This assumption allows the calculation of the film thickness

through iteration.

Ellipsometry measures:

A =08 —0; (2.2)
g

tany = 2.3
g (2.3)

A: phase sensitive parameter
d;: phase difference between s- and p-wave
RP, R®: total reflection coefficient

The monolayer thickness was measured, using a VASE (M-2000F, L.O.T. Oriel
GmbH, Germany) and data were evaluated using the software WVASE (WexTech
Systems, Inc., New York). The samples were measure at different of angles 65°, 70°
and 75° immediately before and after monolayer formation. The parameters fort

data evaluation are summarized in table 2.1.
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Table 2.1: Layer model and parameters for VASE data fitting

Layer description used layer model  fitting parameters  layer thickness
Alkylphosphonate SAM Cauchy d measured

A, =145

B, =0.01

C, = 0.00
Titanoxide Ti0y — mat d,n, k before 10 — 20nm

adsorption, after
adsorption firved

natural Silicon oxide S0y — mat none 2.3 nm
Stlicon St — jell none 1 mm
(Substrate)

Each sample was measured individually before and after adsorption of the SAM
due to VASE sensitivity to small deviations in the layer thickness. A cauchy layer
was fitted as the difference between these two measurements where d is the layer
thickness on TiOy / SiOy / Si-layer. For the substrate layers which are below the
cauchy layer, the parameters have been fitted individually for each sample measured
before adsorption and then fixed. The calculated layered thickness are not absolute

because the refractive index for the phosphonate SAM is not known.

2.5 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy makes use of the photo-electric effect to quanti-
tatively measure the chemical composition at the surface of a sample. A heated
filament emits an electron current which is directed and accelerated (Ey;, approx.
15kEV) towards an anode where it evokes both a continuous X-ray spectrum as
well as discrete Roentgen lines due to relaxation process (Al K, 1486.6 ¢V or Mg
K, 1253.6 €V). Anode materials are chosen in such a manner that they have one
dominating X-ray line with an energy that is sufficient to knock electrons out of the

inner shells of numerous elements.

On their way to the electron detector, the liberated electrons pass a system
of electron lenses and an energy analyzer. The purpose of the lenses is to flexibly
alter the kinetic energy of electrons by imposing an electric field. Its form can be
adjusted to affect electrons from different spatial regions of emission differently. In
the (hemispherical) analyzer the electrons are then deflected by two electrodes. The

geometry and construction is such that only electrons entering the analyzer in a
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given direction and with a given energy, can reach a fixed electron detector. This
working principle allows the separation of electrons according to their kinetic energy
as well as their point emission (imaging XPS [5]). An XPS measurement hence yields
the number of electrons as a function of their kinetic energy, which can be directly

transformed into a spectrum as a function of the original binding energy:

EBinding = hv — Ekm - qb (24)

Where hv is the energy of the incoming photon, E;, stands for the kinetic
energy of the electron and ¢ denotes the work function of the apparatus. In figure
2.3 the survey spectrum of a phosphonate monolayer on titanium oxide is exemplarily
shown. In an XPS spectrum, peaks appear at all those binding energies at which
electrons are bound in the sample. The peak positions are characteristic for the
atomic species which are present in the sample so that the individual peaks can
be attributed to a specific element. The energy resolution of the analyzer is also
sufficient to discriminate between different chemical states of an atomic species (such
as oxygen in Ti-O, P=0 or P-O-C in the case of phosphonate on titanium oxide).
After this initial stage of the analysis, one hence knows the qualitative chemical
composition of the sample. By inclusion of the elemental photon absorption cross-
sections (also known from reference measurements and called "sensitivity factors" in
this specific context) and a consideration of the experimental transmission function,
the significance of an XPS-spectrum strongly rises. Apart from identifying the
different chemical species, an XPS measurement on such a calibrated systems now
also quantifies their proportions (accuracy approx. +£10%), assuming a homogeneous

layer.

The XPS method owes its surface sensitivity due to the short mean-free path of
electrons in a solid [6] [7]. Typical electron escape depths range from approximately

0.5-3 nm in the energy region of 10-1000 ¢V for normal substrates.

XPS is an invaluable surface-analytical technique because of its capability to
quantitatively analyse surface chemistry and its ability to discriminate between dif-

ferent oxidation states and is hence available in most surface science laboratories.
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Figure 2.3: Survey spectra of compound 21 on TiOq

2.6 Gel Permeation Chromatography (GPC)

GPC is the only fast technique for characterizing polymer molecular weight distri-
bution. GPC provides key information to predict the processability and material

properties of a polymer changing molecules size from 10% to 107 g/mol~! (Fig. 2.4)

GPC columns perform a separation based on the molecular size of polymer
molecules in solution, not molecular weight. Columns are made of cross-linked
polystyrene with different pore sizes. Resolution and/or resolving range is increased

by use of multiple column systems (Fig. 2.5).

Columns are packed with porous particles of controlled pore and particle size
and shape. Columns are produced by slurry packing technique, packed at pressures
in excess of 2000psi (140 bar). Column dimensions are typically 7-8 mm in dimension
and 250-600 mm in length. It is important to choose the right column before starting

measurement. Column selection criteria:
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Figure 2.4: Different chromatography methods for different molecule sizes

* Particle size: smaller particles for higher resolution, larger particles to avoid

shear degradation of high MW components.

* Pore size: depends on molecular weight range of sample, avoid exclusion of
sample components, maximize pore volume in required separation region, individual

pore size or mixed gel columns.

Most commonly used polymer calibrants are

- polystyrene in THF, toluene or chloroform

-polymethyl methacrylate in ethyl acetate, acetone or DMF

-polyethylene glycol in aqueous eluents, DMF or DMSO

The sample peak when integrated can be assumed to be a histogram consisting
of a number of individual slices. For each slice, i, the molecular weight (M;) can be
derived from the room temperature and the number of molecules (N;) from detector

response Fig(2.6).
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Figure 2.5: Separation based upon size in solution
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There are different types of GPC detectors; concentration detectors i.e. differen-
tial refractometer (RI), ultraviolet absorbance (UV), Infra-red (IR) and molecular-
weight-sensitive detectors i.e. viscometry and light scattering (Table 2.2). This
technique has advantages like measuring at the same time M,,, M,,, M,, M, and

M,,/M,, and up to 20 analysis per day can be performed.

GPC measurements were carried out using PL-GPC 220 instrument with 2x PL-

Gel Mix-B LS column set (2x30 cm) equipped with RI (refractive index), viscosity
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Table 2.2: Different detection techniques
Method absolute relative Resulting M Analysis/Day
Light Scattering X M, 2-3
Osmometry X M, 1
Ultra Centrifugation X M, 1-2
Viscometry X M, 1-2
GPC X M, M, M,, M, 10-20

and M,,/M,

and LS (Light Scattering with 15° and 90° angle) detectors [DMF + 1gL.~! LiBr as
eluent at 80°C]|. Universal calibration was done using PMMA standards in a range
of Mp= 2.680.000 to 3.900.000 (Polymer Labs. Ltd., UK).

Calibrations are done with either polyethylene or polystyrene. However, if a
calibration of size versus retention time could be generated then one true calibration
would hold for all sample types. A universal calibration plot of log[n|M versus RT
holds true for all polymer types. By using measured intrinsic viscosity and retention
time we can obtatin accurate molecular weights [8]. In figure 2.8 a phosphonic
acid styrene copolymer (chapter 3, 27) was measured with GPC after column was

calibrated with polystyrene.

1ed

==Concentration
LS 90

LS 15

Diff Pressure

Concentration
z
AT

1T T T 1T T T 71 1™
9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 2 27

Retention Time

Figure 2.7: A GPC of a compound 27
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CHAPTER 3

Results and Discussion

3.1 Synthesis of Monomers

3.1.1 Motivation/ Introduction and Planning of Synthesis

Functionalized self-assembled monolayers (SAMs) are an interesting and simple way
to tailor surfaces. As indicated in chapter 1, amphiphilic molecules, building blocks
of SAMs, are generally characterized by a carbon chain having a surface-specific
and reactive head group at one end and a functional group at the other. The
reactive groups react with the solid surface while the functional groups form the
outer interface, determining the surface properties of the monolayer. Among all
used SAM systems, alkanethiols on gold have been the most extensively investigated
[1]. Since gold is not a preferred material for large-scale applications and/or optical

sensors, a self-assembling system for metal oxide substrates is favored.

Alkylphosph(on)ates on metal oxide surfaces have been shown to form well-
ordered monolayers [2]. The functionalization of these molecules, to use them as
docking sites, is possible, but not straightforward [3]. Furthermore the application
of simple alkane phosph(on)ate SAMs to produce biointerfaces has proven to have a

number of limitations, in particular relating to their stability in aqueous media [4]
[5].

The aim of this project is to demonstrate a modular approach to the synthesis
of new functionalized molecules for self-assembly. In this way we can create a library

of molecules that can be used to pass the desired chemical or physical properties
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to surfaces. In the same strategy, we include a reactive group that can be used
to polymerize the molecules once they have self-assembled on the surface or in
solution. This is intended to increase the final stability of the films by multi-site
attachment and is expected to eliminate the two main disadvantages of the simple
alkane phosph(on)ate SAMs—their inferior stability in aqueous solutions and the
difficulty of introducing reactive functionalities for the attachment of biomolecules.

Polymerizable
Head Group (HG) Center Piece (CP) Terminating Group (TG)
0
P~~~ ~ e . DockingSite
HO™, X HO NH, v O/\/O\/‘ —
HO
/two coupling steps
Radical ]
HG TG (CHa)12
. . |
Polymerization HO-P=0
&
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by UV irradiation
2 o 2 2 £ 9 2 2
§8 855 5§ §—— s & 8 8§ ¢ ¢
Gt & 6 & & & & 9 ¢ & ¢ &
g & g L& g 5 g 5§ & & ¢ @&
£ N £ S £ £ S N £ 3 B
£ £ 8§ § F E§ § § § £ § ¢
E R L L L e P R IR )
=L AT A = = SO =
SIORRORSRY WRERVAGRAS
UN O O O (S T I W C o
2 a 2 a 2 £ 2 a & 29
- s £ 8 5 ¢ ¢
I I R
o @ @ 13 2 7 @ o7 (o] 15
gL L LS £ T & LT
Substrate (TiO,) | Substrate (TiO,) I
. Possible

Figure 3.1: Sketch of the modular synthesis of self-assembling functional molecules

heads and tails are depicted.
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The modular synthesis of self-assembling functional molecules is summarized in
Fig. 3.1. Our approach for the chosen head group (HG) consists of an electrophile
halogen a Cl or a Br at one end, a 12 carbon-chain in the middle and a phosphonate
at the other end which binds to the substrate (TiOy) surface. The polymerizable
center piece (CP) has three important groups: the hydroxy group which can be
coupled to the HG, the vinyl group, which will be the polymerizable group and the
amino group, which can be selectively coupled to the end-functionalized terminating
groups (TG). Using an amino group as the attaching site for the functional end
groups makes it theoretically possible to attach up to three equal or different chains
in the same molecule. This could be advantageous to increase the density as well
as the order of the SAM. For our coupling chemistry we prefer to end up with an
amide bond, which we expect to be stable, and where we can rely on mild peptide
bond formation chemistry. The other advantage of the amide bond, compared to
an amine, is that it will not be protonated at physiological pH and will therefore
not carry a positive charge. But it is limiting us to have just one chain, that can be
used as a specific docking site. There are different surface properties associated with
different tails. For example PEG-based (Figure 3.2) brush surfaces resist non-specific
adsorption of proteins, whereas biotin binds specifically to streptavidin which serves

as a linker molecule [6].
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Figure 3.2: Different tails will impart different properties to surfaces. Biotin can be function-
alized with streptavidin, PEG coupled surfaces resist non-specific adsorption of proteins and 2,5-

dioxopyrrlidin-1-yl dodecanoate can be used to make hydrophobic surfaces.

Following the two coupling steps of the center piece with the head group and
terminating group we aim to have the desired monomer. From this point on two
different routes have been evaluated; first forming of SAMs on a substrate to yield
a flexible film followed by polymerisation by UV irradiation which was supposed
to result in a stable two-dimensional structure. The second route is to polymerize
the monomer in a reaction flask and to adsorb the polymer onto the substrate by a
self-assembly method. Certainly the first route would have advantages in patterning
applications due to the relatively small monomer size, in comparison to a big, bulky
polymer. In this way small areas (nm range) can be targeted and a higher theoretical

resolution can be achieved.

It has been shown that long-chain molecules, particularly those with more than
12 carbon atoms, become more difficult to synthesize and purify [7]. Shorter chains
are also more soluble than very long chains and allow a wider range of concentrations
and solvents. A chain length of 10-12 carbons seems to be ideal for the preparation of

a, w-functionalized alkyl-phosphonic acids. The preparation of w-terminated alkyl-
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phosphonic acids with more than six carbons is rare in the literature. Mallouk,
who pioneered the zirconium diphosphonate multilayers has published a synthesis
for long-chain alkyl-diphosphonic acids |7]. We have chosen an analogous approach

to produce phosphonic acids via the Michaelis-Arbuzov reaction [8] [9] [10].

3.1.2 Syntheses
Synthesis of Center Piece (CP)

A candidate for the center piece is 4-amino-3-vinyl-phenol 5 (Scheme 3.3). The
phenol group can be used to attach the head group, while the aminogroup can be
selectively coupled to the end-functionalized terminating groups. The vinyl group
will be the polymerizable group. 4-amino-3-vinyl-phenol 5 has only been published
as a side product of an electrochemical reaction [11] and in a patent for resists for
photolithography [12]. No efficient synthetic protocol has been published for this
rather simple compound. The starting compound for our investigated synthetic
protocol is 3-bromophenol 1. This reagent can be coupled selectively in the posi-
tion 4 with 4-sulfobenzenediazonium to obtain compounds 2a, 2b [13] [14] in good
isolated yields (92%). All byproducts, including starting materials, were removed
using column chromotography. We thought that we could use the diazo group as a
protecting group for the aniline nitrogen, which can be easily deprotected by a mild
reducing agent, e.g. sodium dithionite to 5. Therefore we tried to directly introduce
the vinyl group, using a Pd-catalyzed Suzuki cross-coupling (SCC) reaction [15] [16]
[17]. The reagent used to introduce the vinyl group is trivinylboronicacidanhydride-
pyridine (scheme 3.1) [18]. Trimethyl borate was added to THF at -78 °C and then
vinylmagnesium bromide added under Ny-atmosphere for 1h. The reaction mixture
was acidified with 2N HCI at -78 °C. The resulting mixture was extracted first with
NaCl and then with diethyl ether and dried over MgSQO,. Pyridine was added to
the previous mixture and stirred over night at room temperature. Distillation with

a HV-pump at 70 °C gave trivinylboronicacidanhydride-pyridine as colorless oil.

The Suzuki protocol makes exclusive use of boronic acids and borates connected
to a sp?-carbon. This mechanism can be understood according to the general cat-
alytic cycle for Pd%-catalyzed cross-coupling reactions (Scheme 3.2). It consists of

oxidative insertion, transmetallation and reductive elimination. The most commonly
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used catalyst precursor for palladium-mediated reactions is Pd[PPhs|s, a saturated

18 e-complex.

?CHs AN /\ O~ /\ AN
/\ B .

MgBr + H.co” ocH; * 7

Scheme 3.1: Synthesis of trivinylboronicacidanhydride-pyridine. (a) THF, trimethyl borate,
vinylmagnesium bromide, -78 °C, 60 min.; 2N HCI, -78 °C, 30 min.; pyridine, rt, 12 h.
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Scheme 3.2: Mechanism of the Suzuki cross-coupling reaction: [19]

Instead of the desired compounds 3a, 3b we produced a new highly luminescent
(cinnoline) diazanaphtalene (Figure 3.3) derivative 4b (Scheme 3.3). Even though
4b was not our target, this approach offers easy synthetic access to a class of com-
pounds which has not been studied in detail so far. A small discussion on cinnolines
can be found in chapter 3.3.6 and references [20] [21] [22].
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As a reference compound and potential spacer molecule, without amino group
12-(3-vinylphenoxy)dodecylphosphonic acid 7 has been synthesized. Under the
same conditions (SCC), the vinyl group was introduced to 3-bromophenol 1 and
12-bromododecylphosphonic acid was coupled to 3-vinylphenol 6 in EtOH, K,CO3
was used as a base. The obtained colorless oil was recrystallized from hexane at 0

°C to yield 12-(3-vinylphenoxy)dodecylphosphonic acid 7.

Br Br
a ,IN—Q—X b
HO — > HO N
1

X: SOzH, CHj
2a 2b

4° A

X: SO3H, CHg
4a 4b
d 5
Q
HO-P-(CH,)1—-0
OH
7

Scheme 3.3: Diazanaphtalene formation 4b, synthesis of CP 5, 3-vinylphenol 6, and 12-(3-
vinylphenoxy)dodecylphosphonic acid 7. (a) 4-Aminobenzenesulfonic acid or 4-methylaniline, HCI,
NaNO,, H2O, rt, 1 h; NaOH 0°C to rt, 30 min; (b) Tetrakistriphenylphosphine palladium, (vinyl
boronic acid) trimer [23], K5CO3, dimethoxyethane, HoO, 89 °C, 16 h; (c¢) Tetrakistriphenylphos-
phine palladium, trivinylboronicacidanhydride-pyridine, KoCOgs, dimethoxyethane, HoO, 89 °C,
16 h; (d) 12-bromododecylphosphonic acid, KoCO3, EtOH, 83 °C, 16 h
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Figure 3.3: fluorescent cinnoline 4b and 2b, upon excitation at 366 nm.

Since this direct approach did not lead to our target compound 5, a slightly
longer route involving 2 more steps had to be developed (Scheme 3.4). The dia-
zonated compounds 2a, 2b were directly reduced with NayS,0y4, which gives us the
free amine 8 (55%) [24]. Before coupling the head to the phenol group, it is neces-
sary to protect the amine group. At first pivaloyl was used as a protection group,
but the formed amide was too stable to be selectively deprotected afterwards. An-
other protecting group was searched for and it was found that Boc seems to work
in our case. From this point the amine was converted into tert-butyl 2-bromo-4-
hydroxyphenylcarbamate 9 [25] with di-tert-butyl dicarbonate in order to protect it
before the Pd’-catalyzed cross-coupling reaction. All by-products were removed by
column chromotography (83%). This time the Suzuki Pd° catalyzed cross-coupling
was successful to introduce the vinyl group using trivinylboronicacidanhydride-
pyridine reagent in good isolated yield 79%. The best deprotection protocol for an
N-Boc-group employed TFA in dichloromethane at room temperature and yielded
5 [26]. The reaction usually proceeded within several minutes and was easy to mon-
itor by TLC. The excess of TFA was removed after several co-evaporations with

dichloromethane.
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Scheme 3.4: Synthesis of CP 5 (a) NasS;04, H2O, rt, 4 h. (b) BocoO, THF, rt, 12 h; (¢) Tetrak-
istriphenylphosphine palladium, trivinylboronicacidanhydride-pyridine, Ko COg3, dimethoxyethane,
H-0, 89 °C, 16 h; (d) 1:6 TFA:DCM, rt, 4 h.

Synthesis of Head Group (HG)

As it has been already mentioned we prefer an alkyl-phosphonic acid with 12 carbons
because longer chains are difficult to synthesize and purify and a chain length of 12
carbons forms better SAMs due to van der Waals interactions than shorter chains.
For the head-part synthesis, the starting materials are 1,12-dibromododecane and
triethyl phosphite. The synthesis was carried out according to Michaelis-Arbuzov
[8] [9] [10] which yields a mixture of two products and the reactant. All by-products,
dodecane-1,12-diyldiphosphonic acid and 1,12-dibromododecane, were removed by
column chromotography. After the synthesis of 12-bromododecylphosphonicacid-
diethylester 11 (Scheme 3.5) two different reactions were carried out to liberate the
free phosphonic acid, which is planned to be used as head group. In the first one, KI
reacts with trimethylbromosilane to trimethylchlorosilane, which is more reactive.
Deprotection of 12-bromododecylphosphonicacid-diethylester 11 was carried out at
room temperature, which gave 12-iodododecylphosphonic acid 12a in 77% [27]. In
the second reaction 11 was refluxed in HBr which gave 12b with 36% yield.
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Scheme 3.5: Synthesis of head group with different lengths and deprotection of 12-
bromododecylphosphonicacid-diethylester (11).

Coupling of Head Group (HG)

As head group we wanted to use a phosphonic acid.  The head group-
precursor 10 (tertbutyl 4-hydroxy-2-vinylphenylcarbamate) was coupled with
12a (12-iodododecylphosphonic acid) in EtOH and to give 13 (12-(4-(tert-
butoxycarbonylamino)-3-vinylphenoxy)dodecylphosphonic acid), which was purified
by precipitation in hexane. During this step we figured out that there was also a
side product 13a (12-ethoxydodecylphosphonic acid) which was formed by the re-
action of the solvent EtOH. This side product is difficult to remove, for example
by column chromatography, because of free phosphonic acid, and can be a problem
when self-assemling monomers on the substrates. In the next step, deprotection was
carried out with TFA in dichloromethane at room temperature. The excess TFA
was removed under reduced pressure and vacuum (94%). This synthetic sequence
made 14 (12-(4-amino-3-vinylphenoxy)dodecylphosphonic acid) available on a scale
of 200 to 300 miligrams within one week (Scheme 3.6).
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(CH3)44
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Scheme 3.7: Synthesis of 1-(dodecyloxy)-3-vinylbenzene (15), (a) 1-bromododecane, KOH, ace-
tonitrile, 83 °C, 12 h.
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Scheme 3.6: Synthesis of 12-(4-amino-3-vinylphenoxy)dodecylphosphonic acid 14 (a) 12-
iodododecylphosphonic acid, KoCO3, EtOH, 83 °C 16 h; (b) 6:1 TFA:DCM, rt, 4 h.

15 (1-(dodecyloxy)-3-vinylbenzene) was prepared as another spacer monomer
(Scheme 3.7) in order to support self-assembly with the monomer molecule 7 or 14.
1-bromododecane was reacted with 6 in acetonitrile and KOH was used as a base
[28]. Using acetonitrile instead of EtOH as a solvent prevents the formation of the
side product 13a. The obtained yellowish oil 1-(dodecyloxy)-3-vinylbenzene 15 was
purified by column chromatography (57%).
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Scheme 3.8: Synthesis of tert-butyl-4-(12-(diethoxyphosphoryl)dodecyloxy)-2-vinylphenyl-
carbamate 16, (a) 12-bromododecylphosphonic acid-diethylester, KoCOs, acetonitrile, 83 °C, 16
h.

In order to solve the problem with the formation of the side product of
13a, the synthetic protocol for the coupling was changed. Instead of 12-
iodododecylphosphonic acid 12-bromododecylphosphonic acid-diethylester 11 was
coupled to 10 in the presence of Ky;COj in acetonitrile at 83 °C for 16 h
(Scheme 3.8). This compound can be purified by column chromatography on sil-
ica gel with petroleum ether / acetone / toluene (2:1:1) to afford tert-butyl-4-(12-
(diethoxyphosphoryl)dodecyloxy)-2-vinylphenyl-carbamate 16 as an orange oil in
high yield (93%).

The polymerization of these molecules will be discussed in the next chapter.

Coupling of Tail Group

We aim to produce well-ordered SAMs by van der Waals interaction
with alkyl chains.  Hence dodecanoate-NHS was coupled to 12-(4-amino-3-
vinylphenoxy)dodecylphosphonic acid 14 in the presence of triethylamine in
EtOH at room temperature (Scheme 3.9).  Recrystallization from chloro-
form/hexane (1:1) and filtration of the product at 0 °C gave 12-(4-dodecanamido-
3-vinylphenoxy)dodecylphosphonic acid 17 as, a brown solid (75%).

A second approach to tailoring the amine group was based on mimicking
protein-resistant surfaces. This approach aims to eliminate non-specific adsorp-

tion. Poly(ethylene glycol) (PEG) has been extensively investigated for use in a
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wide array of biomedical applications, and immobilization of PEG on surfaces has
long been known to decrease protein adsorption. Of the many models proposed to
explain this effect, steric stabilization and excluded volume are the most commonly
cited [29] [30] [31] [32]. Therefore MPEG-SPA-2000 was coupled to 12-(4-amino-3-
vinylphenoxy)dodecylphosphonic acid 14 in the presence of 4-methylmorpholine in
DMSO at room temperature. Extraction with chloroform gave mPEG (ethanamido)-

3-vinylphenoxy-dodecylphosphonic acid 18 as a brown solid (98%).
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Scheme 3.9: Tail coupling, (a) 2,5-dioxopyrrolidin-1-yl dodecanoate, triethylamine, EtOH, rt
,12h; (b) MPEG-SPA-2000, 4-methylmorpholine, DMSO, rt, 12h.

The next step will be the functionalization of the tail group. Before functional-
izing, the amine group boc-group was deprotected with TFA in dichloromethane
at room temperature. The excess TFA was removed under reduced pressure
and vacuum to give diethyl 12-(4-amino-3-vinylphenoxy)dodecylphosphonate 19
(93%) (Scheme 3.10). From this point it is planned to tailor the molecule be-
fore self-assembling, which will be discussed in chapter 3.3. Acetic anhydride

was coupled to 19 with triethylamine and trifluoroacetic acid in dichloromethane
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at room temperature for 16 h. The excess trifluoroacetic acid was evapo-
rated under reduced pressure. The crude solid was purified by column chro-
matography on silica gel petroleum ether / acetone (1:1) yielding diethyl-12-(4-
acetamido-3-vinylphenoxy)dodecylphsophonate 20 in 76% yield. In the next step
diethyl ester groups need to first be silanated with trimethylbromosilane and then
solvolyzed with water and methanol. 20 was silanated with trimethylbromosi-
lane in dichloromethane at room temperature for 24 h. Trimethylbromosilane and
dichloromethane were evaporated under reduced pressure and the resulting crude
solid solvolyzed in MeOH / HyO (95:5) at room temperature for 12 h. The MeOH
/ Ha0O (95:5) was evaporated under reduced pressure to give 12-(4-acetamido-3-

vinylphenooxy)dodecylphosphonic acid 21 as a white powder in 95% yield.

o~ ;

NHBoc NHZ NH NH
o 0 5 o)
(a) (b) | (c)

CH —_— _ —_—
(CHa)y2 (CHy)1z (CHy)1s (CHa)42
O=—P—OEt — —p—
| 0=P—OEt 0—P—OEt 0_||= OH
OEt
OEt OEt OH
16 19 20 2

Scheme 3.10: Synthesis of the monomer (12-(4-acetamido-3-vinylphenooxy)dodecylphosphonic
acid) 21, (a) 6:1 TFA:DCM, rt, 4 h; (b) acetic anhydride, triethylamine, DCM, rt ,12 h; (c)
trimethylbromosilane, DCM, rt, 24 h, MeOH:H50 95:5, rt, 12 h.

The silanation and solvolysis of tert-butyl-14-(12-(diethoxyphosphoryl) do-
decyloxy) -2-vinylphenyl- carbamate 16 also was attempted in a one-
step reaction. The problem was formation of hydrogen 12-(4-ammonio-3-
vinylphenoxy)dodecylphosphonate 22 as a zwitter ion which was not soluble in
most organic solvents (Scheme 3.11). Acetic anhydride was coupled to 22 with
trimethylamine in DMSO at room temperature for 12 h. The crude solid was re-

crystallized from dimethoxyethane / petroleum ether and filtered. The yield for
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12-(4-acetamido-3-vinylphenoxy)dodecylphosphonic acid 21 was relatively low after
recrystallization (35%).

o~

NHBoc NH;* NH

(@) | (b)

(CHy)q2 —— (CHy)q2 - - (CHy)q2
O=—P—OEt O=—P—O O—P—OH
OEt OH OH
16 22 21

Scheme 3.11: Acetyl-coupling, (s) trimethylbromosilane, DCM, rt, 24 h, MeOH:H5O 95:5, rt, 12
h; (t) acetic anhydride, triethylamine, DMSO, rt ,12 h.

Tail group functionalization carried out with MPEG-SPA-2000. MPEG-COOH
2000 was converted to acid chloride with oxalyl chloride in dichloromethane at
room temperature 12 h. The excess oxalyl chloride and dichloromethane were re-
moved under reduced pressure and vacuum. This highly reactive acid chloride was
immediately coupled to 19 with triethylamine in dichloromethane at room tem-
perature for 12 h. The resulting yellow crude solid was purified by dialysis in
water for 48 h followed by freeze drying for 48 h to give a yellow solid (23) in
84% vyield (Scheme 3.12). Diethyl-12-(4-PEG-3-vinylphenoxy)dodecylphosphonate
23 was silanated with trimethylbromosilane in dichloromethane at room tempera-
ture for 16 h and solvolyzed afterwards in MeOH / HoO (95:5) at room temperature
for 24 h. The obtained white crude solid purified by dialysis in water for 48 h and
freeze dried for 48 h to give 18 in 56% yield.
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Scheme 3.12: Synthesis of PEG-coupled monomer 24, (a) oxalyl chloride, DCM, rt, 4 h; (b)
PEG-COCI, triethylamine, DCM, rt, 24 h; (c) trimethylbromosilane, DCM, rt, 24 h;, MeOH:H50O
95:5, rt, 12 h.

3.2 Synthesis of Polymer and Copolymer

The free radical polymerization was carried out with AIBN (2-2-azo-
bis(isobutyronitrile)) in benzene. AIBN was used as a initiator after decomposing

to 2-cyanoprop-2-yl radicals (Scheme 3.13).

3.2.1 Syntheses

Tert-butyl-4-(12-(diethoxyphosphoryl)dodecyloxy)-2-vinylphenyl-carbamate 16 was

polymerized with AIBN in benzene at 85 °C for 24 h. Benzene was removed under
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Scheme 3.13: Decomposition of AIBN to form 2-cyanoprop-2-yl radical.

reduced pressure. Deprotection of the Boc-aniline group and the diethylphospho-
nate group were performed in a similar way as for the monomeric compound 22
to give poly-2-ethyl-4-(12-phosphonododecyloxy)benzenaminium bromide 26 as a
white powder in 75% yield.

NHBoc
\ n n
BocHN *H3N
0 S N
] ]
(CHy)q2 (CHz)12 (CH2),2
O=—P—OEt O=P—OEt o=|i>_o-
OEt OEt OH
16 25 26
Scheme 3.14: Polymerization and solvolysis of tert-butyl-4-(12-

(diethoxyphosphoryl)dodecyloxy)-2-vinylphenylcarbamate, (aa) AIBN, benzene, 85 °C, 16
h; (ab) trimethylbromosilane, DCM, rt, 24 h, MeOH:H50 95:5, rt, 12 h.

Since the center part of the molecule 17 has a styrene group and styrene
polymerization is a well-known procedure, we decided do a copolymerization with
styrene. Styrene and 17 were dissolved in benzene and copolymerized with AIBN
at 85 °C for 16 h. The obtained yellow gel was recrystallized from benzene / hex-
ane which gave 27 in 61% yield. Deprotection of the diethylphosphonate group
was performed in a similar way as for the monomeric compound 22 to give poly(2-
isopropyl-4-(12-phosphonododecyloxy)benzenaminium bromide-co-styrene) 28 as a
white powder in 95% yield. PEG-NHS 5000 was coupled to 28 in the presence of
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triethylamine in DMSO at room temperature for 12 h. According to 300 MHz
NMR spectroscopy it was difficult to recognize aromatic and alkyl groups rela-
tive to PEG-NHS 5000. The resulting white crude solid was dissolved partly in
H,0, dialysed for 48 h and freeze dried for 48 h to give poly-12-(3-ethyl-4-(2-(2-
methoxyethoxy)ethanamido)phenoxy)dodecylphosphonic acid 29 in 92%.

NHBoc
©/\ Boc
(ac} (ad) (ae)

(CH2)12 (CH2)12 (?H2)12 (?H2)12
0=P—0Et o=p I —OEt 0= '|°—°' °_'|’_°”
OEt OEt OH OH
16 27 28 29

Scheme 3.15: Synthesis of phosphonic acid styrene-co-polymer, (ac) Styrene, AIBN, benzene, 85
°C, 16 h; (ad) trimethylbromosilane, DCM, rt, 24 h, MeOH:H50 95:5, rt, 12 h; (ae) m-PEG-NHS
5000, DMSO, triethylamine, rt, 12 h.

Besides styrene copolmer 27 we also planned an alternative copolymerization
with 1-(dodecyloxy)-3-vinylbenzene 15 which may help as a spacer on the TiO,
after self-assembly.15 was coupled to 17 with radical starter AIBN in benzene
at 85 °C for 36 h. The resulting oil was precipitated in MeOH / H,O (4:1)
at 0 °C. Filtration gave poly-(tert-butyl 4-(12-(diethoxyphosphoryl)dodecyloxy)-
2-ethylphenylcarbamate-co-1-(dodecyloxy)-3-ethylbenzene 30 as sticky gel in 50%
yield.
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Scheme 3.16: Synthesis of poly-(tert-butyl 4-(12-(diethoxyphosphoryl)dodecyloxy)-2-
ethylphenylcarbamate-co-1-(dodecyloxy)-3-ethylbenzene,  (af) 1-(dodecyloxy)-3-vinylbenzene,
AIBN, benzene, 85 °C, 36 h.

3.2.2 Characterization of Polymers

The synthesized polymers are characterized by different analytical methods. NMR
was used to detect the vinyl group which has disappeared after polymerization.
GPC has determined polymer molecular weight distribution. Following values were
found for homopolymer 26 and copolymer 28 (Table 3.1). Elemental analysis has
identified atomic percentages of the compounds and ratio of m,n which was found

to be 1:1 in the copolymers.

Table 3.1: Polydispersity and M,, values for homopolymer 26 and copolymer 28. Measurements
were performed with a Viscotek GPC max VE 2001GPC solvent module and date were evaluated

by Omnisec 4.0 software.

compound  poly dispersity M,
26 2.77 132.417
28 2.59 54.619
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3.3 Adsorption of Monolayers on TiO,

3.3.1 Self-assembly

As stated before, the alkane self-assembled monolayer system is very sensitive to
contamination. Therefore, the solvents have to be of the highest quality, and free
from any contamination that could compete with the assembling molecules. It is dif-
ficult to get contamination free samples because clean titanium oxide has a very high
surface energy. It adsorbs easily compounds that are present in the environment.
Different substrates were treated with different cleaning instruments for example
plasma- and UV-cleaner to determine the best surface cleaning method for the self-
assembly. Independent on the cleaning method used, UV or Plasma, traces of silicon
were detected on almost all samples by XPS. Possible silicon sources may be due to
presence of PDMS in laboratories or silicon dust coming from wafers cutting, but in
also TiO, layers which are thinner than 10 nm. In the last case, the detected silicon
comes from the substrate. In the same manner phosphorus and zinc have been de-
tected by XPS on plasma cleaned samples which may be due to contamination inside
the chambers or Zn(dttp), contamination, a common lubricant for motor oils, in our
case most probably coming from oil pumps which we use in the laboratories. Figure
3.5 shows two survey spectra of compound 21, black line with zinc contamination
(1020 and 1040 eV). Also sulfur has been detected only on plasma cleaned samples
which may be due to contamination present at that time, a possible source could be

old decomposing rubber tubes.

According to XPS measurements the detection limits of the contamination are
around 1 %. The contamination that we were not able to detect is a small amount
which should not interfere with the self-assembly process. A certain level of con-
tamination can not be avoided, but some contaminants get replaced by the self-
assembling molecules. Nevertheless, producing clean surfaces is a constant struggle

in a surface chemistry laboratory.

Due to the above study, we followed the following cleaning procedure for our
substrates. TiOy coated silicon wafers (1x1 or 4x2 cm) were first cleaned with
isopropanol or EtOH in a sonicator 7 min then 30 min with UV or 4 min plasma
and immediately measured by variable angle spectroscopic ellipsometry (VASE) to
determine the oxide thickness. Compounds were dissolved in EtOH or HyO and

warmed up to 50° C in a water bath. Solutions were cooled down and filtered through
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Figure 3.4: 3D Hyper Chem illustration of compounds 7, 14/22 and 21

a 0.22 pum filter. The samples were immersed in prepared monomer solutions for 16
to 48 h. Thickness of the films were measured again by VASE (table 3.2).

The length of the compounds was calculated using Hyper Chem 3D molecular
modeling and compared with the measured thickness of the films in order to deter-
mine the position of the molecules on the surface. For SAMs obtained with 7 and
14 quite large deviations have been observed from sample to sample. Especially for
7 it turned out to be quite difficult to obtain reproducible SAMs. Also the thickness
for SAMs of compound 7 is higher than the calculated value of 22.6 A (Figure 3.4).
A possible explanation for this behavior could be two layers on top of each other
leading to a higher thickness. We also suspect for compound 22 that the synthetic
side product 13a adsorbs faster onto the surface than the desired compound 22.
This may be the explanation of lower reproducibility. The molecules 22 and 14 are
more hydrophilic than the molecule 7 due to the aniline group which can be seen in

average contact angle measurements (Table 3.2).
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Figure 3.5: Survey spectra of compound 21 on TiOs; black line with Zn contamination, red line
without contamination

Table 3.2: Thickness of the SAMs with molecules 7, 14, 22 and 21. The film thickness was
determined by VASE M-2000F. (*) Synthesized according new coupling protocol, in the absence
of side product (see chapter 3.1.2).

compound  thickness [A] average contact angle [°]

22 28.3+0.6 65.7+ 1.5
7 30.7£6.2 79.3 £2.1
14 22.5+£3.5 66.3 = 2.6
21 124+ 0.8 97.0£2.2

22 205+£1.8
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Table 3.3: Elemental Analysis of compounds 22, 7, 22* and 21 measured by Leco CHN-900

22 calculated % found % 7 calculated % found %
C 62.48 56.89 C 62.17 60.47
H 9.18 7.56 H 9.32 8.96

N 3.64 3.04 N 3.62 2.70

22% calculated % found % 21 calculated % found %

C 62.25 61.71 C 64.84 64.90
H 8.31 8.63 H 9.21 9.36
N 3.30 3.30 N 291 2.96

The difference between the calculated and the found values (7, 22) in the ele-
mental analysis (Table 3.3) show that we do not have pure products but also side
products 13a. Especially large deviation for compound 22 is due to side product
formation with solvent (EtOH). After the head group coupling protocol was changed
the side product problem was solved. Compounds 21 and 22* were synthesized ac-
cording to the new head coupling protocol and the self-assembly study has been

continued with these new molecules.

Table 3.4: Atomic concentrations of the SAMs compared to theoretically calculated values. The

numbers are average values of at least three samples. XPS PHI 5700

0% N % C % P %
calculated 15.4 3.9 76.9 3.9
found
22 series 1 19.1 1.6 75.2 4.2
22 series 2 17.6 1.5 76.5 4.3
0 % N % C % P %
calculated 17.4 0 78.3 4.3
found
7 series 1 14.2 0 81.8 3.6

7 series 2 16.2 0 79.6 3.6
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Table 3.4 shows the atomic concentrations of the SAMs compared to theoretical
values. Oxygen atomic concentration includes all the oxygen components except
TiO,. The low amount of nitrogen found in case of 22 proves our hypothesis, that
13a coadsorbs on the surface. On the other hand in case of 7, no nitrogen was

expected.

The nitrogen concentration for compound 7 is much lower than compound 22
because the aniline group is on the top of compound 7, whereas the ammonium

group is at the bottom of compound 22 which is more difficult to detect by XPS.

XPS: The self-assembled monolayers for all investigated phosphonates were
analyzed at 45° takeoff angle. The detailed spectra for O 1s, Ti 2p, C 1s and P 2p
were resolved into their components using a fitting procedure as described below.

The used parameters are presented in table 3.5.

O 1s: The main contribution to the Ols signal is originating from the oxygen
in the substrate TiOy (binding energy 530.1 V). We think the remaining oxygen
contributions should originate at the substrate-SAM interface and can be assigned
to P=0, C-O-C, P-O-Ti and Ti-O-H. The amount of oxygen from the substrate
can be calculated and subtracted from the Ols signal. The remaining signal was
modeled using three contributions, assigned to R-O-R at 533.2 eV, P-O-Ti and Ti-
OH, which are assumed to have very similar binding energies and are fitted with peak
centered at 531.6 ¢V, and the P=0 at 530.9 e¢V. Some additional constraints had to
be implemented in the fitting routine to get consistent results because the resolution
of the O 1s peak does not allow us to distinguish between all these contributions.
The area of the P=0 component was assumed to be equal to the area of the C-O-C
component and the binding energy of the P=0 component is 0.80 eV higher than
the binding energy of Ols TiO,. The binding energy of C-O-C and P-O-Ti were
found to be 3.00 eV and 1.46 eV higher than the Ols TiO, signal, respectively.

Ti 2p: The titanium signal was fitted with 2 components; Ti 2p; /o at 464.43
eV and Ti 2ps/, at 458.66 €V [Lit. http://srdata.nist.gov]|.

C 1s: The main part of the Cls signal originates from aliphatic and aromatic
carbon with a binding energy of 285 eV. A shoulder at the higher binding energy of
286.5 eV originates from the C-O, C-N, and N-C-O groups connected to the benzene
and the C-P group connected to the alkyl chain.
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P 2p: The phosphorus signal was fitted as a doublet with P2p3/, at 133.0 £0.1
eV and P2p;/, with a binding energy difference of 0.84 eV and fixed area ratio of
2:1.

Compound 21

The samples were assembled according to the protocols presented above. After self-
assembly of compound 21 the thickness of the films were determined by VASE (table
3.8).

Table 3.6: Atomic concentrations of the SAMs of compound 21 compared to theoretically cal-
culated values. The numbers are average values of at least three samples (VG Theta Probe spec-

trophotometer). Oxygen atomic concentration does not include Ti-OH and TiOy component.

0% N % C % P %
calculated 17.3 3.6 75.9 3.5
found
26 hours 15.34+0.7 4.2+0.8 77.5+£0.9 3.1+0.1
72 hours 18.4 4+ 0.6 4.1+0.1 73.9+£0.6 3.7+0.1

Table 3.7: XPS intensity ratios measured at 53 ° takeoff angle on a VG Theta Probe XPS

machine. Interface Oxygen includes Ti-OH component.

Time Inter face O/P Ti—OH/P C/Ti
26 hours 12.0x£1.1 70x£1.1 3.0x£0.1
72 hours 5.8£0.3 0.8£0.3 28+£0.1

We calculated the excess oxygen per phosphonate group at the interface that
must belong to Ti-OH (Table 3.7). There is clearly more Ti-OH for the self-assembly
after 26 hours than the self-assembly after 72 hours. This is the first indication
that for longer self-assembly time the phosphonate density is also larger, while the
surface-bound water or hydroxyl groups become increasingly replaced. This effect
is also supported by VASE measurements in table 3.8; the thickness of the SAMs
after 72 hours are thicker than the SAMs after 26 hours. The effect of self-assembly

time will be discussed in more detail in the coming chapter.
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Table 3.5: XPS Binding energies and Fitting Parameters of compound 21 (Data measured on
VG Theta Probe spectrophotometer)

Binding Energy  Full Width at constraints Line Shape%
(BE)[eV] Half Maximum Gauss—
Lorentz
fwhm [eV] and asymetry
[Lit Casal
Ols 533.15 £ 0.01 1.48 £ 0.04 BE =BE GL(30)
cC-0-C (O1s TiO4) + 3.00eV
Ols 531.61 £ 0.01 1.63£0.34 BE = BE GL(30)
P—0O-Ti (O1s TiO,) + 1.46eV
NC -0
Ti—O—H
Ols 530.95 £ 0.01 1.48 £0.04 fwhm = fwhm GL(30)
P=0 (O1s COC);
area = area
(O1ls COC);
BE = BE
(O1s TiO3) + 0.80eV
015 530.15 £ 0.01 1.29 £ 0.04 none GL(30)
1104
Ti 2py 2 464.43 £ 0.1 2.16 = 0.04 none GL(30)
Ti 2ps/s 458.66 £ 0.04 1.11 £ 0.01 none GL(30)T(3)
Cls 288.50 £ 0.1 1.38 +0.02 fwhm = fwhm GL(30)
N-C-0 (Cls ali — aro)
Cls 286.50 £ 0.1 1.56 £ 0.05 area = area GL(30)
CO (Cls ali — aro) x 0.23
CN
cp
Cls 285 1.38 £ 0.02 none GL(30)
aliphatic
aromatic
P 2py /o 133.85 £ 0.1 1.50 £ 0.11 BE =BE GL(30)
(P2p3/2) + 0.81eV;
area = area
(P2p3/2) % 0.5
P 2p3/9 133.04 + 0.1 1.50 £0.11 none GL(30)
Nls 400.41 £0.1 1.91+0.1 none GL(30)
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Table 3.8: Thickness of the SAMs with molecule 21 after 26 and 72 hours. The film thickness
was determined by VASE M-2000F

Time [A]

26 hours 12.21+0.8

72 hours 1489 +£1.9

3.3.2 Attempted Polymerization of Pre-assembled 21

In this chapter we will describe different polymerization attempts after self-assembly
of compound 21. We tried two methods to prove polymerization directly on the
surface, first one is the stability test at pH 2 and pH 9 and the second one is
comparison of bulk monomer and polymer on the substrate which will be discussed

in the following chapter.

Self-assembly, UV irradiation and stability tests (at pH 2 and pH 9) with
compounds 21 and AHP (ammonium-12-hydroxydodecyl-phosphate)

The samples were assembled according to the protocols presented in chapter 3.3.1.
After self-assembly of compounds 21 and AHP the thickness of the films were
determined by VASE (table 3.9). The formed films were separately exposed to
UV irradiation or polymerized with a radical initiator. UV irradiation was car-
ried out at 366 nm under Ny-atmosphere at room temperature for 5 minutes and
once with photo initiator Irgacure 2959 in EtOH (5 mg/1 ml) under Ny-atmosphere
at room temperature for 5 minutes. Radical polymerization was attempted with
AIBN-TEMPO (2,6-diethyl-2,6-dimethyl-1-(1-phenylethoxy)piperidin-4-one) under
Nj-atmosphere in benzene at 80 °C for 12 h. Afterwards all the substrates were
rinsed with appropriate solvent, blow-dried with nitrogen and the film thickness
were measured by VASE. In the next step the substrates were dipped into HCI (pH
2) or NaOH (pH 9) solutions at room temperature for 12 hours, rinsed with water,
blow-dried with nitrogen and the remaining film thickness measured again (Figure
3.6).

After UV irradiation and polymerization of compound 21 a large increase in
thickness was observed on AIBN-TEMPO treated substrates (table 3.9). This thick-

ness may originated from remaining radical initiator fragments on the substrate.
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Figure 3.6: Flow chart of self-assembly, UV-irradiation at 366 nm, Irgacure 2959 UV-irradiation,
AIBN-TEMPO radical polymerization and stability test at pH 2 and pH 9
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After pH 2 treatment we did not observe a large change in film thickness, whereas
after pH 9 treatment we observed a large decrease in film thickness for all of the
samples. This decrease in film thickness showed that at pH 9 some P-O covalent
bonds break and the molecules are removed from the surface. However, we do not
expect any changes in SAMs thickness after polymerization. The change in thick-
ness of compound 21 was compared with the thickness change of compound AHP,
which does not has the possibility to polymerize and therefore should be removed

much more easier, compared to polymerized 21 [will be submitted for publication].

0
0
/
O=T—0'NH4+
ONHg*

Figure 3.7: Structure of 21 and AHP (ammonium-12-hydroxydodecyl-phosphate)

Table 3.9: Average film thickness for compound 21 were measured before and after UV irradiation
(254 and 366 nm) or radical polymerization. Stability tests at pH 2 and pH 9 were carried out at

room temperature for 12 hours and film thicknesses were measured

Thickness attempt of after after

[A] polymerization pH 2 pH9
21 SAMs 15.0£1.5 21.9+29 6.1+4.4
AHP SAMs 1894+1.0 15.14+0.6 3.443.0
UV irradiation at 366 nm 15.5+£1.3 18.3 £3.2 2.74+0.3
Irgacure 2959 UV irradiation 174+ 1.8 16.2 £ 0.8 8.1+£1.6
AIBN-TEMPO polymerization 31.8+6.5 19.9+5.5 13.2+4.6

As an additional comparison, polymer 28 was assembled according to the pro-

tocols presented in chapter 3.3.1. After self-assembly of compound 28 for 48 hours
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the SAMs were again tested for their stability at pH2 and pH 9 (table 3.10). After
pH 2 treatment the SAMs lose some thickness, but the more important result is seen
after pH 9 treatment: with self-assembled copolymer there is still a remaining layer
thickness of 14.8 A. The comparison with self-assembly of 21 (Table 3.9) proves the
higher stability of polymer 28 (Figure 3.10) on the surface.

Table 3.10: Thickness of the SAMs with polymer 28 after 48 hours, pH 2 and pH 9 treatment.
The film thickness was determined by VASE M-2000F
Thickness [A] after pH 2 [A] after pH 9 [A]

48 hours 28.8 £ 3.7 23.1+£1.2 14.8 £2.1

UV-irradiation of Monomers Directly on the Surface

In order to distinguish polymerization on surface we attempted to UV-irradiate
compounds 7 and 22. The spectra show vinyl bands of the molecule at 1602 cm™*
(Figure 3.8). Polymerization attempted by Stratagene UV Stratalinker 2400 on TiO,
(8 nm) - gold (80nm) wafer with maximum energy (999 microjoule) at 254 nm. IR
measurements before and after UV exposure showed no change in absorbance at
the vinyl band (1602 cm™!). This result proves that the polymerization attempts of

compounds 7 and 22 were not successful.

T T T T
UV irradiation of 7 UV irradiation of 22

vinyl band

intensity
Intensity

vinyl band

(LY i
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L I L I
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Figure 3.8: PM-IRRAS spectra in the vinyl band region of compound 7 and 22. The spectra

shows UV irradiation of the bulk compounds at room temperature with 999 microjoule.

PM-IRRAS measurements of the SAMs of compound 22 were carried out on
TiO, (8 nm) covered gold (80 nm) substrates. The bands at 2920 cm™' and 2850
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L are assigned to the symmetric and anti-symmetric strecthing modes of the

cm”
methylene groups. These bands show up at 2930 cm ™! and 2858 cm™! (Figure 3.9)

which show that alkyl chains are not well ordered [33] [34] [35].

Intensity

0.06 1 1 1 1

1000 1500 2000 2500 3000 3500

wavenumber (-:m'I )

Figure 3.9: PM-IRRAS spectra of compound 22 after self-assembly.

Comparison of bulk monomer and polymer by PM-IRRAS

Another method to distinguish the polymerization on surface is comparison of bulk
monomer and polymer on the substrate. We attempted to distinguish between
polymerized 21 and monomeric 21 by PM-IRRAS. The two thick films of either 21
or 16 (homopolymer of 21) were spin coated on gold substrates. The PM-IRRAS
measurement of the two compounds is shown in Figure 3.10. Unfortunately, the band

! is overlapped by strong aromatic bands which

from the vinyl group at 1602 cm™
makes it very difficult to use this technique as a test method for polymerization of

21.
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Figure 3.10: Comparison of bulk monomer and polymer on the substrate by PM-IRRAS

3.3.3 Adsorption of Phosphonic Acid Polymers and Phospho-
nic Acid Styrene Copolymer

Adsorption of compound 28

XPS:

The self-assembled monolayers for all investigated polymeric phosphonates were
analyzed at 53° takeoff angle. The detailed spectra for O 1s, Ti 2p, C 1s and P 2p
were resolved into their components using a fitting procedure as described in chapter
3.3.1. The used parameters are presented in table 3.11 (in comparison to 21 there
is no NCO component at 288.50 eV for 28).

Atomic concentrations of the SAMs were calculated and compared with theo-
retical values (Table 3.12). The found atomic concentrations of O and C are pretty
close to calculated values, which shows us that we have successfully self-assembled
polymer (28) on TiO, substrates. After self-assembly of compound 28 for 48 hours
the thickness of the films were determined by VASE.
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Table 3.11: XPS Binding energies and Fitting Parameters for compound 28 (Data measured on
VG Theta Probe spectrophotometer)

Binding Energy  Full Width at constraints Line Shape%
(BE)[eV] Half Maximum Gauss—
Lorentz
fwhm [eV] and asymetry
[Lit Casal
Ols 533.15 £ 0.01 1.48 +£0.04 BE = BE GL(30)
cC-0-C (O1s TiO4) + 3.00eV
Ols 531.61 +£0.01 1.63 +0.34 BE = BE GL(30)
P—0O—Ti (O1s TiOy) + 1.46eV
Ti—O—H
Ols 530.95 £+ 0.01 1.48 £ 0.04 fwhm = fwhm GL(30)
P=0 (O1s COC);
area = area
(O1ls COC);
BE = BE
(O1s TiO4) + 0.8eV
Ols 530.15 £ 0.01 1.29 4+ 0.04 none GL(30)
Ti0,
Ti 2py 2 464.43 + 0.1 2.16 + 0.04 none GL(30)
Ti 2p3 /o 458.66 £+ 0.04 1.11+0.01 none GL(30)
Cls 286.50 + 0.1 1.56 +0.05 fwhm = fwhm GL(30)
CO (Cls ali — aro)
CN
cpr
Cls 285 1.38 +0.02 none GL(30)
aliphatic
aromatic
P 2py/s 133.85 + 0.1 1.50 £0.11 BE = BE GL(30)
(P2p3/2) + 0.84eV;
area = area
(P2p3/2) * 0.5
P 2p3/9 133.04 £0.1 1.50+0.11 none GL(30)
Nls 400.41 + 0.1 1.91 +£0.1 none GL(30)

Table 3.12: Atomic concentrations of the SAMs of compound 28 compared to theoretically
calculated values. The numbers are average values of at least three samples (VG Theta Probe

spectrophotometer)
time O % N % C % P%
calculated 11.7 2.9 82.4 3.0
found

18 hours 13.9£0.8 3.6 £0.2 79.0+1.1 3.5£0.2
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Self-assembly of monomer 22*, homopolymer 26 and copolymer 28

The monolayer formation was the same as in the previous chapter. The formed
films of compound 22* were separately exposed to UV irradiation. UV irradiation
was carried out at 254 and 366 nm under No-atmosphere at room temperature for 5
minutes and once with photo initiator Irgacure 2959 in EtOH (5 mg/1 ml) under No-
atmosphere at room temperature for 5 minutes. Afterwards all the substrates were
rinsed with appropriate solvent, blow-dried with nitrogen and the film thickness were
measured by VASE. The aniline compound 22* synthesized according to the new
synthetic protocol (no side product 13a) forms now very reproducible SAMs with a
layer thickness very close to the calculated length of the molecules. The same is true
for the copolymer 28. In contrast, the homopolymer 26 does not form reproducibly
thick layers. This is most probably due to steric repulsion and configuration of this

polymer which hinders a nice assembly on the surface.

Table 3.13: Thickness of the SAMs with monomer (22*) and polymers (26, 28) after 20 hours.
The film thickness was determined by VASE M-2000F

Compound Thickness [A]
22* Aniline SAMs 21.5+£1.5
26 Homopolymer SAMs 16.4 +9.0
28 Copolymer SAMs 23.3+£0.5

3.3.4 Influence of Adsorption Parameters: Concentration

and Time for self-assembly

The self-assembly processes of alkyl thiols onto gold are known to be very fast.
Thiols adsorb on the gold surface and are able to diffuse laterally. The lateral
deplacement allows for dense packing of the final monolayer. Phosph(on)ate SAMs
are believed to grow in the form of islands [36]. The monolayers are then completed

by coalescence of these islands.
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Concentration vs. Thickness and Contact Angle

In this chapter we have studied the effect of the polymer concentration versus thick-
ness and contact angle. Four different concentrations 0.025 to 0.25 x 1073 mM were
prepared in DMSO/H50 (1:10 v:v) and self-assembled for 48 h.

Thickness vs Concentration (48h) Contact Angle vs. Concentration (48h)

35.00 80.00

S T T

25.00 I

‘£ 20.00
55.00

15.00 I
= 50.00

10.00 45.00

0 0.05 0.1 0.15 0.2 0.25 0.3 0 0.05 0.1 0.15 0.2 0.25 0.3

65.00

60.00

Thickness (A)
Contact Angle (°)

Concentration (mM) Concentration (mM)

Figure 3.11: Thickness and contact angle vs. concentration of the SAMs with compound 28. The
film thickness was determined by VASE M-2000F. Contact angle was measured using Ramé-hart

goniometer

The 0.025 mM solution of compound 28 showed lower coverage of the metal
oxide by VASE and CA measurements. The wettability of 0.025 nM is relatively
lower than, at other concentrations. According to VASE and contact angle measur-
ments 0.025 mM is definitely too low in concentration for formation of a complete

monolayer within 48 h (Figure 3.11).

Time vs. Thickness and Concentration

We continued with the study of the time needed for self-assembly of compound 28.
VASE measurement showed that the thickness of the adsorption is increasing within
the first hours (Figure 3.12). As we stated in the previous chapter we observed an
increase in film thickness between 26 h and 72 h (table 3.8). We believe that more
surface-bound hydroxyl groups will be replaced by the adsorption of molecules and
they interact with neighboring molecules, which decreases the final tilt angle of the

molecules.
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Thickness vs. Time (0.2x10°3 mM) Contact Angle vs. Time (0.2x10°3 mM)
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Figure 3.12: Thickness and contact angle vs. time of the SAMs with compound 28. The
film thickness was determined by VASE M-2000F. Contact angle was measured using Ramé-hart

goniometer

Comparison of the results from the two methods demonstrate that both VASE
and contact angle measurements can be used as sensitive methods to observe for
SAM formation for compound 28. From these data as well as other observations we
think that the self-assembled monolayer method needs at least 0.1 mM concentration

and 20 hours time to assemble on the surface.

3.3.5 Cinnolines

As stated in chapter 3.1.2 we have found two new compounds 4a and 4b which
are highly luminescent. In literature we have found two similar molecules which
were synthesized with different methods [20], [22], [21] (Scheme 3.17). Triph-
enyldiazenium was synthesized by electrochemistry and radical reaction whereas
Benzolc|cinnoline by photochemical cyclohydrogenation. In our case 4a and 4b
were synthesized using a Pd-catalyzed Suzuki cross-coupling reaction [15] [16] [17]
(Scheme 3.18, 3.19). The reagent used to introduce vinyl group is trivinylboronic
acid anhydride pyridine [18]. This reaction is rather straightforward and can be

easily be scaled up to large quantities.

We speculate that this reaction could be useful for the synthesis of large chro-
mophores (Scheme 3.18) which could be used as organic light emiting diods (OLED),
for example in displays (LCDs). Therefore it would be interesting to study if
paladium-catalyzed reactions are possible with different substituents and different

boronic acids for example to synthesize other cinnoline compounds under similar
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T
z
\
zT

Triphenyldiazenium Benzo[c]cinnoline

Scheme 3.17: Structure of two cinnolines that have been synthesized so far [20], [22], [21].

Scheme 3.18:  Synthesis of 2-p-tolyl-1,2-dihydrocinnolin-6-ol. (a) (E)-3-bromo-4-(p-

tolyldiazenyl)phenol 2b, dimethoxymethane, tetrakistriphenylphosphine palladium, KoCOs, (vinyl
boronic acid) trimer, H»O, 89° C, 16h.

OH
4b

SOgH
Scheme 3.19: Synthesis of 4-(6-hydroxycinnolin-2(1H)-yl)benzenesulfonic acid. (b) (E)-4-

((2-bromo-4-hydroxyphenyl)diazenyl)benzenesulfonic acid 2a, dimethoxymethane, tetrakistriph-
enylphosphine palladium, K2COs, (vinyl boronic acid) trimer, HoO, 89° C, 16h.
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conditions with different types of boronic acids like phenylboronic acid (Scheme
3.19). If the generality of the reaction could be proved, it would be a method to

synthesize a whole class of new highly conjugated molecules.

R
s P
i N NH
+2 e
© © i
Br N, l Br G

—_—
"
R R

Scheme 3.20: Structure of possible chromophores which could be synthesized by the new devel-

R

oped Pd-cross coupling reaction.

Vinylation (Pd-Catalysed Crosscoupling)

éN
N B(OH), N\
Br |
/
Pd(PPhj),
OH K,CO;
DME/H,0

Scheme 3.21: Proposed synthesis of a new Benzo|[c|cinnoline derivative using an aromatic borate
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CHAPTER 4

Experimental Section

4.1 Materials and methods

4.1.1 Analysis
NMR spectroscopy:

Nuclear magnetic resonance spectra were recorded with a Bruker 300 or 500 MHz
spectrometer with the corresponding solvent signals as internal standards. Chemical
shifts are reported in parts per million (ppm). Values of the coupling constant, J,
are given in Hertz (Hz). The following abbreviations are used in the experimental
section for the description of 'H-NMR spectra: singlet (s), doublet (d), triplet (t),
multiplet (m), doublets of doublet (dd), broad singlet (bs). The chemical shifts
of complex multiplets are given by means of the range of their occurrence. The

deuterated solvents were purchased from Merck, Fluka or Acros.

Elemental analysis:

It was used a Leco CHN-900, CHS-932 and RO-478.

Melting point:

Melting points were measured by BUCHI B-540.
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Chromatographic Methods

Analytical TLC

Reactions were checked by TLC with TLC-ready charts by Merck (plastic sheets
with silica gel Si 60) or TLC-ready charts by Macherey-Nagel (Polygram Alox
N/UVas4, ready foils with 0.2 mm aluminium oxide with fluorescent indicator F254).
detection was in UV light with wavelength A = 254 or A = 366 nm.

Preparative column chromotography:
The chromotography was run with Fluka flash silica gel (230-400 mesh ASTM).
Analytical GPC:

Measurements were performed with a Viscotek GPCmax VE 2001GPC sol-

vent /sample module and data were evaluated by Omnisec 4.0 software.

4.1.2 Substrates

Si-wafer samples were purchased in the form of 6-inch wafers mounted on a polymeric
foil that was used to support the cutting of the wafer to the desired size (Powatec,
Cham Switzerland).

Preparation of TiO, Layers

Titanium metal surfaces spontaneously form a natural amorphous oxide film. There-
fore, the adsorption takes place at the metal oxide. Titaniumdioxide films were de-
posited by a sputter-coating process on silicon wafers (PSI, Villigen, CH). In order
to ensure that no contaminants are present at the interface between the Si-wafer and
the subsequently thin sputter coating, the following three types of contamination

had to be removed:

(1) Dust created during handling and removal of the Si-wafer from the polymeric

foil support
(2) Glue residues on the backside of the Si-wafer

(3) Hydrocarbon contamination and absorbed water from the ambient at-

moshere
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Gold Coating

Before starting with gold coating, the wafers were sonicated for 10 minutes with
toluene and dried with Ny-gas. Then they were cleaned with piranha solution and
rinsed many times with water. Afterwards they were washed with ethanol, dried
with Ny-gas and plasma treated. The formation of an 80 nm gold film was carried
out by a physical vapor deposition process (BAL-TEC Multi Control System 010
MED 020 Coating Systems).

4.1.3 Cleaning of the Substrate Surfaces

All substrates were placed in a highly clean PTFE container and treated in an ul-
trasonic bath with 2-propanol for 10 minutes. It is very important to place the
samples in a vertical position to remove microscopically small particles, such as
silicon powder, during the sonication. Such small particles cannot be removed by
simply blowing them away, not even with a strong gas stream. The samples were
removed from 2-propanol and blow-dried in a nitrogen stream followed by an addi-
tional cleaning in a UV-ozone cleaner for 30 minutes or in an oxygen-plasma cleaner

for 2 minutes, right before the assembly process.
Sonicator: Bandelin Model Sonorex super 10P
UV-1: Boekel Industries, Inc. UV Clean Model 135500

UV-2: OmniLLAB UV-Ozone Photoreactor’™ Ultra Violet Products Model PR-
100

Plasma-1: Harrick Scientific Corp. Ossining, New York Plasma
Cleaner /Sterilizer Model PDC-002 (PIN 191-500)

Plasma-2: Harrick Plasma Cleaner/Sterilizer Model PDC-32G

Plasma-3: Harrick Scientific Corp. Ossining, New York Plasma
Cleaner /Sterilizer Model PDC-002 (PIN 191-500)

Plasma-4: Harrick Plasma Cleaner/Sterilizer Model PDC-32G
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4.1.4 Chemicals

All commercially available substances were purchased from Fluka, Aldrich, Merck,

or Acros, and used without further purification.

4.2 Instruments

The following items of apparatus were used for specific parts of the work and have

therefore been separated into different subchapters.

4.2.1 Apparatus for the Cleaning and Coating of the Sub-

strates

The following instruments were used for specific parts of the work:

Ultrasonic Bath Sonication in general performed in a Ultrasonic bath Branso
5210 for 10 minutes.

UV-cleaner We used two different UV-cleaner in our experiments: UV-Ozone
Cleaner Model 135500 Boekel Industries; Inc. in Laminar flow box Skan USA-180
for surface preparation & UV-Ozone Photoreaktor Ultra-Violet Products.

Oxygen plasma cleaner The apparatus used for the experiments are: Plasma
Cleaner /Strilizer Harrick & Plasma Cleaner /Sterilizer Harrick PDC-32G.

4.2.2 Glassware and Tools Cleaning

All glass containers were cleaned with piranha acid (volume 7:3 HySO,:H50,), fol-
lowed by extensively rinsing with ultrapure water until the water was pH-neutral to
ensure that all organic and inorganic contaminations have been removed. In order
to be sure that no soluble contaminants, which could compete with the molecular
assembly steps, are present, all containers were then washed several times with 2-
propanol and/or ethanol. Before and after every batch of sample cleaning and coat-
ing processes these containers were treated in an ultrasonic bath with 2-propanol

and/or ethanol for 10 minutes.
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4.2.3 Preparation of Self-assembly Solution

The alkyl phosp(on)ate self-assembled monolayer system is very sensitive to con-
tamination. Therefore, the solvents have to be of the highest quality, and free from

any hydrocarbon contamination that could compete with the assembling molecules.

4.2.4 Surface Characterization

In this chapter, methods for quantitative surface analysis with an information depth
of a few nanometers are presented. These methods were used for surface character-

ization before and after coating with adsorbates such as alkyl phosphonate SAMs.

X-ray Photoelectron Spectroscopy (XPS)

XPS analysis was performed using a PHI 5700 spectrophotometer (Physical Elec-
tronics, Eden Prairie, MN) and a VG Theta Probe spectrophotometer (Thermo
Electron Corporation, West Sussex, UK).

PHI 5700 spectrophotometer: It was equipped with a concentric hemi-
spherical analyzer. Spectra were acquired at a base pressure of 10~ mbar or below
using a non-monochromatic Al-Ka source operating at 350 W and positioned 10
mm away from the sample. The instrument was run in the minimum-area mode
using an aperture of 0.4 mm diameter. The CHA was used in the fixed-analyzer-
transmission mode. Pass energies used for survey scans and detailed scans were
187.85 ad 46.95 eV, respectively for titanium Ti2p, carbon Cls, oxygen Ols, and
phosphorus P2p. Under these conditions, the energy resolution (full width at half
maximum height, fwhm) measured on silver Ag3ds,, is 2.7 ad 1.1 eV, respectively.
Acquisition times were approximately 5 min for survey scans and 15 min (total) for
high-energy-resolution elemental scans. These experimental conditions were chosen
in order to have an adequate signal-to -noise ratio in a minimum time and to limit
beam-indiced damage. Under these conditions, sample damage was negligible, and
reproducible analyzing conditions were obtained on all samples. In addition, only
one sample was introduced into the analyzing chamber at a time. The measurements
were performed with a takeoff angle of 53° with respect to the surface plane. All
recorded spectra were referenced to the aliphatic hydrocarbon Cls signal at 285.0
ev.
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VG Theta Probe spectrophotometer: It was equipped with concentric
hemispherical analyzer and two-dimensional channel plate detector with 112 energy
and 96 angle channels. Spectra at different locations on the sample were acquired
at a base pressure of 1072 mbar or below using a monochromatic Al-Ka source
with a spot size of 300 um. The analyzer was used in the constant analyzer energy
mode. Pass energies used for survey scans and detailed scans are 200 and 50 eV,
respectively for titanium 2p, carbon Cls, oxygen Ols, and nitrogen 1s. Acquisition
times were approximately 15 min for high-energy-resolution elemental scans and
5 min for survey scans. These experimental conditions were chosen in order to
obtain an adequate signal-to-noise ratio in a minimum time and to limit beam-
indiced damage. Under these conditions, sample damage was negligible. All recorded
spectra were referenced to the hydrocarbon C 1s signal at 285.0 eV. Data were

analyzed using the program CASA XPS.

Variable Angle Spectroscopic Ellipsometer (VASE)

The thickness of films were determined by VASE (M-2000F, L.O.T Oriel GmbH,
Germany). Measurements were conducted under ambient conditions at three angles
of incidence (65, 70 and 75°) in the spectral range of 250 - 1000 nm. Measurements
were fitted with the WVASE32 analysis software using a multilayer model for an
oxide layer on silicon and organic adlayer (monomer and polymer). The n and
k values for the oxide layers were fitted, and the adlayer thickness for film was

determined using the Cauchy model.

Contact Angle

Contact-angle measurements were carried out by means of a Rameé-hart, Inc. NRL
C.A. Goniometer (Model No 100-00-230). All the reported values are the average

of advancing contact angles at 5 different spots per sample.

Infrared Spectroscopy (PM-IRRAS)

PM-IRRAS measurements were carried out on a Bruker IFS66v Spectrometer
equipped with a PMAS0 photoelastic modulator accessory. The interferrogram from

the spectrometer was modulated with a ZnSe Photoelastic modulator (Hinds Co) at
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a frequency of 50 kHz and was analyzed with a lock-in amplifier (Stanford Research,
USA) . Typically 1024 scans were acquired at 8 cm™! resolution. In these measure-
ments 80 nm gold and 8 nm TiO, coated silicon oxide wafers were used (4 x 2 cm).
The sample chamber was continuously purged with dry air during the measurement.
The resulting spectra were baseline corrected with a polynomial background using
the instruments OPUS software (Bruker Optics). The spectra showed strong bands
in the frequency region below 1000 cm™! arising from the TiO, layer. However, the
regions of interest in this study are free of any interfering features from the TiO,

layer underneath.

4.3 Syntheses

4.3.1 Synthesis of Monomer

Figure 4.1: Structure of (E)-4-((2-bromo-4-hydroxyphenyl)diazenyl)benzenesulfonic acid 2a.

Synthesis of (E)-4-((2-bromo-4-hydroxyphenyl)diazenyl) benzenesulfonic
acid 2a. 4-Aminobenzenesulfonic acid (100 g, 0.58 mol) was suspended in 36 %
hydrochloric acid (125 ml, 1.45 mol) and sodium nitrite solution (39.89 g, 0.58
mol in 300 ml water) was added dropwise at 0-5 °C. 3-bromophenol (100 g, 0.58
mol) was dissolved in sodium hydroxide solution (184 g, 4.62 mol in 500 ml water)

and the previous solution containing 4-sulfobenzenediazonium was added slowly
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to the orange bromophenol suspension. The reaction mixture was stirred at rt
for 12h. The resulting orange suspension was made acidic with 150 ml 36 % hy-
drochloric acid to precipitate the product. Filtration at 0 °C gave (E)-4-((2-bromo-
4-hydroxyphenyl)diazenyl)benzenesulfonic acid as an orange powder (151 g, 92 %).

'"H-NMR . (500 MHz, CDCl3) § 7.82 (d, 2H, J=8.5 Hz, C*H, C°H), 7.66 (d, 1H,
J=9 Hz, C%), 7.28 (d, 2H, J=8 Hz, C3, C%), 7.20 (d, 1H, J=2.7 Hz, C?), 6.81 (dd,
1H, J,=2.7 Hz, J,=9 Hz, C'1), 2.41 (s, 3H, CH3) ppm.

BC-NMR (125 MHz, CDCl3) § 158.33, 150.80, 143.87, 141.58, 129.76, 127.43,
123.11, 119.97, 115.35, 21.50 ppm.

EA 012H9NQO4SBI'
Calculated: C: 40.35 H: 2.54 N: 7.84. Found: C: 38.00 H: 3.08 N: 6.35.
MP 302-306 °C.

Figure 4.2: Structure of 4-Amino-3-vinylphenol 5.

Synthesis of 4-Amino-3-vinylphenol 5. Tert-butyl 4-hydroxy-2-
vinylphenylcarbamate 10 (50 mg, 0.21 mmol) was dissolved in dichloromethane
/ trifloroacetic acid (9:1) (1.8:0.2 ml) and stirred at rt for 6h. Dichloromethane and
trichloroacetic acid were evaporated under reduced pressure. Yellow crude solid was
washed with diethyl ether and filtered to give lila solid (10 mg, 35%).

Figure 4.3: Structure of 3-vinylphenol 6.
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Synthesis of 3-vinylphenol 6. 3-Bromophenol (3 g, 17.3 mmol) was dissolved
in dimethoxyethane. Tetrakistriphenylphosphine palladium (0.2 g, 0.017 mmol),
potassium carbonate (4.77 g, 34.6 mmol), boric acid (1.38 g, 5.8 mmol) and water
(15 ml) were added under No-atmosphere. The reaction mixture was stirred at reflux
for 12 h, cooled and acidified with 2N HCI1 (100 ml). The mixture was extracted
with diethyl ether (3 x 50 ml). The combined organic layers were dried over anhy-
drous MgSO, and concentrated under reduced pressure. The residue was purified
by column chromatography on silica gel with petroleum ether / diethyl ether (10:1)
resulting white-yellow oil (1.30 g, 63%).

'H-NMR (500 MHz, MeOD) ¢ 7.11 (t, 1H, C%), 6.86 (d, 1H, C7), 6.85 (d, 1H,
C9), 6.68 (dd, 1H, C1), 6.67-6.65 (dd, 1H, J=1.0, J=17.6 Hz, C13), 5.70-5.67 (dd,
1H, J=1.2, J=17.4 Hz, C4), 5.17-5.15 (dd, 1H, J=1.2, J=17.4 Hz, C4) ppm.

13C-NMR (125 MHz, MeOD) § 155.61, 140.39, 138.24, 130.48, 118.85, 115.86,
113.77, 113.58 ppm.

EA CgHsO

Calculated: C: 79.97 H: 6.71. Found: C: 76.30 H: 6.77.

Figure 4.4: Structure of 12-(3-vinylphenoxy)dodecylphosphonic acid 7.

Synthesis of 12-(3-vinylphenoxy)dodecylphosphonic-acid 7. 3-
vinylphenol 6 (0.3 g, 2.5 mmol) was dissolved in EtOH (15 ml) and potassium
carbonate (1.38 g, 10 mmol). The reaction mixture was heated to reflux and 12-
iodododecylphosphonic acid was added. The reaction mixture was stirred at reflux
for 12 h, cooled and acidified with 1IN HCI (10 ml). The resulting mixture was ex-
tracted with diethyl ether (3 x 50 ml). The combined organic layers were dried over
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anhydrous MgSQO, and concentrated under reduced pressure. The yellow crude solid
was dissolved in hexane (10 ml), dried over anhydrous MgSO,4 and concentrated

under reduced pressure to give white powder (180 mg, 59%).

'H-NMR (300 MHz, CDCly) 6§ 8.96 (bs, 2H, OH), 7.25 (t, 1H, C%), 7.01 (d,
1H, C7), 6.97 (d, 1H, C'), 6.83 (dd, 1H, C?), 6.76-6.66 (d, 1H, J=10.8, J=17.4 Hyz,
C'3), 5.79-5.73 (dd, 1H, J=17.4 Hz, C), 5.28-5.25 (d, 1H, J=10.8 Hz, C'4), 1.30
(m, 24H, CH,) ppm.

BC-NMR (75 MHz, CDCl3) § 159.4, 139, 136.9, 129.4, 118.7, 114.1, 112.2,
70.1, 67.9, 45.2, 32.7, 30.6, 30.4, 29.6, 29.4, 29.1, 26.9, 26.1, 22.1, 22.0 ppm.

EA C20H39N204P

Calculated: C: 65.20 H: 9.03. Found: C: 60.58 H: 9.22. The difference is due to
the side product.

MP 73-76 °C.

Figure 4.5: Structure of 4-Amino-3-bromo-phenol 8.

Synthesis of 4-Amino-3-bromo-phenol 8. (E)-4-((2-bromo-4 hydrox-
yphenyl) diazenyl)-benzenesulfonic acid 2a (9.89 g, 0.027 mol) was suspended in
H,0 (150 ml) and after 20 min. NayS;0y4 13 (4.82 g, 0.027 mol) was added. The
orange color changed to light yellow. The reaction mixture was stirred at rt for 4
h after which diethyl ether (100 ml) was added. The mixture was extracted with
diethyl ether (3 x 70 ml). The organic layers were washed with water, combined,
dried over anhydrous MgSO, and concentrated under reduced pressure. 2.87 g (55%)
beige solid.

TH-NMR (300 MHz, D,O-K,CO3) 6 6.75 (d, 1H, J=2.7 Hz, C') , 6.67 (d, 1H,
J=8.7 Hz, C®), 6.46 (dd, 1H, J;=2.7 Hz, J,=8.7 Hz, C°) ppm.

BC-NMR (75 MHz, D,O-K,CO3) § 155.3, 134.2, 120.2, 119.0, 118.0, 111.0
ppm.
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EA C6H6NO4BY

Calculated: C: 38.33 H: 3.22 N: 7.45 O: 8.51 Br: 42.50. Found: C: 38.28 H: 3.31
N: 7.44 O: 8.55 Br: 42.62.

MP 152-156 °C.

Figure 4.6: Structure of tert-butyl 2-bromo-4-hydroxyphenylcarbamate 9.

Synthesis of tert-butyl 2-bromo-4-hydroxyphenylcarbamate 9. 4-
Amino-3-bromo-phenol 8 (36 g, 0.19 mol) was dissolved in THF (100 ml) and di-
tertbutyl-dicarbonate (45.92 g, 0.21 mol) ¥ was added. The reaction mixture was
stirred at rt for 12 h and concentrated under reduced pressure. Column chromatog-
raphy of the crude product on silica gel with petroleum ether / acetone (4:1) gave
tert-butyl-4-hydroxy-2-vinylphenylcarbamate 9 as a white solid (45.65 g, 83 %).

'TH-NMR (300 MHz, CDClg) 6 7.70 (d, 1H, J=9 Hz, CS), 6.99 (d, 1H, J=2.7
Hz, C”), 6.70 (dd, 1H, J;=2.7 Hz, J,=9 Hz, Cg), 6.63 (bs, 1H, OH), 1.53 (s, 9H,
(CH3)3> ppim.

BC-NMR (75 MHz, CDCl3) 6 154.1, 153.3, 128.3, 124.3, 119.4, 116.3, 115.6,
81.4, 28.4 ppm.

EA CHH14N03BI'

Calculated: C: 45.85 H: 4.90 N: 4.86 O: 16.66 Br: 27.73. Found: C: 45.93 H:
5.10 N: 4.77 O: 16.57 Br: 27.54.

MP 136-139 °C.
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Figure 4.7: Structure of tert-butyl 4-hydroxy-2-vinylphenylcarbamate 10.

Synthesis of tert-butyl 4-hydroxy-2-vinylphenylcarbamate 10. Tert-
butyl 2-bromo-4-hydroxyphenylcarbamate 9 (20 g, 0.069 mol) was dissolved in DME
(180 ml) and tetrakistriphenylphosphine palladium (0.8 g, 0.069 mmol), potassium
carbonate (19.15 g, 0.139 mol), boric acid (5.55g, 0.023 mol) and water (60 ml) were
added. The reaction mixture was stirred at reflux for 12 h, cooled and acidified with
2N HCI (150 ml). The mixture was extracted with diethyl ether (3 x 100 ml). The
combined organic layers were dried over anhydrous MgSO, and concentrated under
reduced pressure. The residue was purified by column chromatography on silica gel
with petroleum ether / acetone (4:1) to give white-yellow solid (12.79 g, 79%).

'"H-NMR . (300 MHz, CDCl3) 6 7.25 (d, 1H, J=8.1 Hz, C?), 6.84 (d, 1H, J=3,
C), 6.81-6.72 (dd, 1H, J=11.2, J=17.4 Hz, C'3), 6.61 (dd, 1H, J=2.7, J=9.3 Hz,
%), 6.17 (bs, 1H, OH), 5.64-5.58 (dd, 1H, J=1.2, J=17.4 Hz, C1*), 1.51 (s, 9H,
(CH3)3) ppm.

BC-NMR (75 MHz, CDCl3) 6 154.3, 153.4, 133, 127.3, 126.1, 117.1, 116.2,
115.7, 112,8, 80.6, 28.4 ppm.

EA C3H7NO

Calculated: C: 66.36 H: 7.28 N: 5.95 O: 20.40. Found: C: 66.41 H: 7.34 N: 5.89
0: 20.34.

MP 149-153 °C.
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Figure 4.8: Structure of 12-bromododecylphosphonic acid-diethylester 11.

Synthesis of 12-bromododecylphosphonic acid-diethylester 11. 1,12-
dibromododecane (49.8 g, 0.152 mol) was heated to reflux and triethyl phosphite
(25.21, 0.152 mol) was added drop-wise for 30 min. The yellow solution was strirred
at 170 °C for 4 h. The crude product was purified by column chromatography on
silica gel with petroleum ether / acetone (2:1) yielding 11 as a white oil (21.1 g, 36

%).

IH-NMR (300 MHz, CDCl3) 6 3.99 (m, 4H, CHs), 3.31 (t, 2H, CH,), 1.30-1.17
(m, 12H, CH,) ppm.

13C-NMR (75 MHz, CDCl;) 6 61.3, 61.3, 33.9, 32.7, 30.8, 30.6, 30.4, 29.4, 29.3,
29.2, 28.9, 28.7, 28.1, 26.5, 24.6, 22.3, 22.2, 16.4, 16.3 ppm (Due to NMR active P).

EA C16H3403PBI‘

Calculated: C: 49.87 H: 8.89 O: 12.46 P: 8.04 Br: 20.74. Found: C: 49.99 H:
8.72 O: 12.57 P: 7.90 Br:20.17.

MP 136-140 °C.

Figure 4.9: Structure of 12-iodododecylphosphonic acid 12a.

Synthesis of 12-iodododecylphosphonic acid 12a. Potassium iodide (1.92
g, 11,5 mmol) was suspended in 12-bromododecylphosphonic acid-diethylester 11
(1.48 g, 3.84 mmol). Acetonitrile (3 ml) and trimethylchlorosilane (1.25 g, 11.5

mmol) were added under Ns-atmosphere to previous suspension and stirred over
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night at reflux. Trimethylchlorosilane and acetonitrile were removed under reduced
pressure. Recrystallization from chloroform and filtration of the product gave 12a
as a white powder (0.85 g, 60%)

TH-NMR (300 MHz, CDCl3) § 7.38 (bs, 2H, OH), 3.21 (t, 2H, I-CH,), 1.88-1.55
(m, 4H, CH,), 1.38-1.28 (m, 20H, CH,) ppm.

BC-NMR (75 MHz, CDCl3) § 33.6, 30.5, 30.3, 30.1, 29.3, 29.2, 29.1, 28.9, 28.2,
27.6, 25.8, 25.2, 5.7 ppm (Due to NMR active P).

SIP-NMR (121 MHz, CDCl3) 6 38.59 ppm.

EA Cy5Hy03PI

Calculated: C: 38.31 H: 6.97 O: 12.76 P: 8.23 I: 33.73. Found: C: 39.35 H: 6.71.
MP 137-141 °C.

Figure 4.10: Structure of 12-(4-tert-butoxycarbonylamino)-3-vinylphenoxy)dodecylphosphonic
acid 13.

Synthesis of 12-(4-tert-butoxycarbonylamino)-3-vinylphenoxy) dode-
cylphosphonic acid 13. Potassium carbonate (0.47 g, 3.44 mmol), tert-butyl
4-hydroxy-2-vinylphenyl-carbamate 10 (0.2 g, 0.86 mmol) and EtOH (10 ml) were
suspended, evacuated and heated to reflux (83 °C). 12-iodododecylphosphonic acid
12a was added under Ny-atmosphere and stirred over night at reflux. The reaction
mixture was acidified with 1IN HCl (5 ml) and extracted with diethyl ether (3 x
100 ml). The combined organic layers were washed with H,O, dried over anhydrous
MgSO, and concentrated under reduced pressure. The yellow crude solid was dis-
solved in 10 ml diethyl ether and precipitated in hexane to give white solid 13 (0.24
g, 58 %).
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'H-NMR (300 MHz, CDCly) § 7.50 (s, 1H, C%), 6.96 (d, 1H, J=2.7, C'1), 6.85-
6.76 (dd, 1H, J=11.2, J=18.6 Hz, C), 6.80 (dd, 1H, J=2.7, J=9.3 Hz, C?), 6.17
(bs, 1H, NH), 5.69-5.64 (dd, 1H, J=1.2, J=18.6 Hz, C'), 5.39-5.34 (dd, 1H, J=1.2,
J=12 Hz, C') 4.06 (bs, 1H, OH), 3.91 (t, 2H, CHs,) 1.50 (s, 9H, (CHs)3), 1.27-1.18
(s, 24H, CHy) ppm.

BC-NMR (75 MHz, CDCl3) § 68.3, 29.6, 29.4, 29.3, 29.1, 28.4, 26.0 ppm.
SIP-NMR (121 MHz, CDCl3) 6 37.45 ppm.
EA C29H50N06P

Calculated: C: 64.54 H: 9.34 N: 2.60 O: 17.79. Found: C: 64.66 H: 9.45 N: 2.54
0O: 17.85 P: 5.74.

MP: 83-86 °C.

(CH2)42
O=—P—OH

OH
14

Figure 4.11: Structure of 12-(4-amino-3-vinylphenoxy)dodecylphosphonic acid 14.

Synthesis of 12-(4-amino-3-vinylphenoxy)dodecylphosphonic acid 14.
12-(4-tert-butoxycarbonylamino)-3-vinylphenoxy)dodecylphosphonic acid 13 (0.1 g,
0.2 mmol) was dissolved in dichloromethane / trifloroacetic acid (6:1) (3:1 ml) and
stirred at rt for 6h. Dichloromethane and trichloroacetic acid were evaporated under
reduced pressure. Yellow crude solid was washed with diethyl ether and filtered

which resulting yellow solid (74 mg, 94%).

TH-NMR (300 MHz, CDCly) 6 6.69 (s, 1H, C'), 6.76-6.67 (d, 1H, C'3), 6.76-
6.67 (4, 1H, CY), 5.58 (d, 1H, J—17.4 Hz, C™), 5.53 (d, 1H, J—10.8 Hz, C4), 3.90
(t, 2H, CHy), 1.24-1.15 (m, 24H, CHs,) ppm.
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BC-NMR (75 MHz, CDCl;) § 161.0, 160.5, 159.4, 138.9, 136.9, 133.7, 129.4,
119.9, 118.6, 114.0, 112.1, 67.9, 31.9, 29.7, 29.7, 29.6, 29.6, 29.4, 29.4, 29.3 ppm.

SIP-NMR (121 MHz, CDCl3) § 23.98 ppm.
EA CQQH34NO4P

Calculated: C: 65.58 H: 9.63 N: 3.19 O: 14.56 P: 7.05. Found: C: 64.86 H: 10.23
N: 3.18 O: 14.83 P: 6.95.

MP: 143-148 °C.

Figure 4.12: Structure of 1-(dodecyloxy)-3-vinylbenzene 15.

Sythesis of 1-(dodecyloxy)-3-vinylbenzene 15. 3-vinylphenol 6 (0.74 g,
6.13 mmol) and KOH (1.37 g, 24.52 mmol) were dissolved in acetonitrile (8 ml).
The solution was heated to reflux and 1-dodecylbromide was added. The mixture
was stirred at reflux for 12 h, cooled and acidified with 2N HCI (10 ml). The reaction
mixture was extracted with diethyl ether (4 x 50 ml). The combined organic phases
were dried over MgSO,, and the solvent was removed in vacuo. Chromatographic
separation with silica gel as stationary phase and petroleum ether as mobile phase

gave 15 as a yellow oil (998 mg, 57 %)

'H-NMR (300 MHz, CDCl3) § 7.25 (d, 1H, C'%), 7.02 (d, 1H, C7), 6.85 (dd,
1H, %), 6.78-6.67 (dd, 1H, C8), 5.78 (d, 1H, C'4), 5.28 (d, 1H, C'), 3.99 (t, 2H,
CH,), 1.83 (t, 2H, CH,), 1.13 (s, 10H, CH,), 0.93 (t, 2H, CH,) ppm.

1BC-NMR (75 MHz, CDCl3) § 159.4, 138.9, 136.9, 129.4, 118.7, 113.9, 112.1,
67.9, 31.9, 29.7, 29.6, 29.3, 26.1, 22.7, 14.1 ppm.

EA CyH;5,0
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Calculated: C: 83.27 H: 11.18 O: 5.55. Found: C: 83.42 H: 11.40 O: 5.53.

Figure 4.13: Structure of Tert-butyl-4-(12-(diethoxyphosphoryl)dodecyloxy)-2-vinylphenyl-

carbamate 16.

Synthesis of Tert-butyl 4-(12-(diethoxyphosphoryl)dodecyloxy)-2-
vinylphenylcarbamate 16. Tert-butyl 4-hydroxy-2-vinylphenylcarbamate 10
(10.25 g, 0.044 mol) was dissolved in acetonitrile (150 ml) and potassium car-
bonate (24 g, 0.174 mol). The reaction mixture was heated to reflux and 12-
bromododecylphosphonic acid-diethylester added. The reaction mixture was stirred
at reflux for 12 h. The resulting reaction mixture was cooled, diethyl ether added,
and filtered through celite. The filtrate was concentrated under reduced pressure.
The residue was purified by column chromotography on silica gel with petroleum
ether / acetone / toluene (2:1:1) gave yellow oil (21.97 g, 93%).

'H-NMR (300 MHz, CDCly) § 7.18 (m, 1H, J=7.5, J=17.4 Hz, C'3), 6.95 (d,
1H, J=3, C®), 6.85-6.75 (dd, 1H, J=3, J=6 Hz, C!!), 6.8 (d, 1H, J=6 Hz, C?),
6.21 (bs, 1H, NH), 5.68-5.63 (dd, 1H, J=1.2, J=17.4 Hz, C'), 5.41-5.37 (dd, 1,
J=10.8, J=17.4 Hz, C*), 4.1-4.02 (m, 4H, CH,), 3.93 (t, 2H, J=6, CH,), 1.49 (s,
9H, (CHj);3), 1.31-1.27 (m, 24H, CH,) ppm.

1BC-NMR (75 MHz, CDCl3) § 156.2, 153.7, 132.3, 127.9, 124.8, 117.1, 115.0,
114.8, 114.5, 112.1, 80.2, 68.3, 30.7, 30.5, 29.5, 29.4, 29.3, 29.1, 28.3, 26.0, 25.1, 22.4,
22.3, 16.5, 16.4 ppm.

SIP-NMR (121 MHz, CDCl3) 6 32.8 ppm.
EA CyH;gNOP

Calculated: C: 64.54 H: 9.34 N: 2.60 O: 17.79 P: 5.74. Found: C: 64.66 H: 9.38
N: 2.61 O: 17.76 P: 5.77.
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Figure 4.14: Structure of 12-(4-dodecanamido-3-vinylphenoxy)dodecylphosphonic acid 17.

acid 17.

Synthesis of 12-(4-dodecanamido-3-vinylphenoxy)dodecylphsophonic

12-(4-amino-3-vinylphenoxy)dodecylphosphonic acid 14 and 2,5-

dioxopyrrolidinl-yl were dissolved in DMSO in the presence of triethylamine and
stirred over night at rt. The yellow solution was acidified with 2M HCI (5 ml) and
resulting precipitation filtered. (97 mg, 69%)

'"H-NMR . (300 MHz, DMSO-d6) ¢ 10,15 (bs , 1H, NH), 6.69 (m, 1H, C?), 6.86
(s, 1H, C1), 6.87-6.78 (q, 1H, C3), 6.63 (d, 1H, C?) 5.60 (d, 1H, J= 1.5, J=17.4
Hz, C1), 5.14 (d, 1H, J=1.5, J=11.1 Hz, C'*), 3.85 (t, 21, CH,), 1.23-1.15 (m, 241,
CH,) ppm.

13C-NMR (75 MHz, DMSO-d6) 6 150.6, 132.6, 122.5, 117.1, 116.0, 113.1, 111.0,
67.8, 30.1, 29.9, 28.9, 28.8, 28.7, 28.6, 28.1, 27.0, 25.5, 22.7 ppm.

SIP-NMR (121 MHz, DMSO-d6) § 26.70 ppm.

MP: 153-155 °C.
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Figure 4.15: Structure of 12-(4-PEG-ethanamido)-3-vinylphenoxy)dodecylphosphonicacid 18.

Synthesis of 12-(4-PEG-ethanamido)-3-vinylphenoxy) dodecylphos-
phonic acid 18. Diethyl-12-(4-PEG-ethanamido)-3-vinylphenoxy) dodecylphos-
phonate 23 was dissolved in dichloromethane and trimethylbromosilane was added.
The reaction mixture was stirred at RT for 48 h. The solution was concentrated
under reduced pressure. The white crude product was suspended in MeOH / H5O
(95:5) for 12 h. The white suspension was concentrated under reduced pressure. The
crude product was purified by dialysis in deionized water (48 h) and lyophilization
(48 h, at -50°C and 0.2 mbar) gave 18 as a white powder (105 mg, 53 %).

'"H-NMR. (500 MHz, CDCl3) § 9.59 (s, 1H, NH), 8.07 (d, 1H, J=5.4, C?®), 7.03
(d, 1H, J=3, C'1), 6.83-6.77 (dd, 4H, J=7, C?), 6.69 (s, 1H, J=1.2, C'3), 4.13 (s,
9H, CH,), 3.72-3.64 (m, CH,), 3.36 (¢, 3H, CHs), 1.73 (m, 9H, CH,), 1.37-1.22 (m,
12H, CHy) ppm.

13C-NMR (125 MHz, Benzene-d6) & 167.51, 155.44, 139.21, 128,5, 119.99,
68.05, 61.05, 39.16, 30.93, 30.24, 28.62, 28.43, 27.01, 25.89, 23.07 ppm.

SIP-NMR (202 MHz, DMSO-d6) § 28.20 ppm.
EA Cy09Ha10NOy9P

Calculated: C: 55.72 H: 9.01 N: 0.60 O: 33.36 P: 1.32 (n=43). Found: C: 53.73
H: 897 N: 0.83 O: 33.11 P: 1.57.

MP: 46-49 °C.
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Figure 4.16: Structure of 4-(12-(diethoxyphosphoryl)dodecyloxy)-2-vinylbenzenaminium 19.

Synthesis of diethyl 12-(4-amino-3-vinylphenoxy)dodecylphosphonate

19. Tert-butyl 4-(12-(diethoxyphosphoryl)dodecyloxy)-2-vinylphenylcarbamate 16

(0.5g, 0.93 mmol) was dissolved in a mixture of dichloromethane / trifloro acetic

acid (18:3 v:v). The reaction mixture was stirred at RT for 12 h. The suspension

was concentrated under reduced pressure to give a brown oil (0.62 g, 93%)

'H-NMR (300 MHz, CDCl3) § 10.77 (bs, 3H, NH), 7.25 (d, 1H, J=2.7, C%),
7.05 (d, 1H, J=2.7, C'1), 6.88-6.84 (dd, 1H, J=2.7, J=3 Hz, °), 6.83-6.76 (dd, 1H,
J=11.2, J=17.4 Hz, C'3), 5.66-5.60 (dd, 1H, J=1.5, J=17.4 Hz, C'4), 5.33-5.29 (dd,
1H, J=11.2, J=17.4 Hz, C'%), 4.16-4.1 (m, 4H, CH,), 4.02-3.98 (t, 2H, J—6, CH,),

1.84-1.75 (m, 4H, CH,), 1.39-1.29 (m, 24H, CH,) ppm.

13C-NMR (75 MHz, CDCl3) 4 161, 160.5, 159.5, 133.7, 129.7, 124.7, 121.1, 120,
119.9, 117.3, 115.5, 114.6, 113.5, 113.1, 112.5, 68.3, 62.5, 62.4, 30.5, 30.3, 29.5, 29.4,
29.3,29.2, 29.1, 29, 26, 25.8, 24.1, 22, 22.9, 16.3, 16.2 ppm.

SIP-NMR (121 MHz, CDCl3) § 34.3 ppm.

EA Cy,HpoNOLP

Calculated: C: 65.58 H: 9.63 N: 3.19 O: 14.56 P: 7.05. Found: C: 64.90 H: 10.23

N: 3.15 O: 14.83 P: 6.98.
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Figure 4.17: Structure of diethyl 12-(4-acetamido-3-vinylphenoxy)dodecylphosphonate 20.

Synthesis of Diethyl-12-(4-acetamido-3-vinylphenoxy) dodecylphos-
phonate 20. Diethyl 12-(4-amino-3-vinylphenoxy)dodecylphosphonate 19 (0.4g,
0.93 mmol) was dissolved in dichloromethane (2 ml) and acetic anhyride (0.095 g,
0.93 mmol) and triethyl amine (0.376 g, 3.72 mmol) were added. The reaction
mixture was stirred at rt for 12 h. The solution was concentrated under reduced
pressure. The residue was purified by column chromotography on silica gel with
petroleum ether / acetone (1:1) to give a white solid (0.34 g, 76%).

'H-NMR (300 MHz, CDCly) § 7.54 (d, 1H, J=8.7, C%), 7.01 (d, 1H, J=2.7,
Cl1), 6.88-6.84 (dd, 1H, J=2.7, J=3 Hz, (), 6.85-6.76 (m, 1H, C'3), 5.73-5.67 (dd,
1H, J=0.6, J=17.1 Hz, C"), 5.69-5.53 (dd, 1H, J=0.6, J=10.6 Hz, C'*), 4.20-4.04
(m, 4H, CH,), 3.99-3.93 (t, 2H, J=6.6, CH), 2.24 (s, 3H, CH,) 1.84-1.75 (m, 4H,
CH,), 1.39-1.29 (m, 24H, CH,) ppm.

1BC-NMR (75 MHz, CDCl;) § 168.83, 158.78, 157.09, 133.06, 132.32, 131.89,
129.79, 127.28, 126.65, 117.07, 114.75, 114.49, 111.95, 111.45, 68.27, 668.16, 61.36,
61.31, 30.64, 30.57, 30.50, 29.45, 29.43, 29.32, 29.22, 29.18, 29.05, 26.19, 25.98, 25.92,
23.81, 22.37, 22.33, 20.59, 17.54, 16.54, 16.41.

SIP-NMR (121 MHz, CDCl3) ¢ 32.86 ppm
EA CyHyuNOsP

Calculated: C: 64.84 H: 9.21 N: 2.91 O: 16.61 P: 6.43. Found: C: 64.90 H: 9.36
N: 2.96 O: 16.59 P: 6.45.

MP 68-71 °C
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Figure 4.18: Structure of 12-(4-acetamido-3-vinylphenoxy)dodecylphosphonic acid 21.

Synthesis of 12-(4-acetamido-3-vinylphenoxy)dodecylphosphonic acid
21. Hydrogen-12-(4-ammonio-3-vinylphenoxy)dodecylphosphonate 22 (0.4 g, 1.04
mmol) was dissolved in dimethyl sulfoxide (5 ml) and acetic anydride (0.1 g, 1.04
mmol) and triethyl amine (0.42 g, 4.16 mmol) were added. The reaction mixture
was stirred at rt for 24 h and 2N HCI (10 ml) was added. The resulting precipitate
was filtered and dried under reduced pressure. The residue was dissolved in 1,2-
dimethoxyethane (3 ml) and precipitated from petroleum ether. Filtration afforded
12-(4-acetamido-3-vinylphenoxy)dodecylphosphonic acid 22 beige solid (162 mg, 37
%).

'H-NMR (300 MHz, DMSO-d6) § 7.17 (s, 1H, NH), 7.2 (d, 1H, J=9, C¥), 7.12
(d, 1H, J=3 C1), 6.86.6.82 (dd, 1H, J=3 J=9 Hz, C?), 6.85-6.76 (m, 1H, J=11.1,
J=17.4 C13), 5.84-5.78 (dd, 1H, J=11.1, J=17.4 Hz, C'%), 5.35-5.28 (dd, 1H, J=1.2,
J=11.1 Hz, C'*), 3.90-3.88 (t, 2H, J=6, CH,), 2.02 (s, 3H, CHj), 1.46-1.23 (m, 24,
CHs) ppm.

13C-NMR (75 MHz, DMSO-d6) 6 169.1, 156.96, 133.76, 132.88, 128.71, 128.63,
116.06, 114.91, 114.82, 110.55, 68.04, 30.64, 30.43, 29.47, 29.35, 29.17, 28.93, 27.13,
25.98, 23.43, 23.23. 23.17 ppm.

SIP-NMR (121 MHz, DMSO-d6) § 26.77 ppm.
'H-NMR (500 MHz, MeOD § 7.17(d, 1H, J=9, C%), 7.11 (d, 1H, J=3 C11),
6.87-6.86 (dd, 1H, J=2.8 J=6.9 Hz, C°), 6.86-6.79 (m, 1H, J=17.53, J=11,1 C13),

5.77-5.73 (dd, 1H, J=1, J=17.47 Hz, C%), 5.40-5.30 (dd, 1H, J=1, J=11 Hz, C4),
4-3.98 (t, 2H, J=6.4, CH,), 2.14 (s, 3H, CH;), 1.38-1.30 (m, 24H, CH,) ppm.
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BC-NMR (125 MHz, MeOD) § 172.78, 159.27, 136.06, 133.66, 129.49, 128.59,
116.21, 115.68, 111.97, 69.24, 31.85, 31.72, 30.68, 30.54, 30.48, 30.39, 30.31, 28.65,
27.55, 27.15, 23.92, 22.79 ppm.

SIP-NMR (202 MHz, MeOD) & 31.49 ppm..
EA C22H35NO5P

Calculated: C: 62.25 H: 8.31N: 3.30 O: 18.85 P: 7.30. Found: C: 61.71 H: 8.63
N: 3.30 O: 18.85 P: 7.20.

MP 96-100 °C.

(CH2)12

0=P—OH

OH
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Figure 4.19: Structure of Hydrogen-12-(4-ammonio-3-vinylphenoxy)dodecylphosphonate 22.

Synthesis of Hydrogen-12-(4-ammonio-3-vinylphenoxy)dodecyl phos-
phonate 22. Tert-butyl 4-(12-(diethoxyphosphoryl)dodecyloxy)-2-vinylphenyl car-
bamate 16 (1 g, 1.85 mmol) was dissolved in dichloromethane (1 ml) and trimethyl-
bromosilane was added. The reaction mixture was stirred at RT for 48 h. The
solution was concentrated under reduced pressure. The crude brown product was
suspended in MeOH / H50 (95:5) for 12 h. The white suspension was concentrated
under reduced pressure to give white solid (0.62 g, 89 %).

'H-NMR (300 MHz, DMSO-d6) § 6.99 (d, 1H, J=2.7, C%), 6.87-6.78 (m, 1H,
J=3.9, J=17.4 C%), 6.84 (d, 1H, J=8.7 Hz, C'1), 6.76-6.72 (m, 1H, J=2.7, J=17.4,
C9), 5.77-5.70 (dd, 1H, J=0.9, J=17.1 Hz, C'4), 5.32-5.25 (dd, 1H, J=0.9, J=2.7 Hz,
C14), 3.91-3.86 (t, 2H, J=6, CH,), 1.46-1.23 (m, 24H, CH,) ppm.
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BC-NMR (75 MHz, CDCl;) § 158.4, 132.7, 130.1, 124.9, 121.5, 118.8, 115.4,
115.1, 114.6, 111.7, 67.8, 30.1, 29.9, 28.9, 28.8, 28.6, 28.5, 27.9, 26.9 25.4, 22.7, 22.6
ppi.

3'P-NMR (121 MHz, DMSO-d6) ¢ 26.64 ppm.
EA C40H70N208P2Br

Calculated C: 56.60 H: 8.31 N: 3.30 O: 15.08 P: 7.30 Br: 9.41. Found: C: 56.78
H: 8.32 N: 3.25 O: 15.32 P: 7.31 Br: 9.60.

MP 148-155 °C.

4.3.2 Synthesis of Polymer and Copolymer

(CHa)12
O=—P—OEt

OEt
23

Figure 4.20: Structure of Diethyl-12-(4-PEG-ethanamido)-3-vinylphenoxy)dodecylphosphonate
23.

Synthesis of Diethyl-12-(4-PEG-ethanamido)-3-vinylphenoxy)dodecyl
phosphonate 23. Polyethylene glycol 2000 monomethyl ether (50 g, 25 mmol)
was dissolved in KOH (35 g, 625 mmol,) then KMnO, (15.8 g, 100 mmol) was
added drop-wise for 30 min. at rt and stirred 4 h at rt. The reaction mixture was
filtered through Celite and 37% HCI (50 ml) was added. The colorless solution was
concentrated under reduced pressure and extracted with CHCIl3 (300, 200, 100 ml),
filtered and concentrated under reduced pressure which gave a white solid (46.35 g,
93 %). Recrystallization from CHCl; / Et,O and filtration of the product at rt gave
MPEG-COOH as a white solid (26.8 g, 63 %). MPEG-COOH (1 g, 0.5 mmol) was
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dissolved in dichloromethane and oxayl chloride was added. After 12 h stirring at
rt oxaly chloride and dichloromethane were evaporated under reduced pressure. 19
(219 mg, 0.5 mmol) was dissolved in dichloromethane and TEA was added. PEG-
COCI was dissolved in dichloromethane and added to the previous reaction mixture.
The resulting solution was stirred for 12 h at rt. Dicholoromethane and TEA were
evaporated under reduced pressure. The crude product was purified by dialysis in
deionized water (48 h) and lyophilization (48 h, at -50°C and 0.2 mbar) to give 23
yellow solid (1012 mg, 84 %).

MPEG-COOH: "H-NMR, (300 MHz, CDCly) 6 4.13 (d, 2H, J=6, CH,), 3.63-
3.62 (m, CH,), 3.32 (t, 3H, CH3) ppm.

IBC-NMR (75 MHz, CDCl3) ¢ 72.0, 71.8, 70.54, 68.90, 58.90 ppm.
EA CggHi75046
Calculated: C: 53.87 H: 9.04 O: 37.09. Found: C: 53.51 H: 9.03 O: 37.27.

Diethyl-12-(4-PEG-ethanamido)-3-vinylphenoxy)dodecyl = phospho-
nate 23: 'H-NMR (300 MHz, CDCly) & 8.56 (s, 1H, NH), 7.59 (d, 1H, J=9,
C®), 7.03 (d, 1H, J=3 C'1), 6.88-6.82 (dd, 1H, J=6 J=9 Hz, C?), 6.87-6.74 (m, 1H,
J=1.2, J=17.4 C13), 5.74-5.68 (dd, 1H, J=1.2, J=17.4 Hz, C14), 5.41-5.35 (dd, 1H,
J=1.2, J=11.2 Hz, C"), 4.17 (s, 2H, CH,), 3.70-3.62 (m, CH,), 3.39 (t, 3H, CHy),
1.38-1.31 (m, 9H, CHs), 1.29 (s, 6H, CHy) ppm.

BC-NMR (75 MHz, CDCl;) ¢ 168.50, 157.05, 132.76, 132.11, 126.73, 126.07,
116.92, 114.50, 111.90, 71.89, 71.32, 70.75, 70.66, 70.64, 70.62, 70.60, 70.56, 70.52,
70.48, 70.23, 68.21, 61.35, 61.30, 58.98, 30.50, 20.51, 29.35, 29.33, 29.25, 29.05, 25.99,
16.46, 16.41 ppm.

SIP-NMR (121 MHz, CDCl;) 6 32.78 ppm.
EA Cll3H218NO49P

Calculated: C: 56.41 H: 9.13 N: 0.58 O: 37.09 P: 1.29 (n=43). Found: C: 56.25
H: 9.10 N: 0.72 O: 32.66 P: 1.48.

GPC M,,: 3.220, PD: 1.11
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Figure 4.21: Structure of Poly-diethyl-12-(4-(3,3-dimethylbutanamido)-3-ethylphenoxy) dode-
cylphosphonate 25.

Synthesis of Poly-diethyl-12-(4-(3,3-dimethylbutanamido)-3-
ethylphenoxy) dodecylphosphonate 25. Tert-butyl 4-(12-(diethoxyphosphoryl)
dodecyloxy) 2-vinylphenyl carbamate 16 (1 g, 1.86 mmol) was dissolved in benzene
(1 ml) and AIBN was added. The reaction mixture was evacuated, degassed and

stirred over night at 85 °C. Benzene was evaporated under reduced pressure. (0.75
g, 75%).

'H-NMR (500 MHz, DMSO-d6) § 7.62 (dd, 1H, Ar-H), 7.41 (br, 1H, NH),
6.92 (dd, 1H, Ar-H), 6.81 (d, 1H, Ar-H), 4.01-3.90 (br, 6H, CH,), 1.7-1.62 (br,
CH,), 1.40-1.31 (br, CHy) ppm.

BC-NMR. (125 MHz, DMSO-d6) § 166.94, 158.22, 131.69, 128.62, 124.26,
115.39, 67.76, 29.25, 25.37, 22.72, 13.85, 10.77 ppm.

SIP-NMR (121 MHz, DMSO-d6) § 32.95 ppm.
EA C30H54N06P

Calculated: C: 64.84 H: 9.79 N: 2.52 O: 17.79 P: 5.74. Found: C: 63.40 H: 9.18
N: 2.73 O: 17.90 P: 5.77.

GPC M,,: 132.417, PD: 2.77
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Figure 4.22: Structure of Poly-2-ethyl-4-(12-phosphonododecyloxy)benzenaminium bromide 26.

Synthesis of Poly-2-ethyl-4-(12-phosphono dodecyloxy) benzenamini-
umbromide 26 Diethyl-12-(4-(3,3-dimethyl butanamido)-3-ethylphenoxy) dode-
cylphosphonate 25 (0.294 g, 0.55 mmol) was dissolved in dichlormethane (1ml)
and evacuated. Trimethylbromosilane (0.17 ml, 1.1 mmol) was added under No-
atmosphere and stirred over night at rt. Dichloromethane and excess trimethylbro-
mosilane was evaporated under reduced pressure. The resulting orange crude solid
was dissolved in MeOH / HyO (95:5) for 12 h. The pink suspension was concentrated
under reduced pressure to give white solid (0.24 g, 57 %).

'"H-NMR. (300 MHz, Benzene-d6) ¢ 7.90-7.60 (bs, 1H, NH), 7.20 (br, 2H, Ar-
H), 6.98-6.79 (dd, 1H, Ar-H), 6.78 (br, 4H, Ar-H), 4.1 (br, 4H, CHy), 4.04 (br, 2H,
CH,),1.80 (br, 8H, CH,), 1.57 (br, 12H, CH,), 1.39 (br, 16H, CH,) ppm.

1BC-NMR (125 MHz, CDCl;) § 127.89, 125.65, 114.85, 112.10, 68.31, 61.31,
30.69, 30.56, 29.63, 29.33, 29.13, 28.33, 26.25, 26.11, 25.13, 22.42, 22.38, ppm.

3'P-NMR (121 MHz, Benzene-d6) ¢ 31.99 ppm.

EA C40H70N208P2BI‘

Calculated: C: 56.60 H: 8.31 N: 3.30. Found: C: 57.71 H: 8.38 N: 3.35.
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Figure 4.23: Structure of poly-(tert-butyl 4-(12-(diethoxyphosphoryl)dodecyloxy)-2-
ethylphenylcarbamate-co-styrene) 27.

Synthesis of poly-(tert-butyl 4-(12-(diethoxyphosphoryl)dodecyloxy)
2-ethylphenylcarbamate-co-styrene) 27. Tert-butyl 4-(12 (diethoxyphospho-
ryl) dodecyloxy) 2-vinylphenyl-carbamate 16 (0.5 g, 0.93 mmol) and styrene (0.19
g, 1.86 mmol) were dissolved in benzene (0.5 ml) and AIBN was added. The reaction
mixture was stirred over night at 85 °C. The resulting yellow gel was precipitated
in hexane at 0 °C and filtered. (0.37 g, 61%).

'H-NMR (300 MHz, DMSO-d6) § 7.25-7.03 (br, 4H, Ar-H), 6.80-6.39 (br, 4H,
Ar-H), 3.76 (br, 2H, CH,), 1.49 (br, 2H, CHy), 1.26 (br, 4H, CHy), 1.19 (br, 12H,
CHs) ppm.

BC-NMR (75 MHz, DMSO-d6) § 128.7, 100.0, 68.2, 29.60, 23.2, 23.1 ppm.
SIP-NMR (121 MHz, DMSO-d6) § 27.82 ppm.

EA C3;H5sNOgP (n/m=1)

Calculated: C: 69.02 H: 9.08 N: 2.18. Found: C: 70.59 H: 9.01 N: 2.15.

GPC M,,: 54.619, PD: 2.59
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Figure 4.24: Structure of poly(2-isopropyl-4-(12-phosphonododecyloxy)benzenaminium bromide-
co-styrene))phenylcarbamate 28.

Synthesis of poly (2-isopropyl-4-(12-phosphonododecyloxy)benzen
aminium bromide-co-styrene) 28. Poly-(tert-butyl 4-(12-(diethoxy phospho-
ryl) dodecyloxy)-2-ethylphenylcarbamate-co-styrene) 27 (0.37 g, 0.37 mmol) was
dissolved in dichlormethane (1ml). Trimethybromosilane (0.12 ml, 0.89 mmol) was
added under Ny-atmosphere and stirred over night at rt. Dichloromethane and ex-
cess trimethylbromosilane was evaporated under reduced pressure. The resulting
orange crude solid was dissolved in MeOH / H5O (95:5) for 12 h. The pink suspen-

sion was concentrated under reduced pressure to give white solid (0.2 g, 95 %).

'H-NMR (300 MHz, DMSO-d6) & 7.30 (br, 24H, Ar-H), 6.55 (br, 20H, Ar-H),
3.76 (br, 6H, CHs), 1.25 (br, CHy), 1.23 (br, CHs) ppm.

13C-NMR (75 MHz, DMSO-d6) § 128.7, 127.7, 100, 68.2, 29.6, 23.2, 23.1 ppm.

SIP-NMR (121 MHz, DMSO-d6) § 28.02 ppm.

EA CyH;sNO4PBrg 5

Calculated: C: 63.75 H: 8.02 N: 2.65 O: 12.13 P: 5.87 Br: 7.57. Found: C: 63.95
H: 7.85 N: 2.44.
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Figure 4.25: Structure of poly-hydrogen-12-(4-ammonio-3-(4-phenylbutan-2-yl)phenoxy) dode-
cylphosphonate 29.

Synthesis of poly-PEG-(2-isopropyl-4-(12-phosphonododecyloxy)-
benzenaminium bromide-co-styrene) 29. Poly(2-isopropyl-4-(12-phosphono
dodecyloxy)benzenaminium bromide-co-styrene) 28 (20 mg, 0.037 mmol) and PEG-
NHS-5000 (0.037 mmol, 184 mg) were dissolved in DMSO (4 ml) and TEA was
added. The crude product was purified by dialysis in deionized water (48 h) and
lyophilization (48 h, at -50°C and 0.2 mbar) gave 29 white solid (188 mg, 92 %).

'H-NMR (300 MHz, DMSO-d6) § 7.15-7.04 (br, 4H, Ar-H), 6.68-6.34 (br, 4H,
Ar-H), 4.02 (s, 2H, CH,), 3.75 (m, 2H, CH,), 3.52 (br, CHs), 3.44 (br, CH,), 1.25
(br, CHy), 1.23 (br, CHs) ppm.

BC-NMR (75 MHz, DMSO-d6) § 171.62, 72.31, 71.25, 70.08, 69.76, 69.56,
67.62, 60.19, 58.02 ppm.

SIP-NMR (121 MHz, DMSO-d6) § 9.88 ppm.

EA C2771—15401\1()1291:)

Calculated: C: 55.63 H: 9.10 N: 0.23. Found: C: 55.50 H: 9.08 N: 0.42.
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Figure 4.26: Structure of poly-(tert-butyl 4-(12-(diethoxyphosphoryl)dodecyloxy)-2-
ethylphenylcarbamate-co-1-(dodecyloxy) 3 ethylbenzene 30.

Synthesis of poly-(tert-butyl 4-(12-(diethoxyphosphoryl)dodecyloxy)-
2-ethylphenylcarbamate-co-1-(dodecyloxy)-3-ethyl benzene 30. 1-
(dodecyloxy) 3-vinylbenzene 15 (0.21 g, 0.74 mmol), tert-butyl-4-(12-(diethoxy
phosphoryl) dodecyloxy)-2-vinylphenyl-carbamate 16 (0.2 g, 0.37 mmol) and
AIBN were dissolved in benzene. The mixture was stirred over night at 85
°C. The resulting solution was precipitated in MeOH / HyO (4:1) at 0 °C
and filtered which gave poly-(tert-butyl 4-(12-(diethoxyphosphoryl)dodecyloxy)-2-

ethylphenylcarbamate-co-1-(dodecyloxy)-3-ethylbenzene 30 as sticky gel (204 mg,
50%).

TH-NMR (300 MHz, Benzol-d6) 6§ 7.54 (s, 1H, Ar-H), 7.22 (s, 1H, Ar-H), 7.18
(s, 1H, Ar-H), 7.01(s, 1H, Ar-H), 6.90 (br, Ar-H), 6.53 (br, Ar-H), 4.12 (m, 4H,

CH,), 3.77 (t, CH,), 1.84 (br, 3H, CH,), 1.65 (br, 3H, CH,), 1.50 (br, 12H, CH,)

BC-NMR (75 MHz, Benzol-d6) § ppm.
3IP-NMR (121 MHz, Benzol-d6) § 31.92 ppm.
EA C49H87NO7P (n/m:l)

Calculated: C: 70.64 H: 10.52 N: 1.68. Found: C: 73.58 H: 10.32 N: 1.14.
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4.3.3 Cinnolines

Figure 4.27: Structure of 2-p-tolyl-1,2-dihydrocinnolin-6-ol

Synthesis of 2-p-tolyl-1,2-dihydrocinnolin-6-ol

(E)-3-bromo-4-(p-tolyldiazenyl)phenol 2b (1.5 g, 5.2 mmol) was dissolved in
DME (25 ml) and tetrakistriphenylphosphine palladium (59 mg, 0.052 mmol), potas-
sium carbonate (1.42 g, 10.3 mmol), boric acid (410 mg, 1.72 mmol) and water (7 ml)
were added. The reaction mixture was stirred at reflux for 12 h, cooled and acidified
with 2N HCI (20 ml). The mixture was extracted with diethyl ether (3 x 50 ml).
The combined organic layers were dried over anhydrous MgSO, and concentrated

under reduced pressure. (0.51 g, 42%).

'"H-NMR. (300 MHz, CDCls) 6 7.93 (d, 1H, J=7.5, C°), 7.70 (d, 1H, J=9.6,
CP), 7.57 (d, 2H, J=8.1,C%), 7.35 (d, 2H, J=8.1, C°), 7.22 (dd, 1H, J=2.4 J=9.9,
C?), 7.16 (d, 1H, J=7.5, C"), 6.33 (d, 1H, J=2.4, C9), 3.45 (s, CHs) ppm.

BC-NMR (75 MHz, CDCl3) § 141.53, 132,48, 130.89, 122.03, 108.74, 21.21,
17.57 ppm.

MP 232-238 °C.
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Figure 4.28: Synthesis of 4-(6-hydroxycinnolin-2(1H)-yl)benzenesulfonic-acid

Synthesis of 4-(6-hydroxycinnolin-2(1H)-yl)benzenesulfonic-acid

(E)-4-((2-bromo-4-hydroxyphenyl)diazenyl)benzenesulfonic acid 2a (0.5 g, 1.4
mmol) was dissolved in DME (3 ml) and tetrakistriphenylphosphine palladium (16
mg, 0.014 mmol), potassium carbonate (386 mg, 2.8 mmol), boric acid (112 mg,
0.47 mmol) and water (3 ml) were added. The reaction mixture was stirred at re-
flux for 12 h, cooled and acidified with 2N HCI (5 ml). The mixture was extracted
with diethyl ether (3 x 20 ml). The combined organic layers were dried over anhy-
drous MgSO, and concentrated under reduced pressure. The residue was purified
by column chromatography on silica gel with MeOH / ethylacetate (1:2) to give
white-yellow solid (353 mg, 90%).

TH-NMR, (500 MHz, K,CO4-D,0) § 8.70 (d, 1H, J—6.6, C°), 8.01 (d, 2H,
J=7.2, C%), 7.97 (d, 2H, J=6.3,C°), 7.95 (d, 1H, C), 7.79 (d, 1H, J=6.3, C*), 7.31
(d, 1H, J=9.3, C"), 6.65 (s, 1H, C9) ppm.

BC-NMR (125 MHz, K,CO3-D,0) § 167.73, 145.68, 143.97, 136.45, 133.41,
133.35, 127.85, 122.94, 1211.69, 109.14ppm.

MP > 400 °C.






CHAPTER 5

Summary and Outlook

5.1 Summary

The aim of the present work was to accomplish a synthetic contribution for the
self-assembly of monomeric and polymeric phosphonates. A modular synthetic con-
cept had to be developed, which includes the synthesis of the head group, the
center piece and the tail group. The head group binds to the substrate surface.
The center piece has three important groups: the hydroxyl group which couples
to the head group, the vinyl group will be the polymerizable group and the amino
group can be selectively coupled to the end-functionalized terminating groups. A
set of alkyl phosphonates for self-assembly were synthesized with the new synthetic
strategy. According to the data measured by NMR and elemental analysis, the
purities of 14 and 21 were very high. By polymerization and solvolysis of com-
pound 16 we obtained poly-2-ethyl-4-(12-phosphonododecyloxy)benzenaminium
bromide 26. Copolymerization of 16 with styrene gave poly-(2-isopropyl-4-(12-
phosphonododecyloxy)benzenaminium bromide-co-styrene) 28. After self-assembly
of the compounds we determined that for longer self-assembly time the phospho-
nate density is also larger, while the surface-bound water or hydroxyl groups become

increasingly replaced.

Alkyl phosphonates have been shown to adsorb onto titanium oxide (TiOy) sur-
faces forming a monolayer with direct, coordinative complexation of the phosphonate
head-group onto titanium oxide surface. This direct coordination is believed to be

one of the reasons for the stability of the phosphonate adlayer on TiO, surfaces.
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Alkyl phosphonates are able to build up spontaneously organized monomolecular
layers on titanium oxide surfaces. The coverage of the surface is completed within
16 hours, whereas the final organization of the films needs more than 48 hours. These
molecular films play an important role in altering surface properties, including sta-
bility and wettability, even when the films are very thin on a molecular dimension.
On the other hand, organized assemblies of organic species formed on solid surfaces
exhibit unique functions controlled by the interaction between the adsorbed species

and the solid surfaces.

Two methods were attempted to distinguish polymerization on the surface. The
first method was the comparison of bulk monomer and polymer by PM-IRRAS. Two
thick films of polymerized 21 and monomeric 21 were compared by PM-IRRAS.

Unfortunately, the band from vinyl group at 1602 cm™!

is overlapped by strong
aromatic bands which makes it very difficult to use this technique as a test method
for polymerization of 21. The second method was the comparison of the SAMs
thickness of 21 after UV- irradiation and pH 9 treatment. The large decrease in
film thickness for all the samples showed that we were probably not polymerizing
on the surface. Whereas polymer self-assembly with 28 at the same conditions (pH

9) had a higher stability of polymer on the surface due to multisite attachment.

5.2 Outlook

A set of monomers and polymers as carriers for further functionalization is now ac-
cessible. The next step could be the investigation of application areas. Further in-
vestigation should lead to a better understanding of the influence that minor changes
in surface order have on adlayer properties such as resistance to recontamination or

stability on contact with solutions of different compositions.

One open question in this thesis is if other possibilities for polymerization can
be studied and developed. Due to lack of knowledge of polymer behavior on the

surface. The polymers we have worked on have molecular of weight 50000.

One of the most interesting aspects of research in biomaterials lies in the de-
velopment of biosensing devices (biosensors). Titanium has been considered as the
metallic biomaterials of choice, a field where is a need to control surface modifica-

tions of the oxide layer. Another active research used is the field of bone implants.
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The interaction between the metal surface of the biomaterial and the newly formed

bone tissue is known to be critical for the success of the implant settings.

Although there are many different approaches to self-assembly being carried
out at present, everybody currently working in the field seems to agree on how
useful self-assembling systems can be. The ultimate goals would surely be systems
approaching the same complexity as living ones. But even in the near future there
could be many applications forthcoming i.e. self-healing materials, self-assembling

circuits or self-replicating nano-devices.
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