
DISS. ETH NO. 19869

POLY(ALKYL-PHOSPHONATES), A MODULAR APPROACH TO
FUNCTIONALIZATION OF SURFACES

A dissertation submitted to the

ETH ZURICH

for the degree of
Doctor of Science

Dr. sc. ETH Zürich

presented by
CHRISTOPH KARL KILIAN MAYER
Dipl. chem., University of Regensburg

born September 27th, 1980
citizen of Germany

accepted on the recommendation of

Prof. Dr. N. D. Spencer
Prof. Dr. S. S. Perry
Dr. S. G. P. Tosatti

Dr. S. Zürcher

2011





For my Family





“Science is like sex: sometimes something useful comes out,
but that is not the reason we are doing it. ”

R. P. Feynman





Abstract

The aim of this PhD project was the development of different surface-active, graft-
copolymers, capable of adsorbing on surfaces, and the subsequent formation of poly-
mer brushes. The synthetic route chosen was based on a modular approach that
allows easy modification of the polymer structure during synthesis. Starting from a
reactive polymer, the grafting of desired functionalities onto the backbone polymer,
namely surface anchor and polymeric side-chains resulting in a graft-copolymer, were
investigated.

The focus was placed on graft-copolymers bearing two different functionalities: a
phosphonate surface anchor, capable of binding to a number of different oxide sur-
faces, and polymer side-chains, assumed to form a polymer brush after adsorption.
For synthesis, the nucleophilic ring-opening reaction of maleic anhydride with amines
and alcohols was studied. Different polymers were developed, characterized and ap-
plied to surfaces in order to study the formation of brush-like adlayers under different
conditions.

In a first polymer generation, polyethylene glycol (PEG) side-chains were used to
develop a new polymeric system that renders a surface non-fouling, which can be
used for biomedical applications, e.g. for implant surfaces. Non-fouling surfaces sup-
press undesirable, unspecific biomolecular adsorption. This is important for implant
materials, where the first step of the so-called foreign-body reaction consists of the
adsorption of proteins onto the implant surface. This reaction can be retarded or
even suppressed when using PEG-ylated surfaces. Polymers, differing in the graft-
ing density of phosphonate surface anchor, PEG chains and backfiller (to guarantee
full reaction of all anhydride rings) were synthesized using the polymer backbone
poly(isobutylene-alt-maleic anhydride) and terminal amines as nucleophiles.

The adsorption of these polymers onto titanium dioxide and magnesium oxide/yttrium
oxide model surfaces was investigated and the polymers characterized on the surface
by X-ray photoelectron spectroscopy (XPS).

For titanium oxide surfaces, a full characterization of the surface adsorption was
performed, using ex situ and in situ measurements, such as variable angle spec-
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troscopic ellipsometry (VASE), transmission interference adsorption sensor (TInAS)
and XPS. After investigation of the adsorption parameters, the chemical composition
of the polymers on the surface was compared with the bulk chemical composition.
The same grafting density was derived, being exactly the expected grafting den-
sity, as used during polymer synthesis. However, a slight reduction in the effective
grafting ratio was observed when reaching higher grafting densities, where steric
hindrance gains influence. Additionally the structure of the polymer at the surface
was investigated by angle-resolved XPS, confirming the adsorption of the polymer
as a monolayer with the phosphonate group responsible for surface-binding and the
PEG chains forming the outermost part of the surface-bound polymer. The adsorp-
tion mechanism and kinetics of the polymers were investigated by TInAS, VASE
and light-scattering methods. It seems to be an adsorption mechanism involving
micellar aggregates present in the adsorption solution. The adlayer thickness was
investigated in situ and ex situ with different methods, including VASE, TInAS
and AR-XPS to derive a “dry” layer thickness, assuming collapsed side chains. A
“swollen” layer thickness was investigated, assuming a swollen brush regime in con-
tact to the solvent. This was performed using a quartz crystal microbalance with
dissipation monitoring (QCM-D). The non-fouling properties were investigated by
adsorption studies of full human serum onto the polymer brush and the biological
performance of the polymers was connected to the findings of the protein adsorp-
tion studies by performing preliminary cell tests. Additionally, the stability of the
polymer against desorption at different pH values was investigated and compared to
other polymers. It was found to be more stable against desorption than the reference
polymers.

In a second generation, poly(1,2-butylene glycol) monobutylether (PBG) side chains
were used to develop a new polymeric system that can be used as an oil-soluble
polymer additive to lower friction, e.g. in motor oils. Surface-active compounds
normally act as friction modifiers in the mixed and boundary lubrication regime,
where slow sliding speeds and high loads are predominant and thus high friction and
wear rates are observed. In order to render the polymer oil soluble, poly(1,2-butylene
glycol) PBG side chains were grafted and the backbone poly(octadecene-alt-maleic
anhydride), which consists of hexadecane side-chains in every repetition unit, were
chosen. This time, the ring-opening of the anhydride ring with the polyether side
chain was performed by the free hydroxyl group present at the chain-end of the
PBG. Due to the lower reactivity of the alcohol functionality, the reaction was not
quantitative, resulting in relatively low grafting densities for the polyether side-chain.
The composition at the surface was investigated with XPS on titanium dioxide and
100Cr6 steel surfaces. Furthermore, the “dry” and “swollen” layer thickness was
measured on titanium oxide surfaces. The performance of the polymer as a boundary
lubricant was studied in poly(alpha-olefin) and diisotridecyl adipate (DITA). Pin-on-
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disk measurements were performed under static load/varying speeds and at constant
speed/cyclic loads. The polymer additive shows a reduction in the friction coefficient
at low speeds and therefore acts as boundary lubricant. Additionally, less wear was
observed for the polymer additive after the tribotests. That effect could be explained
by a drastic reduction of the adhesion between contacting oxide surfaces that were
coated with the polymer. This reduction in adhesion was proven by force-distance
measurements using a colloidal probe AFM. Stribeck curves under different loads and
slide-roll ratios were acquired using a Mini Traction Machine and PAO and DITA
as base oils. The polymer additive showed a reduction of the traction coefficient in
both base oils, but was better performing in PAO. In DITA, the polymer additive was
compared to stearic acid as a boundary lubricant. Stearic acid showed comparable
results in DITA for low loads and low slide-roll ratios. At high loads and higher
slide-roll ratios, no visible improvement compared to the base oil could be observed.
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Zusammenfassung

Ziel dieser Doktorarbeit war die Entwicklung verschiedener oberflächenaktiver graft-
Kopolymere, die auf Oberflächen adsorbieren und dadurch Polymerbürsten an der
Oberfläche bilden können. Die gewählte Synthesestrategie basiert auf einem modu-
laren Ansatz, um Modifikationen an der Polymerstruktur während der Synthese zu
vereinfachen. Die Kopplungsreaktionen einer reaktiven Polymerhauptkette mit Ober-
flächenanker und Polymerseitenketten wurde untersucht. Im Fokus standen graft-
Kopolymere mit zwei verschiedenen Funktionalitäten: ein Phosphonat-Oberflächen-
anker, der die Bindung zu einer Vielzahl von Oxidoberflächen ermöglicht und eine
Polymerseitenkette, die eine Polymerbürste nach der Adsorption an der Oberfläche
formen soll.
Als Syntheseweg wurde die nukleophile Ringöffnunsreaktion von Maleinsäureanhy-
driden mit primären Aminen und Alkoholen benutzt. Verschiedene Polymere wurden
entwickelt, charakterisiert und auf die Oberfläche aufgebracht, um die Entstehung
der bürstenartigen Adsorptionsschicht unter verschiedenen Bedingungen zu untersu-
chen.
In einer ersten Polymergeneration wurden Polyethylenglykol (PEG) Seitenketten ver-
wendet. Diese bürstenartigen PEG-Seitenketten bilden eine bio-inerte Oberfläche,
welche unspezifische, biomolekulare Adsorption unterbinden kann. Dieses Konzept
kann für biomedizinische Anwendungen, z.B. für Implantatoberflächen verwendet
werden, die teilweise vom Körper als Fremdstoffe erkannt und abgestossen werden.
Die bio-inerten Oberflächen können diese Fremdkörperreaktion verzögern oder gänz-
lich unterbinden, da sie die Adsorption von Proteinen an die Implantatoberfläche
unterbinden.
Basierend auf der Polymerhauptkette poly(Isobutylen-alt-Maleinsäureanhydrid) und
primären Aminen als Nukleophil wurden Polymere mit verschiedenen Pfropfdich-
ten an Phosphonatanker, PEG-Kette und Füllmoleküll (um eine vollständige Re-
aktion aller Anhydridringe sicherzustellen) synthetisiert. Das Adsorptionsverhalten
dieser Polymere wurde an Titandioxid und Magnesiumoxid/ Yttriumoxid Modell-
oberflächen untersucht und die Adsorptionsschicht nachfolgend durch Röntgen-Photo-
elektronenspektroskopie (XPS) charakterisiert. Eine vollständige Charakterisierung
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der Oberflächenadsorption dieser Polymere mittels verschiedener ex situ und in
situ Messungen, wie z.B. Spektralellipsometrie (VASE), Transmissionsinterferenz-
Adsorptionssensorik (TInAS) und XPS, an Titandioxidoberflächen durchgeführt.
Nach der Untersuchung der Adsorptionsparameter wurde die chemische Zusammen-
setzung der Polymere an der Oberfläche mit der Zusammensetzung in Lösung ver-
glichen. Beide weisen eine gleiche Zusammensetzung auf, die ebenfalls genau mit der
aus der Synthese zu erwartenden Pfropfdichte übereinstimmt. Zusätzlich wurde die
Struktur des Polymers an der Oberfläche mittels winkelaufgelöster XPS (AR-XPS)
untersucht, welche die Adsorption des Polymers als Monolage mit oberflächenge-
bundenen Phosphonaten und aussenliegenden PEG-Ketten bestätigt. Der Adsorpti-
onsmechanismus und die Adsorptionskinetiken der Polymere wurden mit Hilfe von
TInAS, VASE und Lichtstreumethoden untersucht. Es scheint ein Adsorptionsme-
chanismus unter Beteiligung von mizellartigen Polymeraggregaten aus der Polymer-
lösung vorzuliegen. Die Dicke der Monolage wurde mittels verschiedener ex-situ-
und in-situ-Methoden untersucht. Sowohl eine “trockene” Schichtdicke, die kollabier-
te PEG-Ketten annimmt (VASE, TInAS und AR-XPS), als auch eine “geschwollene”
Schichtdicke, die eine geschwollene Bürstenanordnung der Polymerketten im Kon-
takt zum Lösungsmittel annimmt (Quarzkristall-Mikrowägung mit Dissipationsmes-
sung) wurde bestimmt. Die proteinresistenten Eigenschaften wurden durch Adsorp-
tionsstudien von menschlichem Serum an die oberflächengebundenen PEG-Bürsten
bestimmt. Die Resultate dieser Studien wurden mit der biologische Wirksamkeit
dieser Polymere in Zelltests verglichen. Zusätzlich wurde die Stabilität des Poly-
mers gegen Desorption bei verschiedenen pH-Werten untersucht und mit anderen
Polymeren verglichen. Es stellte sich heraus, dass die in dieser Arbeit untersuchten
graft-Kopolymere viel stabiler gegen allmähliche Desorption sind als die Vergleichs-
polymere.

In einer zweiten Polymergeneration wurden Poly(1,2-Butylenglykol)-Monobutylether
(PBG) Seitenketten verwendet um ein neues Polymersystem zu entwickeln, das als
Additiv z.B. in Motorenölen eingesetzt werden kann, um die bei Betrieb entste-
hende Reibung zu vermindern. Oberflächenaktive Verbindungen beeinflussen nor-
malerweise Reibung im Misch- oder Grenzbereich der Schmierung, d.h. in Bereichen
niedriger Gleitgeschwindigkeiten und hoher Last, die mit grosser Reibung und ho-
hem Abrieb und Verschleiss einhergehen. Damit das Polymer vollständig in Öl lös-
lich ist, wurden PBG-Seitenketten an die Polymerhauptkette Poly(Oktadezen-alt-
Maleinsäureanhydrid) gepfropft. Dieses enthält zusätzlich Hexadekan-Seitenketten
an jeder Wiederholungseinheit. Diesmal wurde die Pfropfreaktion durch die terminale
Hydroxylgruppe an einem Kettenenden von PBG durchgeführt. Durch die niedrigere
Reaktivität der Alkoholfunktion konnte die Reaktion nicht quantitativ durchgeführt
werden, weshalb verhältnismässig niedrige Pfropfdichten der Polyether-Seitenkette
erhalten wurden. Die Oberflächenzusammensetzung wurde durch XPS an Titandi-
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oxid und an Stahl ermittelt. Zusätzlich wurde die Dicke der “trockenen” und “ge-
schwollenen” Monolage an Titandioxidschichten bestimmt. Die Leistungsfähigkeit des
Polymers als Schmierstoffadditiv wurde in poly(α-olefin) und in Diisotridezyladipinat
untersucht. Tribologische Versuche mittels Stift-Scheibe Apparatur unter statischer
Last / variierender Geschwindigkeit und unter konstanter Geschwindigkeit / zykli-
scher Last wurden durchgeführt. Die Polymeradditive zeigen eine Reduktion des Rei-
bungskoeffizienten, besonders bei langsamen Geschwindigkeiten und wirken deshalb
wie gewollt als Schmierstoff im tribologischen Grenzbereich. Zusätzlich wurde weni-
ger Verschleiss nach den Tribotests mit Polymeradditiv festgestellt. Dieser positive
Effekt konnte durch die drastische Reduktion der Adhesion zwischen sich berühren-
den Oxidschichten erklärt werden, wenn diese mit Polymer beschichtet waren. Diese
Adhesionsreduktion wurde durch Kraft-Distanz-Messung mit einem Kolloidproben-
Rasterkraftmikroskop bestätigt. Stribeckkurven mit und ohne Polymeradditiv wur-
den unter verschiedener Last und verschiedenen Gleit-Roll-Verhältnissen (SRR) einer
Mini-Traktionsmaschine in PAO und DITA aufgenommen. Das Polymeradditiv zeigt
eine signifikante Reduktion im Traktionskoeffizienten in beiden Ölsorten, war jedoch
leistungsfähiger in PAO. Das Polymeradditiv konnte mit Stearinsäure als Schmier-
mitteladditiv für den tribologischen Genzbereich in DITA verglichen werden. Für
Bereiche geringer Last und geringer SRR zeigen beide Additive vergleichbare Re-
sultate, In Bereichen hoher Last und hohen SRR zeigte das Polymeradditiv eine
signifikante Reduktion des Reibungskoeffizienten, wohingegen für Stearinsäure als
Additiv unter diesen Bedingungen keine sichtbare Verbesserung mehr im Vergleich
zum Basisöl nachgewiesen werden konnte.
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CHAPTER 1
Introduction

1.1 Polymers in Solution

Polymers, a type of macromolecule, can be synthetic or natural. They can form simple

linear chains or more complex structures such as branched polymers, star molecules,

dendrimers, hyperbranched polymers or even cross-linked polymer networks. In di-

lute solution, polymer shape is determined by its molecular or macroconformation,

depending on the type, proportion and sequence of the chemical constitution and

polymer configuration, as well as the solvent and the environment [1,2]. These effects

can be summarized by the term microconformation, which describes the conforma-

tion of smaller parts of the polymer. These include free rotation around single bonds,

which changes the torsional angle (cis, trans, gauche, anti), as well as steric inter-

actions and therefore chain flexibility. The macroconformation consists of combined

arrangements of these microconformations. However, strong interactions, such as hy-

drogen bonding or π-π interactions between adjacent or neighboring units and an

ordering of solvent molecules may impose a certain order on dissolved polymers [1,2].

3
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In biochemistry, when talking about proteins and biopolymers, this effect is defined

by the term “secondary structure”. These substructures can be helical structures or

crystalline-like structures. Microconformations and thus also the macroconformation

are affected by the environment, such as temperature, pressure or the interaction with

the solvent. In random distributions of microconformations, environmental changes

only induce small changes in the macroconformation. Very large changes can occur

upon environmental change in polymers with long, regular sequences of microconfor-

mations, as found in helices. The more complex the polymeric structure is, the more

difficult the macroconformation can become. The easiest model is for linear chains,

which are often described as random coils and correspond to very loose balls of in-

tertwined wires [1, 2]. Short-range interactions are interactions within one segment

of the polymer, whereas long-range interactions are interactions between spatially

separated segments of the same polymer chain. These interactions can be attractive

or repulsive. However, this leads to an internal excluded volume inside the chain,

which determines the space required by the atoms of that chain segment, including

those set by the interaction forces. These intramolecular interactions determine the

shape of the coil. Large amounts of internal excluded volume expand the coil, which

therefore becomes pertubed. When attractive and repulsive long-range interactions

are equal, the coil is unpertubed. Polymers forming random coils can be character-

ized by their end-to-end distance and the radius of gyration. The end-to-end distance

describes the theoretical spatial distance between two ends of the linear chain, while

the radius of gyration provides an experimentally accessible, averaged value for the

coil dimensions that is not limited to only linear polymers [1, 2].

This summary of the factors that determine the macroconformation of a polymer in

solution is only true in highly diluted solutions, where the interaction of neighboring

chains is not present. In concentrated solutions, all intramolecular interactions ap-

ply as well as intermolecular interactions, leading to attractive and repulsive forces
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between segments of different polymer chains, and therefore contribute to an exter-

nal excluded volume of each polymer coil. These factors can induce a change in the

macroconformation of the polymer, but can also lead to interaction, agglomeration

or even self-assembly of the polymers in solution.

1.2 Polymer Brushes

When a surface is in contact to a polymer solution, two different scenarios are pos-

sible: the polymer-surface interaction is not favorable and the polymers will stay

unaffected in solution, or alternatively in case of strong, attractive interactions be-

tween the polymer chain and the surface, the polymer will adsorb to the surface. The

same possibilities can occur when attaching the polymer chains with one of their end-

groups to a surface. With a strong attractive interaction between the polymer chain

and the surface, the polymer will adsorb flat on the surface, resulting in the so called

“pancake” conformation. In case of the chain having no affinity to the surface, apart

from the end functionality, the polymer chain will display a “mushroom” conforma-

tion at the surface. This conformation is basically a random coil with one chain end

attached to the surface. Therefore, the conformation of the chain remains close to

what it would have been in dilute solution, since only the microconformation at one

chain-end is affected.

In the most general way, polymer brushes can be defined as polymer chains, end-

grafted to a supporting surface or interface [3, 4] and would correspond to the situ-

ation as described above. If the polymers attached to the surface have a separation

that is larger then their radius of gyration, no polymer-polymer interaction is taking

place. As the size of grafted polymer chains approaches the distance between grafting

points, the grafted chains start to mutually overlap and the effects presented in Sect.
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1.1 for concentrated polymer solutions become predominant. Polymer-polymer inter-

actions take place, yielding in an external excluded volume of the polymer chains.

The individual chains are changing their conformations and start to stretch away

from the surface, driven by a balance between excluded volume interaction, free en-

ergy of the segments, loss of conformational entropy upon stretching and the elastic

free energy of the chain. In this way, a so-called “brush” conformation of the polymers

is formed. A more specific definition for polymer brushes is tethered polymer chains,

which extend unidirectionally, normal to the grafted surface. They can therefore

reach a much farther distance from the surface than the typical unconstrained size

of a comparable chain. The strong interactions between the polymer chains therefore

dominate their behavior and the polymer chains and the properties of the brush.

The tethered polymer chains thus correspond to an array of macromolecular chains

attached to a surface in such a high density, that the intermolecular interactions are

influencing the conformation in a good solvent. Additionally, this close proximity

between the chains leads to steric effects of adjacent chains and thus significantly

influences the conformation of individual polymer chains by extension of the chains

or alteration of the normal radius of gyration in order to avoid unfavorable inter-

actions [3, 4]. This results in much different properties compared to those normally

observed in solution. Properties that are significantly different from the properties

these chains normally show in solution can be the subsequent result [3–5].

The different states of tethered polymer chains are illustrated in Fig. 1.1. Surface

immobilized polymers need well-defined parameters that help to characterize the

tethered chains. Normally, the inverse value of the distance D between grafting points

is used to characterize the grafting density σ, either by the simple formula σ = 1/D2

[6], but also the height of the polymer brush and intrinsic, characteristic parameters

of the polymer (Mn, ρ) can be used to calculate the grafting density σ = (h·ρ·NA)/Mn

[3]. A quantitative characterization of the transition from mushroom to brush regime
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Substrate

Pancake Mushroom Transition:  Mushroom to true brush 

h

D
Σ ≥ 1

Σ >> 1

Figure 1.1: Different conformations of polymers at surfaces: pancake conformation of
a single adsorbed chain, occurring when there is strong attraction between the surface
and the chain monomers and the continuous transition between the mushoom regime
and true brush regime. Film thickness h and distance D between grafting points are
defined [3].

can be achieved by defining the reduced tethered density Σ = σ·π·Rg, where Rg is the

radius of gyration of a tethered chain at the specific experimental conditions (solvent,

temperature, salt concentration, ....), h the brush thickness, ρ the bulk density of the

brush composition and NA is Avogadro’s number. The physical interpretation of Σ

is the number of stretched chains that occupy an area at the surface that normally

one free, non-overlapping polymer chain would fill under the same experimental

conditions. The pancake conformation cannot be described by this model due to

the different attachment mechanism driven by strong interactions between chains

and surface. However, three different regimes can be defined by different Σ values.

Σ < 1 characterizes the mushroom regime, where the chains do not interact due

to their large separation. The transition between mushroom and stretched brush



8 Introduction

regime begins at by Σ � 1, where the separated mushrooms start to interact slightly.

Nevertheless, the true, highly stretched brush regime is normally characterized by

higher numbers of Σ > 5, but the exact value is strongly affected by the excluded

volume of the polymer and varies strongly, depending on the system [3,4].

Polymer brushes began to attract attention in 1950s when it was found that grafting

of polymer molecules onto colloidal particles was a very effective way to prevent floc-

culation and agglomeration of the particles due to the repulsive steric forces between

approaching brushes [7]. The novel properties of polymer brushes were mainly de-

pending on the properties (hydrophilic - hydrophobic, ionic - anionic, ....) introduced

by different polymer chains. Subsequently it was found that some of these proper-

ties could be as well achieved by interfacial insertion of different terminal groups at

the same type of polymer [5, 8, 9]. Polymer brushes can be useful in different ap-

plications such as new adhesive materials and polymer compatibilizers [10, 11], cell

adhesion, biomaterials and protein resistant surfaces [12–14], lubrication [10,15,16],

protein analysis and purification [17], molecular recognition and sensors [18], and even

nanorobotics [19]. A new field opened with the development of stimuli-responsive

polymer chains. Polymer brushes of thermo-responsive polymers possessing a low

critical solution temperature (LCST) and thus showing different wetting properties

above and below the LCS temperature have been extensively investigated [20, 21].

This field was further highly exploited with polymer brushes having pH sensitivity,

photosensitivity or oxireductive sensitivity [22–28]. Patterned polymer brushes al-

ready attracted attention for application in microelectronics, cell growth, biomimetic
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material fabrication and drug delivery [29,30].

1.3 Functionalization of Surfaces by Polymer

Brushes

There exist a huge variety of different approaches to attaching polymers or molecules

to surfaces, taking advantage of different physico-chemical or chemical possibilities of

surface attachment. A simplified overview over these possibilities is presented in Fig.

1.2. There are two different general methods for covering a surface with polymers :

grafting-to: Molecules and polymers can adsorb actively to surfaces via physisorp-

tion, chemisorption or covalent interaction.

grafting-from: a surface either covered with an initiator or by direct activation

acts as a template for surface-initiated polymerization reactions

1.3.1 Grafting-from Approach

The grafting-from procedure involves surface-bound initiators for polymerization re-

actions with the monomers present in the solution [31]. Most of the standard poly-

merization reactions are compatible with the grafting-from concept, including free

radical, ionic and living/controlled polymerization, such as Atom Transfer Radical

Polymerization (ATRP) or Reversible Addition Fragmentation Chain Transfer Poly-

merization (RAFT) [32]. Nevertheless, the polymerization procedure can lead to

relatively thick polymer layers in the micrometer range. Normally the polydispersity

is slightly higher than under comparable bulk polymerization reactions [32]. This can

be attributed to the increasing density of the surface brush with raising chain lengths.

Polymer chains, which entangle within other chains are trapped inside the growing
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“Grafting from”“Grafting to”

Physisorption Chemisorption

a) b) c) d)

Figure 1.2: Different ways of immobilizing polymers on a surface via “grafting-to” by
physisorption via a) hydrophobic or b) electrostatic interactions, c) chemisorption
and d) “grafting-from”

surface brush. There, the reaction rate may be lower due to steric interactions, but

also due to a limited diffusion of monomers inside the polymer brush. Another ap-

proach to grafting from, is via plasma activation of the surface [33, 34]. Because of

the surface-bound nature of the polymer chains in a brush, they are substantially

more difficult to characterize than polymers synthesized in bulk.

1.3.2 Grafting-to Approach

The grafting-to approach can be further classified into several different adsorption

mechanisms, which are illustrated in Fig. 1.2.
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Physisorption

All systems based on a rather weak polymer-surface interaction are summarized un-

der the term physisorption. These systems often consists of an amphiphilic, surfactant-

type structure, containing a hydrophilic part and a hydrophobic tail. The hydropho-

bic interactions are thus the main driving force for surface adsorption for some of

these adsorption mechanisms:

Block polymers with at least 2 different block types physisorb to a surface espe-

cially by solvent effects. A selective solvent is only a good solvent for one of the

blocks, whereas it is a bad solvent or even a precipitant for the other block. This

is the main driving force for surface adsorption: it is energetically more favorable

for the poorly dissolved block to interact with the surface and minimize therefore

the contact with the solvent. This situation is comparable to the “pancake” confor-

mation explained above. The fraction of the polymer which is well soluble stays in

solution and thus points out into the solution [35]. The most prominent example in

this category is certainly the triblock polymer poly(ethylene oxide)-poly(propylene

oxide)-poly(ethylene oxide) (PEO-PPO-PEO, Pluronics™) [36]. In aqueous solutions,

the hydrophobic PPO block adsorbs to the surface, while the well-soluble PEO chain

points out into the solution.

Another well-established grafting-to approach is the pre-assembly of surfactants at a

liquid-air interphase (Langmuir-film), e.g. with a Langmuir-trough, and subsequent

deposition of the well-assembled monolayer film onto a substrate, either as a homo-

geneous monolayer (crossing the interphase once with the substrate by immersion

or emmersion) or as a multilayer by crossing the interphase multiple times with the

substrate (Langmuir-Blodgett) [7, 37–39].

Another adsorption mechanism can be found for polyelectrolytes, charged polymers,

that can spontaneously adsorb from solutions to oppositely charged surfaces by mul-
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tiple electrostatic interactions. The stability of these spontaneously adsorbing thin

films is (due to the electrostatic interaction) much higher than for the previously

described physisorption methods, but is limited and depends strongly on the envi-

ronmental conditions.

Polyelectrolytes

Polyelectrolytes are macromolecules carrying covalently bound anionic or cationic

groups, and low-molecular-weight “counterions” ensuring electroneutrality [40]. There

are many different classes and types of polyelectrolytes, including natural polymers,

such as anionic and cationic polysaccharides (e.g. starch), nucleic acids and gelatin,

but also many kinds of non-natural polymers, such as poly(meth)acrylic acid and its

derivatives as well as polyethylene imines among others [40]. The most frequently

used structures of polyelectrolytes are shown in Table 1.1.

Table 1.1: Structures of ionic sites of polyelectrolytes

negative charges Example

carboxylic acids poly(acrylic acid)
sulfates poly(vinyl sulfate)

sulfonates poly(styrene sulfonic acid)
phosphates neutralized desoxyribonucleic acid

positive charges Example

primary amines poly(L-lysine)
Amides Poly(acrylamide)

quarternary ammonium poly(diallyl-dimethyl ammonium) chloride
heterocycles poly(N-butyl pydridinium hydroxide)

Polyelectrolyte brushes or layers of polyelectrolytes tethered at solid-liquid interfaces

due to the electrostatic attractions with countercharged surfaces, have attracted
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considerable attention in many different applications such as flocculation of colloids,

protection and modification of natural and artificial membranes, biological cells,

vesicles and drug-delivery systems, etc. [40–45].

The polyelectrolyte adsorption mechanism can be thought of as a three-step process

[43]:

1. transport from the bulk to the surface

2. attachment to the surface and

3. rearrangement

During all initial stages of adsorption, only steps 1 and 2 can generally be observed,

whereas the rearrangement process is often rather slow. When all polymer chains

arriving at the surface adsorb immediately, the adsorption rate is transport limited.

As adsorption proceeds, the surface becomes increasingly covered with polymer and

therefore the adsorption becomes hindered at a certain point. At this stage, the rate

of adsorption depends mainly on the attachment process. This influence increases at

even higher coverages, reaching a rate-limiting plateau value [42–45].

At an oppositely charged surface, these interactions favor a flat conformation [46],

in which the segments are mainly situated in trains in such a way that the interac-

tion between the segments and the surface is maximized and balanced by the chain

entropy. When the surface charge is compensated by the polymer, the electrostatic

attraction of the segments with the surface is additionally balanced by the repulsion

in the adsorbed layer [42, 43]. This provides a flat deposition on oppositely charged

surfaces and ensures both a full coverage of the surface and a high stability due to

multiple electrostatic anchoring points [40–42]. Moreover the pH [47–51] and other

environmental conditions such as the ionic strength [52–56], temperature, solvent,

deposition time and polymer concentration [53, 57–59] have influence on both the
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charge state and conformation of the polymer prior to physisorption and on the

apparent surface charges [60]. Additionally, complete and uniform coverage also de-

pends on a low surface roughness in comparison to the molecular dimensions of the

assembly system [61]. All these parameters contribute to the resulting total amount

of polymer adsorbed at the surface [40, 53, 57, 58, 62], and that variations of these

parameters may result in modification or desorption of the adsorbed polymers.

Polyelectrolytes can be chemically modified prior to their adsorption with the aim of

immobilizing some specific functions onto a surface (c.f. Fig. 1.3), but an optimization

of the architecture, especially between the charge density and functionalization must

be developed to obtain an efficient adlayer formation [52, 63, 64]. Indeed all named

factors influencing physisorption properties and adsorption density, also influence

the polymer conformation after attachment, as well as the polymer adlayer stability,

quality and properties.

Generally speaking, especially in comparison to Self Assembled Monolayers (SAMs)

described in the following paragraph, the polyelectrolyte system shows several ad-

vantages [40,45,62]:

• multipoint attachment provides higher stability against desorption

• multipoint attachment provides easy modification of the surface properties via

different or even functional side-chains

The main disadvantage is the lower binding energy of electrostatic binding (single-

charge interaction of the order of kT) [57,59,65] in comparison with chemisorption,

resulting in more labile anchoring points, which are more susceptible to displacement,

desorption and exchange with other surface-active compounds in comparison to the

mostly irreversible chemical bonding in the case of SAMs [42,43]. Additionally to the

limited stability of polyelectrolyte-based assembly systems, the strong need for opti-
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charged Substrate

Coulomb interactions

Polyelectrolyte
backbone

Side-chains

Terminal group /
Functionality

Figure 1.3: Adsorption of polyelectrolyte grafted with neutral side-chains

mization of such a great variety of parameters towards the maximum of adsorption

density is a major drawback of this kind of adlayer system.

Self Assembled Monolayer (SAM)

SAMs are the most studied monomolecular adlayer systems for surface functionaliza-

tion, due to their ease of synthesis and ability to be end-functionalized by different

terminal groups. There exist many potential applications in various domains, such

as corrosion science, catalysis, sensors and electronics [66–69]. A well defined and

flexible model system is required for the investigation of the in vitro molecular be-

havior of biomolecules such as proteins and enzymes at biological interfaces, as well



16 Introduction

as for the development of biocompatible surfaces. SAMs provide a powerful tool to

generate monomolecular films on a huge variety of substrates [70–73] and also al-

low reliable control over the packing density [74, 75]. SAMs show advantages due to

higher adhesion strength [73,76–78], thermal [78,79], chemical [78,80] and mechanical

stability [77,78] in comparison with more traditional, physisorbed thin-films systems

or organic films prepared by evaporation techniques, e.g. by organic molecular beam

deposition [81]. Molecular order and stability of SAMs also arise from the inher-

ent chemical structure [82], orientation and dense packing of molecules [75,78]. The

broad flexibility of SAMs, because of the wide choice of possible endgroups and sur-

face anchors, has substantially influenced the field of surface chemistry and opened

a new area for organic functionalization of well defined inorganic surfaces [83].

Substrate

Headgroup chemisorbed
to the substrate surface

Long alkyl or derivatized 
alkyl chain interacting with
neighboring chains  

Terminal group / Functionality  

Figure 1.4: A self-assembling molecule consisting of a headgroup, a long alkyl spacer
and a terminal group

Molecules, capable of forming such SAMs have special characteristics [75,83] as shown

in Fig. 1.4:

• a headgroup, capable of binding to the surface material (phosph(on)ates, thiols,

silanes, ....) [73, 76]

• a spacer, often a long alkyl chain, that stabilizes the whole system during and

after formation via intermolecular interactions [71,84,85]
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• a terminal functional endgroup (amines, alcohols, polymeric chains, ....) [86–89]

Self-assembly in general might be defined as the spontaneous formation of complex

and hierarchical structures from pre-designed building blocks, typically involving

multiple energy scales and multiple degrees of freedom [75]. Self assembled mono-

layers are ordered molecular assemblies created from a spontaneous adsorption of a

surfactant (with a specific chemical affinity of its headgroup) to a substrate. There

are competing interactions that work in favor of adsorption (binding energy of the

anchoring group with the surface, van der Waals energy destining from the spacer

interaction) or against it (loss of entropy, thermal effects, molecule and solvent dis-

placements, solvent solution structuring) leading to the minimization of the free

energy [75,78,83].

The SAM approach has the important advantage of making surface engineering at the

molecular scale possible, since a specific reactive endgroup can be used to modify the

molecules with functionalities after the adsorption process [90–92] or by coadsorption

of two or more different SAM species [93]. These techniques facilitate the quantitative

tailoring of the density of functional groups at the interface [94, 95] or can be used

even for linear [96] or orthogonal functional gradients [97].

Nevertheless, the terminal endgroups and the grafted functionalities have a direct

influence on both the stability of the molecular assembly and on its initial formation.

A dense adsorption or coadsorption of molecules with an active chain end, resulting

in a homogeneously ordered and closely packed SAM, is not always achieved. Prefer-

ential adsorption of one species, steric hindrances and repulsion might counteract an

ordered assembly and require more control over the adsorption parameters or more

complex adsorption protocols, involving e.g. multiple adsorption steps [86,98,99]. Ad-

ditionally, single chains, with only one single anchorage foot may not always provide

sufficient thermodynamic and/or kinetic stability [100].
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1.4 Advantages of Graft-Copolymers for the

Creation of Polymer brushes

Going away from the weak binding energy of physisorbed adlayers, a higher bind-

ing energy, but still combined with a mostly reversible binding mechanisms, can be

achieved by chemisorption. SAMs offer an extremely flexible route to modify and tai-

lor the surface chemistry of a wide range of metals, metal oxides and semiconductors,

but a number of limitations have come apparent. Due to the self-assembly mecha-

nism and the mostly reversible binding of many surface anchors, it is practically

impossible to obtain defect-free monolayers over larger areas and, furthermore, the

stability of these SAMs at the surfaces is limited due to the single-foot adsorption.

Multi-foot adsorption is mainly possible with polymeric systems carrying chemisorp-

tive groups. The use of copolymers to create polymer brushes has several advan-

tages in comparison to competing approaches. First of all, copolymers with multiple

chemisorptive groups, normally adsorb to surfaces via multi-anchor binding. This

renders the polymer much more stable at the surface, since upon the desorption of

one anchor point of the polymer, the latter does not lose its entire surface attachment.

Therefore the probability for that surface anchor to readsorb to the surface in prox-

imity is much higher than for a SAM molecule, which risks diffusing away from the

surface after having lost surface binding. Nevertheless, this multibinding approach

can disturb the self-assembly process and is therefore normally compensated by a

lower degree of ordering at the surface.

There exist different approaches to copolymer design for surface adsorption. On the

one hand, block copolymers could be used, where one of the polymeric blocks is pro-

viding multiple chemisorption anchors. The other blocks, normally situated at the

ends of the block copolymer act as end-grafted chains, pointing towards the solvent.
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On the other hand, graft-copolymers, with grafted side chains and chemisorption

groups present all along the polymeric backbone are possible. In Fig. 1.3 on page 15,

an exemplary structure of a graft-copolymer for the polyelectrolyte case is shown.

Substitution of the polyelectrolyte charges with chemisorptive groups would result

in a polymer as discussed here. The graft-copolymer approach contains some advan-

tages. The main advantage is that the side chains are grafted all along the backbone,

which carries the chemisorption groups. Since the resulting tethered chain density

is depending on the self-assembly of the polymers, a higher density could be easily

achieved with the graft-copolymer approach easily. In comparison, the longer the

surface-active block of di- or triblock polymers, the higher is the average separa-

tion D at the surface. A variation in chain density at the surface is therefore only

achievable, when varying the length of the middle, surface-active block. This could

have effects on the self-assembly behavior, but especially it influences the stability

of the polymer at the surface. Therefore, high chain densities at the surface have to

be balanced by a reduced stability against desorption for di- and triblock polymers.

However, with the graft-copolymer approach, the chain density at the surface can be

influenced easily in varying the grafting ratio of the side chains at the backbone. The

stability after surface attachment can be varied independently of the grafting density

in choosing an appropriate molecular weight of the backbone bearing the chemisorp-

tion functionalities. However, while di- or triblock polymers normally have relatively

low molecular weights, graft-copolymers have comparably much higher molecular

weights and thus the kinetics and mobility of those polymers is lowered compared

to the lower molecular weight alternatives. Especially the diffusion coefficient is de-

pending on the molecular mass, but as well the lateral mobility at the surface. Both

factors can influence the adsorption kinetics, but also prolong the rearrangement

process at the surface after adsorption.

In comparison with grafting-from approaches, the use of graft-copolymers offers a
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synthetic advantage. The high grafting density can already be obtained during syn-

thesis of the polymer prior to adsorption. If grafting occurs on a 2-dimensional sur-

face, spatial, steric and conformational constraints may get easily predominant, lim-

iting the maximum grafting density much earlier than for grafting-reactions to a

backbone in solution. Furthermore, polymer characterization is more straight for-

ward for bulk polymerized graft polymers in comparison to polymers grafted from

the surface. Additionally, the adsorption processes for graft-copolymers are usually

rather straight forward and comparable with the techniques developed for SAM for-

mation. Mostly, a simple dip-and-rinse procedure (i.e. immersion of the surface in

a polymer solution for some time, followed by rinsing with an appropriate solvent)

is in most cases sufficient to reach full coverage of the surface. A big advantage is

the fact that the coating process does not involve complicated chemistry and is thus

quite easy to handle for possible applications, especially in terms of batch-to-batch

reproducibility and cost efficiency.

1.5 Reference graft-copolymer systems

There are many grafting-to approaches. The present thesis is closely linked to the

work performed on poly(L-lysine) backbone, grafted with different polymeric chains,

such as PEG and dextran and the poly(phosphonate)s approach, both widely used

and investigated deeply in a number of PhD theses in our research group.

Both approaches yield grafted polymers, showing a molecular bottle brush of, in

most cases, PEG chains grafted to a polymeric chain, further denoted as polymeric

backbone. However synthesis and surface-attachment mechanisms are different for

both systems.
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1.5.1 PLL-g-PEG and derivatives

Poly(L-lysine)-graft-poly(ethylene glycol) (PLL-g-PEG) is a widely used, character-

ized and investigated graft-copolymer systems. It was designed to attach via the

polyelectrolyte backbone, using the (at neutral pH) positively charged amine groups

from the lysine groups as electrostatic attachment sites to oxidic surfaces showing

negative charges at neutral pH, such as titania and niobia [101–108]. The surface

charging is strongly dependent on the substrate material, characterized by the iso-

electric point (IEP) of the surface. This is the pH, at which the same number of

positively and negatively charged hydroxyl groups are present at the surface, thus

no overall surface charge is observed. For oxidic surfaces, at pH values lower than

the isoelectric point, protonation of the hydroxyl groups is predominant, yielding an

overall positively charged surface, for pH values higher than the IEP, the surface is

charged negatively by predominant deprotonation of the hydroxyl groups [109].

PLL-g-PEG shows a good performance in a number of biological research areas, such

as resistance to protein adsorption [105, 106, 108]. End-functionalization of PEG-

chains was investigated to enable the polymer-coated surface to undergo specific

interactions with molecules in the adjacent medium, e.g. by attachment of biotin

to the PEG chain [104, 110], enabling the interaction with streptavidin or by at-

tachment of peptide sequences, promoting cell adhesion while reducing bacterial

adhesion [111–113]. Furthermore PLL-g-PEG coatings were used to facilitate the

micro-3D-culturing of single cells using microwells [114, 115]. PLL-g-PEG gradients

of end-functionalized PEG chains have been successfully prepared [96,116,117]. Dif-

ferent patterning techniques, i.e. containing regions that interact specifically with

biomolecules, while other areas would be inert, have been developed for biosensor

applications [118–122] or microfluidics [123]. The non-fouling behavior of the sur-

face brush was not only investigated for PLL-g-PEG. A variation of the grafted
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side chains lead to the development of dextrane [124] and poly-2-methyl-2-oxazoline

(PMOXA) [125, 126] graft-copolymers using PLL as backbone. In parallel to the

bio-applications, the influence of PLL-g-PEG surface brushes on aqueous lubrica-

tion was studied, showing a strong decrease of the coefficient of friction, depending

on the polymer composition [103, 127–131]. Cloud-point conditions during adsorp-

tion (high ionic strength, elevated temperature due the the LCST lead to partially

collapsed PEG chains) were found to be advantageous for producing high grafting

densities [106].

The functionality of the coated surfaces remains intact over ten days of storage in

biological, serum-containing medium. As usual for polyelectrolytes, a change in ionic

strength or pH can triggering possible desorption mechanisms, as explained in Sect.

1.3.2.

After first steps attaching PLL-g-PEG under cloud-point conditions to increase sur-

face coverage, another approach was tested to use the amine groups present on the

PLL backbone not only to attach the PEG chains, but also to attach the poly-

mer to the surface covalently, especially to aldehyde covered, plasma-modified sub-

strates [107]. Recently, significant steps away from polyelectrolyte binding towards

covalent binding of PLL-g-PEG and therefore a higher stability a the surface were

achieved by coupling catechol surface anchors onto the amine groups of the PLL

backbone, which can undergo chemisorption to metal oxide surfaces [132]. This ap-

proach yields a mixed electrostatic and chemical binding with highly improved sta-

bility as compared to PLL-g-PEG and a high compatibility with different substrate

compositions [132].
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1.5.2 Poly(phosphonate)s

The poly(phosphonate)s approach was developed within the thesis of Dr. V. Zoulalian

[133] and Dr. F. Durmaz [134] to extend grafting of PLL-g-PEG with surface anchors

which undergo chemisorption [132]. The approach was based on different techniques:

different monomers, already carrying a specific functionality, such as PEG chains

or phosphonate surface anchors were synthesized first. With the aid of a spacer

monomer (with no specific functional group), different polymer compositions could

be prepared. The approach in polymerizing already functionalized monomers has

the advantage of being a highly flexible synthetic route towards functional polymers

including direct influence on the polydispersity of the system by the right choice of

an appropriate (living/controlled) radical polymerization method and the possibility

of a high and flexible grafting density [135,136].

Nevertheless, there are several drawbacks to this synthetic route: possible function-

alities for end-functionalization of the PEG chains have to withstand the harsher

polymerization conditions or have to be reacted onto the polymer after polymer-

ization. Additionally, a high chemical expertise is needed for polymerization of the

polymer. All functional monomers have to be synthesized and, additionally, chemical

reactivities for polymerization strongly depend on the chemical structure - this could

lead to drastic changes of the chemical reactivity in just changing small parts of the

monomer. Thus control, modification and reassessment of the polymerization condi-

tions is always needed when changing the monomer. Additionally, different reactivi-

ties of the monomer can lead to a gradient polymerization, meaning that monomers

with a high reactivity are preferentially polymerized first and upon depletion of that

monomer, the other monomers are reacted at a higher rate. The advantage of having

random polymerization with an equal distribution of the functional groups along the

polymer backbone is no longer assured, yielding unfavorable behavior of the polymer,
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e.g. tadpole formation [137].

Nevertheless, poly(phosophonates) showed a remarkably high stability at the surface

and within the investigated applications, especially towards non-fouling, protein-

resistant surfaces, a very good performance [135,136].

1.6 Aim and Objective of the Thesis

The main objective of my thesis is the development of a novel polymeric system

using phosphonate anchor groups and a reactive backbone copolymer onto which the

desired grafting functionalities could be reacted at low temperatures and without

any further chemical reaction partners, and then the utilization of that new general

polymeric system for different applications. Generally speaking, each application can

be assigned to a certain material, namely:

Titanium dioxide is the surface of a widely used and important implant material.

WE43 magnesium alloy is a newly developed implant alloy. The material de-

grades within months after implantation due to corrosion in contact with the

aqueous body fluid.

100Cr6 Steel is a model alloy for all applications using steel as construction ma-

terial. In this thesis the main focus for this materials is for tribological appli-

cations.

Therefore the chapters of my thesis are organized as follows:

Chapter 1 The present chapter gives a rather general introduction to polymer

brushes. All further chapters will start with a more focused and detailed intro-

duction to the specific topic discussed there.
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Chapter 2 deals with the polymer development, it covers the general presentation,

synthesis route of the chosen polymeric system and describes the synthesis

and chemical characterization of all polymers used within this thesis. At the

end of the chapter there is a summarizing table, linking the different polymers

presented in this chapter to the different applications presented in the following

chapters.

Chapter 3 gives an introduction to titania and PEGylated polymers and shows

a detailed study on functionalization of TiO2 substrates with PEG-ylated

polyphosphonates for biomedical applications

Chapter 4 gives an introduction to magnesium, explains the aims of the project on

biomedical applications, shows a full surface characterization of the magnesium

surfaces used within this study and a summary of opportunities for polymer

monolayers for biomedical applications of that surface.

Chapter 5 introduces friction, tribology and lubrication and describes the applica-

tion of polymers bearing poly(1,2-butylene glycol) grafted chains as additives

for oil lubrication

Chapter 6 summarizes the main findings of this work

Chapter 7 summarizes materials and general protocols used throughout the chap-

ters. Since the materials science community is rather heterogeneous, ranging

from experimental chemistry, physics and biology to theoretical studies, basic

introductory aspects of all measurement techniques are added, to give hope-

fully a short, but clear and comprehensive overview of these techniques for

those readers who are not familiar with some of these methods.





CHAPTER 2
Synthesis and bulk Characterization

of poly(alkyl phosphonates)

2.1 Introduction

Reactive polymers bear reactive functionalities and can therefore readily undergo fur-

ther reactions with other, appropriate polymers or molecules. They have attracted

a lot of interest in different applications, ranging from polymer-blend compatibiliza-

tion [138] to reactive HPLC column packages [139], antibody and enzyme resins [140]

and all kind of surface coatings for different applications, from microfluidic de-

vices [141], patterning of structures onto a broad range of materials [142], or im-

mobilization of functional molecules onto nanoparticles [143] or surfaces [144–146].

A normal assumption in polymer chemistry is that the reactivity of the functional

group does not depend upon the size of the molecule to which it is attached. However,

the polymer backbone and the density of the functionalities can lead to a steric hin-

drance, which reduces the reaction rate drastically. Additionally, the reaction rate

can be reduced by a restricted diffusion mobility of the functional groups. There-

27
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fore, to achieve successful, complete and fast reactions, the polymers must consist

of enough reactive functional groups and additionally, the reaction should be fast,

selective and preferably irreversible [138,147].

It is difficult to distinguish between the terms functional polymers and reactive poly-

mers. “Functional polymers” is a wide term used for polymers, possessing special

properties (e.g. electric, optic, biomimetic, stimuli-responsive). The term “reactive

polymers” groups all polymers that can be further reacted due to the functional

groups present on the polymer. Therefore, these polymers can act as precursors for

the synthesis of more complex, functional polymers. Such a polymer is the poly-

mer poly(L-lysine), which can be used for the synthesis of the functional polymer

PLL-g-PEG, as described above in Sect. 1.5.1. Other prominent functionalities apart

from amines are carboxylic acids or hydroxyl groups. Normally, these groups are

not reactive enough to assure quantitative and fast reactions, and therefore, nor-

mally an in-situ activation for one of the reactants is necessary. Another group of

reactive polymers are those bearing functionalities that are already activated and

capable of reacting with appropriate reactants quantitatively. This property is nor-

mally introduced by an appropriate leaving group, to facilitate nucleophilic attack

or substitution at the reactive functionality. This could be done in situ, yielding

a less stable, reactive intermediate. More ideally, the activation creates a new and

stable intermediate, which can be isolated, characterized and stored prior to further

reaction. Among other derivatives of the functionalities mentioned above, mostly hy-

droxyl groups and carboxylic acids yield stable intermediates. Active esters in case

of the carboxylic acids are susceptible to transesterification or aminolysis. Halogen

substitution of the hydroxyl groups is the most commonly used activation pathway

for further substitution reactions. Another approach towards higher reactivity is the

use of reactive rings. The main forms are anhydride rings, epoxy rings, oxazoline

rings and lactam rings. Other reactions, such as click chemistry are also used. A
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Figure 2.1: Reaction possibilities of maleic anhydride: (a) ring-opening of a maleic
anhydride functionality with a primary amine, yielding an amide and a free carboxylic
acid. Recyclization by imidation (b) is possible at higher temperatures and further
functionalization of the polymer (c) is possible by using the free carboxylic acid for
further coupling reactions, e.g. with further primary amines using in situ activation
of the carboxylic acid by EDC/NHS. in-situ

summary of the mentioned reactions is found in Tab. 2.1.

2.2 The reactive backbone

Activated carboxylic acids, either in the form of active esters or anhydride rings are

the most commonly used reactive polymers, mainly due to their fast and reliable reac-

tion with nucleophiles, especially with primary amines. Maleic anhydride is the cyclic

anhydride of maleic acid, which cannot be readily homopolymerized by radical poly-

merization [160]. The monomer is strongly electron accepting, thus electron donating

co-monomers are necessary, which increase the tendency towards alternation [160].

However, copolymerization with free radical and even living/controlled radical poly-

merization has been well established with most common monomers [160–163]. Active

esters of carboxylic-acid-containing polymers can be synthesized according to the

protocols published by the Theato group [146,149–151].
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Apart from their reactive performance, maleic-anhydride-containing polymers were

chosen due to the fact that these polymers are commercially available. Furthermore,

these polymers have different advantages in comparison to polymers bearing active

esters. Both active esters and anhydrides are prone to hydrolysis during storage.

This hydrolysis reaction is reversible upon heating for the anhydride rings, whereas

for the active ester a less reactive carboxylic acid is formed non-reversibly. There-

fore, activation towards a well-defined state for reactions is possible when using the

anhydride polymers. Generally, both architectures can be reacted with a variety of

nucleophiles, with primary amines reacting faster than alcohols or thiols. Since amide

bonds are less prone to hydrolysis in comparison to esters, the reaction with primary

amines is of further advantage. Additional reactions, i.e. cyclic imidation or further

reaction with the formed free carboxylic acid are possible by using maleic anhydride

containing polymers, as shown in Fig. 2.1. However the disadvantage of this polymer

is the high reaction temperature necessary for further recyclization after function-

alization. As for biomedical devices and implant research, drug-eluting systems and

other bioactive molecules have to be attached on the surface without further degra-

dation or denaturation, the relatively high recyclization temperature of 120°C is the

limiting factor. If possible, another system with lower reaction temperatures would

be preferable. On the other hand, the recyclization of the five-membered ring is not

necessary for the grafting. The additional introduction of another, second functional

group (via the carboxylic acid group) could be favorable for further functionaliza-

tion. That is the reason why the reaction pathways (b) and (c) were considered to

be advantageous for further development of polymers, but these reactions were not

studied in detail and only the reaction (a) was used for the synthesis of the polymers

used within this thesis.

Functionalization of maleic anhydride copolymers with primary amines for surface

functionalization and furthermore for covalent protein immobilization and with PEG
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Figure 2.2: Schematic drawings of both reactive backbone polymers used in this the-
sis, (a) Poly(maleic anhydride-alt-1-octadecene) and (b) Poly(isobutylene-alt-maleic
anhydride)

functionalities for protein repelling, non-fouling surfaces has been already shown to

be possible [164].

Two different maleic anhydride backbone polymers were chosen for the preparation of

surface-active polymers bearing hydrophilic and hydrophobic polymer chains. These

backbone polymers are

• Poly(1-octadecene-alt-maleic anhydride) (POMA) with a molecular weight of

Mn= 30-50 kDa, or an average degree of polymerization of 85-140.

• Poly(isobutylene-alt-maleic anhydride) (PIMA) with a molecular weight of

Mn= 6 kDa, or an average degree of polymerization of 39.

The polymer structures are shown in Fig. 2.2. Both polymers are alternating poly-

mers with maleic anhydride as one monomer and either isobutylene as rather small

comonomer or 1-octadecene as long and hydrophobic co-monomer. This polymer will

then be used for hydrophobic polymer structures due to the C16- side chains, whereas

the polymer poly(isobutylene-alt-maleic anhydride) will be the base for hydrophilic

polymer structures.
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Group band 1 band 2

5-membered anhydride 1870-1820 1800-1750

carboxylic acid 1725-1700

ester 1750-1735

amide 1680-1630 1570-1515

5-membered imide 1770 1700

Table 2.2: expected IR absorption bands in cm−1 for carbonyl bands from [165]

2.3 IR Investigation of the reaction possibilities of

maleic anhydride containing polymers

In order to check the feasibility of the reaction pathways shown in Fig. 2.1, an in-

vestigation of different reactions was performed by infrared (IR) spectroscopy. In

IR spectroscopy, different carbonyl bands can be distinguished by the appropriate

absorption band around 1600-1800 cm−1 [165]. Carboxylic acids have a narrow and

strong absorption band in the range of 1725-1700cm−1. Carboxylic anhydrides have

normally two different absorption bands at approximately 1850-1800cm−1 and at

around 1790-1740cm−1, shifted towards higher wavenumbers for 5-membered an-

hydride rings. During ring-opening, a free carboxylic acid group (1725-1700cm−1)

and an amide bond (1700-1500 cm−1) are formed [165]. After ring-closing, a five-

membered imide ring (1770-1700 cm−1) is formed.

Due to the shift in the absorption bands, as summarized in the Table 2.2, cyclic

anhydride groups can be distinguished from carboxylic acid and amide peaks and

after treatment the imide group can be observed.

To investigate the behavior of the reactivity of the anhydride rings, the reaction

with test reactants was investigated. In a first step, the IR spectra of the polymer

backbone as received was measured and compared to a spectrum of the same polymer,

but heated in dry state to 110°C under vacuum for 20h. In Fig. 2.3, the appropriate
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spectra are summarized. It can be clearly seen that the hydrophobic POMA backbone

seems to be more prone to hydrolysis than the PIMA polymer. The PIMA polymer

shows before and after the heat-treatment the same carbonyl absorption spectrum,

with two main peaks deriving from the anhydride ring, namely at 1775 and 1850

cm-1. For the POMA polymer, a third absorption band at lower wavenumbers can be

clearly seen, indicating a certain amount of hydrolyzed anhydride rings, yielding free

carboxylic acid functionalities at 1710 cm-1. These carboxylic acids can be recovered

to the anhydride structure after the heat-treatment is performed.

In a next step, the reaction pathways were tested. Full ring-opening of the anhydride

rings was performed by dissolving the polymer backbone in butylamine and stirring

overnight at RT (Reaction (a) in Fig. 2.1) . The butylamine was removed by distil-

lation, followed by drying of the polymer under vacuum. The IR-spectra are shown

in Fig. 2.4.

It can be observed that the carbonyl absorption bands are shifted towards lower

wavenumbers and three main bands can be detected. These are at 1570, 1640 and

1705 cm-1 and correspond well to the absorption bands of the free carboxylic acid

(1705 cm-1) and the two amide bands, namely amide I (1640 cm-1) and amide II

(1570 cm-1) absorption band. The band visible below 1500 cm-1 corresponds to both

ring-opened and anhydride monomer units and belongs to the fingerprint region of

the IR spectrum.

The subsequent ring-closing to the cyclic imide (according to pathway (b) in Fig. 2.1)

was tested in analogy to the heat-treatment performed before ring-opening, in order

to avoid already ring-opened anhydride rings due to hydrolysis. The polymers ring-

opened with butylamine, as discussed in Fig. 2.4, were heat-treated at 150°C in a dry

state under vacuum overnight. The resulting IR spectra are shown in Fig. 2.5. In the

case of the PIMA backbone, a clear formation of the cyclic imide is visible. Two new
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Figure 2.3: IR spectra of PIMA and POMA as received and after heat-treatment. (a)
full IR-spectra of PIMA as received, (b) overlay of the carbonyl region of PIMA as
received and heat-treated, (c) full IR spectrum of POMA as received and (d) overlay
of the carbonyl region of POMA as received and heat-treated.
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Figure 2.4: Ring-opening of PIMA and POMA by butylamine. The spectra show the
overlay of the carbonyl region of the IR spectra of the heat-treated, pure and the
ring-opened polymer (a) for the PIMA backbone and (b) for the POMA backbone.

absorption bands are visible, lying between the absorption bands of the anhydride

ring and the free carboxylic acid. The bands are at 1690 cm-1 and at 1770 cm-1, which

correspond well with the theoretic absorption bands for cyclic, 5-membered imides.

There is no band above 1800 cm-1 visible, which would indicate a partial anhydride

formation (due to possible, prior hydrolysis), and no amide peaks noticeable, which

would indicate only a partial imide formation. The interpretation of the results for

the POMA backbone becomes slightly more difficult, because a mixed state of amide

and imide is obtained. It seems that the cyclic imidation has not been carried out

quantitatively. Nevertheless, the imide bands (1700 and 1770cm-1) are more intense

than the amide bands. Those are still visible, but with highly decreased intensity.

Additionally, the ring-opening of the anhydride rings with alcohols was investigated

for the POMA backbone. Since the reactivity is expected to be decreased compared

to the reaction with primary amines, the feasibility of that reaction was tested. The

POMA polymer was dissolved in 1-butanol and stirred overnight at RT. It can be
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Figure 2.5: Cyclic imidation of both polymers after ring-opening with butylamine:
(a) for the PIMA backbone and (b) for the POMA backbone

clearly seen in Fig. 2.6, that the majority of the anhydride rings is still unreacted,

whereas the two lower, overlapping bands at 1710 and 1740 cm-1 represent the ring-

opened functionalities, namely the free carboxylic acid at lower wavenumbers and

the ester at slightly higher wavenumbers. For a more quantitative reaction, a much

higher reaction temperature would be more favorable.

2.4 Synthesis strategy

The synthesis target envisaged is a series of polymers bearing phosphonate anchor

groups, in order to attach to surfaces, such as titanium oxide or magnesium ox-

ide. Furthermore, to form a brush structure at the surface, grafted side chains of

polyalkylene oxide chains are used. The maleic anhydride backbones presented in

Fig. 2.2 were chosen due to the anhydride functionalities readily present at the back-
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Figure 2.6: Ring-opening of POMA with 1-butanol at room temperature

bone. For hydrophobic polymers, the backbone with the C16- side chains was selected.

In order to allow low synthesis temperatures, which would facilitate further modi-

fications, e.g. attachment of bioactive compounds at the end-groups of the surface

brush, only reaction pathway (a) shown in Fig. 2.1 is used. Therefore, a multi-step

reaction was chosen as a synthesis approach, in which the functionalities are reacted

to the polymer backbone mainly via terminal, free amine functionalities. In Fig. 2.7,

a generalized synthesis strategy is shown. In order to achieve a well-defined poly-

mer backbone before synthesis and to ensure that all anhydride rings are closed and

not partially ring-opened by water, the backbone polymers were heat-treated in a

dry state at 150°C under vacuum before each synthesis. To keep possible hydrolysis

of the anhydride rings by water to a minimum, dry solvents over molecular sieves

were used.In a first step (a), the polymer side-chains were reacted with the back-

bone. In a second step (b), the phosphonate surface anchors were reacted. In order

to be able to synthesize different grafting densities, a certain amount of all maleic

anhydride rings could be left unreacted after both reaction steps and therefore those

unreacted anhydride rings need to be opened by a third reaction step (c) with a
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Figure 2.7: Schematic reaction scheme of a typical polymer synthesis, exemplarily
shown on the hydrophilic polymer. In the first step (a), the polymer side-chains are
grafted to the backbone, followed by (b) reaction with the surface anchor and (c)
subsequent quenching of all unreacted anhydride rings with the backfiller. Step (d)
is the deprotection of the phosphonate group by hydrolysis.

small primary amine. This reaction ensures that all reactive maleic anhydride rings

have been opened quantitatively after functionalization and that there is no further

reactivity present at the backbone. In the following, this reaction is referred to as

quenching or backfilling.

The surface anchor was chosen to be 1,12-aminododecylphosphonate, during the re-

action present in protected form as the corresponding diethylester. The synthesis of

the surface anchor is described at the end of the chapter in Sect. 2.9.1. Due to the

protection of the surface anchor during synthesis, the polymer is not supposed to be
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surface active upon deprotection as forth step. A C12-hydrocarbon spacer between

amine and phosphonate anchor group was chosen in analogy to the SAMs structure.

The longer the hydrocarbon chain, the more favorable the Van-der-Waals interaction

forces become and the better is the ordering. Therefore, a sufficiently long hydrocar-

bon chain was chosen for the surface anchor to achieve a better or faster self-assembly.

Therefore, the surface anchor itself could be used as surface-active molecule, forming

self-assembled monolayers, which then can be further used to couple maleic anhy-

dride containing polymers onto the SAMs via its terminal amine groups. Within this

thesis, that approach was not further investigated. However, the fourth reaction step

(d) shown in Fig. 2.7 after workup of the polymer consists of the deprotection of

the phosphonic acid diethylester to the free phosphonic acid or its corresponding

monosalt.

In Tab. 2.3, the reactants used for the synthesis of the hydrophilic and hydrophobic

polymers are summarized. For both types of polymers - hydrophobic and hydrophilic

- the same surface anchor 1,12-aminododecylphosphonate was used. The polymer

used for the grafting reaction is in both cases a poly(alkylene oxide) derived poly-

mer, namely O-(2-aminoethyl)-O’-methylpolyethylene glycol (mPEG-amine) with a

molecular weight (Mn) of 2 kDa and poly(1,2-butylene glycol) monobutylether (PBG-

monobutylether) with a molecular weight (Mn) of 1.5 kDa. It has to be emphasized,

that the polymer PBG-monobutylether does not contain an amine group and there-

fore a coupling reaction in using the terminal alcohol functionality is tried. As already

seen in the IR investigation of the reaction possibilities, c.f. Fig. 2.6, the reaction

with alcohols is not complete at room temperature. Since the hydrophobic polymers

will not be used for biomedical applications, where the attachment of additional,

bioactive compounds onto the polymeric system is always of advantage, the synthe-

sis temperature is set to much higher values in order to achieve a sufficiently high

coupling rate. A detailed description of the synthesis of the polymer is shown at the
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Table 2.3: Summary of the reactants used for the polymer synthesis

Surface Anchor Graft Polymer Backfilling

1,6-Diaminohexane

hydrophilic polymer 1,12-aminododecylphosphonate mPEG-amine Ethanolamine

(Mn=2 kDa) Butylamine

hydrophobic polymers 1,12-aminododecylphosphonate PBG-monobutylether Butanol

(Mn=1.5 kDa)

end of the chapter in Sect. 2.9.2.

2.5 Polymer Nomenclature

In the following, the polymers will be named according to their grafting composition

and the backbone used. A systematic naming, starting with the abbreviation of the

backbone polymer, i.e. PIMA for poly(isobutylene-alt-maleic anhydride) or POMA

for poly(1-octadecene-alt-maleic anhydride) has been developed. Since the grafting

consists of 3 steps, those are named in the order of reaction: polymer side chain, sur-

face anchor, backfiller, followed by the corresponding molecular weights and grafting

densities (corresponding to the number of that grafted functionality divided by the

total number of initial anhydride rings). For example, the full name of the hydrophilic

polymers would be PIMA-graft-(PEG, ADP, backfiller) ([a]: [b]:[c], d), where [a], [b]

and [c] are the respective grafting densities of PEG, ADP and backfiller. In the case

of different chain lengths of the backbone and/or the polymeric side chain, this would

be necessary to be included in the naming, but this is not the case within this thesis.

Still this naming system yields relatively long names, therefore a shorter abbreviation

was developed. The backbone indicates already the grafting either of PEG or PBG,

therefore those are no longer named. Since the grafting densities ideally all add up

to one, two out of three grafting densities are sufficient to characterize the polymer
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Table 2.4: Abbreviations used in the naming of the polymer

Abbreviations Full chemical name

PIMA poly(isobutylene-alt-maleic anhydride)

POMA poly(1-octadecene-alt-maleic anhydride)

PEG mPEG-amine

PBG PBG-monobutylether

ADP 1,12-aminododecylphosphonate

DAH 1,6-Diaminohexane

EA Ethanolamine

BA Butylamine

entirely. For all polymers of one family, the type of surface anchor (ADP) and poly-

meric side-chain are the same, thus those do not need to be named explicitly. The

backfiller, however still can vary between different polymers and thus it has to be

named. This leads to the short name of the example above: PIMA([a]: [b], backfiller).

In Table 2.4, all characteristic abbreviations are summarized, as used for the polymer

naming system.

An overview shown in Tab. 2.5 list of the polymers synthesized within this the-

sis, including the theoretical grafting densities, as used during chemical synthesis,

assuming 100% reaction efficiency.

2.6 Hydrophilic Polymer characterization

2.6.1 Characterization of the chemical composition and

chemical structure

The chemical composition and the polymer structure was characterized by 1H− and
31P−NMR and elemental analysis (EA). For the NMR measurements, the polymers
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Table 2.5: Overview over the synthesized polymers, including theoretic grafting den-
sities of the polymer as used during the synthesis and the theoretic short name of
the polymers.
(∗) The value 0 means that quenching with the backfiller was applied, but that theo-
retically, all anhydride rings should be ring-opened by either the respective ether or
ADP.

Polymer dether dADP dbackfiller Backfiller

PIMA-(0.3:0.3, DAH) 0.3 0.3 0.4 Diaminohexane (DAH)

PIMA-(0.3:0.3, EA) 0.3 0.3 0.4 Ethanolamine (EA)

PIMA-(0.5:0.5, DAH) 0.5 0.5 0(∗) Diaminohexane (DAH)

PIMA-(0.5:0.5, EA) 0.5 0.5 0(∗) Ethanolamine (EA)

PIMA-(0.5:0.5, BA) 0.5 0.5 0(∗) Butylamine (BA)

POMA-(0.3:0.7, Butanol) 0.6 0.4 0(∗) Butanol

were first characterized in deuterated water, resulting in very broad peaks, indicating

that the internal flexibility of the polymer is not very high in this solvent. After a

screening of different deuterated solvents, methanol-d4 was chosen because of the

much reduced peak broadening. Still, the peaks are not as well resolved as it is the

case for other, comparable polymers, such as PLL-g-PEG [166]. There could be dif-

ferent reasons for that behavior. As already mentioned, the polymer is amphiphilic

and thus the conformation in a polar solvent could induce an internal conformational

change with the hydrophobic parts trapped inside the polymer and the hydrophilic

parts pointing out, towards the solvent. This could already decrease the flexibility of

the internal parts, rendering them broader in their NMR response. Another possibil-

ity is the formation of polymeric micelles by agglomeration. This aspect is described

in Section 2.6.3 on page 51 using lightscattering methods.

Deprotection of the phosphonate group

The deprotection step was followed by 31P -NMR, where a shift in the phosphorus

peak was clearly observed. This shift of the phosphorus peak before and after depro-
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Figure 2.8: Shift of the phosphorus peak in the 31P -NMR before and after deprotec-
tion of the phosphonate ester

tection is shown in Fig. 2.8. The peak shifts from 33 ppm to 31 ppm after hydrolysis.

NMR characterization of the polymers

The polymers were characterized by means of 31P - and 1H−NMR measurements. In

Fig. 2.9 on the facing page, a representative 1H−NMR spectrum is discussed in detail,

assigning the main peaks of the NMR spectra to the polymeric structure. Generally,

the spectrum can be divided in two parts - between 0-2 ppm and between 2.7 and

3.7 ppm. In the first part at higher fields, mainly the hydrocarbon contributions

can be found. These are the -CH3 groups at the backbone at approximately 1 ppm

and other -CH2 groups, mainly deriving from the hydrocarbon spacer of the surface

anchor at 1.2 ppm. The two peaks between 1.4 and 1.5 ppm are originating from the

backbone, namely the hydrocarbon connected to the carbonyl groups of either the

free carboxylic acid (1.4 ppm) or the corresponding amide (1.5 ppm). Both peaks

are supposed to have the same integral, since they are created simultaneously during

the ring-opening reaction of the prior anhydride ring at the backbone. The peak at

1.7 ppm is deriving from the hydrocarbon in vicinity of the phosphorus. The second

part between 2.7 and 3.7 ppm contains the peak of the hydrocarbons connected to

free amines (in case of the DAH backfiller) at 2.8 ppm, followed by the hydrocarbon
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Figure 2.9: Representative NMR of a polymer synthesized and assignment of the
peaks to different groups. The NMR spectra shows the polymer PIMA-(0.3:0.3,
DAH).

directly connected to an amide bonding (-CH2-C(O)-NH-) at slightly higher chemical

shifts of 3.0 ppm. The peak at 3.3 ppm in close neighborhood to the methanol

solvent trace at 3.2 ppm derives from the terminal methoxylated end-group of the

PEG chains. The repetition unit of the PEG chains contains only equivalent CH2 -

groups, all summing up to a peak at 3.5 ppm. Additionally, a huge water impurity

deriving from the PEG chains and from the deuterated methanol is detected at 4.8

ppm. The 1H− and 31P−NMR spectra of all polymers synthesized are shown in

Appendix A.2 as a summary.
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Determination of the grafting Ratio by NMR

Interestingly, the broadening of the peaks is much more enhanced for the hydropho-

bic parts of the polymer, especially the hydrocarbon contributions. This indicates

a polymer conformation, in which the hydrophobic parts are not well dissolved and

trapped inside the polymer, whereas the PEG chains point outwards, providing good

solubility. For the calculation of the grafting density the following peaks were cho-

sen: the methoxy peak of the PEG chain (b). For the surface anchor, the relatively

broad, but unfortunately overlapping peak (e) at 1.6 ppm was chosen. Since different

backfilling reagents were chosen, it is impossible to find corresponding peaks from

ethanolamine or butylamine within the hydrocarbon peaks. Two rather well resolved

peaks (f) and (g) are situated between 1.4 and 1.6 ppm, indicating the hydrogen

signal deriving from the backbone carbons directly connected to a carbonyl group.

Both peaks together give a good signal deriving from the amide groups. Therefore,

the grafting densities can be calculated as followed:

dPEG =
2

3
·

I(b)
(I(f) + I(g))

dphosphonate =
I(e)

(I(f) + I(g))

The resulting grafting density dbackfiller is then calculated to be the missing summand

of all three grafting densities to sum up to one. Due to the fact that peaks (e), (f) and

(g) are not well resolved and rather broad due to the micellation of the polymer and,

additionally, the peaks are overlapping, this all contributes to quite a high error. The

calculated grafting densities are displayed in the Tab. 2.7 on the next page, together

with the grafting densities obtained by elemental analysis, which is explained and

discussed in comparison to the values obtained from NMR in the following section.
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Table 2.6: Summary of the EA of all polymers. The grafting densities stated are the
theoretical, as used during synthesis

weight percentage
theoretical name C H N O P

PIMA-(0.3:0.3, EA) 54.68 9.07 1.55 33.01 0.95

PIMA-(0.3:0.3, DAH) 55.08 9.02 2.08 31.59 0.94

PIMA-(0.5:0.5, EA) 54.17 9.11 1.28 31.71 1.26

PIMA-(0.5:0.5, BA) 54.32 8.74 1.3 32.46 1.31

PIMA-(0.5:0.5, DAH) 53.75 9.05 1.65 34.25 1.30

Table 2.7: Comparison of grafting densities calculated by EA and NMR. The theo-
retical name contains the grafting densities as calculated from the synthesis

Grafting densities
theoretic name method dPEG dphosphonate dbackfiller

PIMA-(0.3:0.3, EA) EA 0.31 0.28 0.41

NMR 0.28 0.45 0.27

PIMA-(0.3:0.3, DAH) EA 0.32 0.28 0.40

NMR 0.31 0.40 0.29

PIMA-(0.5:0.5, EA) EA 0.40 0.45 0.15

NMR 0.37 0.43 0.2

PIMA-(0.5:0.5, BA) EA 0.39 0.45 0.16

NMR 0.35 0.35 0.3

PIMA-(0.5:0.5, DAH) EA 0.38 0.46 0.16

NMR 0.32 0.37 0.43

EA characterization of the polymers

In Tab.2.6 the findings of the EA for all synthesized polymers are summarized. The

weight percentages of the EA were used to calculate a grafting ratio of the polymers.

If possible the weight percentages of the heteroatoms of the polymers were taking

into account for the calculations, e.g. phosphorus content to indicate the surface

anchor. Additionally, the calculated grafting ratios of the NMR analysis are included

into the Tab. 2.7.
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In looking only to the values obtained from EA, it can be seen that for the polymers

synthesized with a lower grafting density, the theoretical grafting density perfectly

matches the grafting density found during polymer characterization. This shows the

high reactivity of the anhydride rings and that stoichiometric reactions are possible

with terminal amines. However, the polymers with higher grafting densities differ

more between the theoretical grafting density, calculated from the stoichiometry

of the reaction solution and the characterized polymer composition. This, however

is contributed to the fact, that a theoretical grafting density of 0.5 is difficult to

achieve for the PEG chains. Since the PEG chains are polymers itself, carrying only

one terminal amine group, steric hindrance and thus a lower reaction probability

is starting to inhibit further reaction of the PEG chains onto the backbone. Since

both surface anchor and backfiller are much smaller in size, the steric hindrance for

them is less pronounced. The surface anchor reacts as expected, up to a grafting

density of 0.5. The slightly smaller values achieved could be attributed to the steric

hindrance that is more and more present in the backbone and which is shielding

the remaining, still unreacted anhydride groups from further nucleophilic attack.

Nevertheless, the backfiller is clearly opening all unreacted anhydride rings. This can

be explained mainly due to its higher concentration present in synthesis and its small

size, which raises the probability for a reaction with the unreacted anhydride groups,

even despite the relatively high steric hindrance around the anhydride groups.

The values obtained from NMR seem to have bigger deviations from the expected

stoichiometry. The polymers with lower expected grafting densities show a trend

to higher phosphonate contents, whereas the PEG content is close to the theoret-

ical content. The polymers with a theoretical higher grafting density, generally a

lower grafting density is observed for both, PEG and phosphonate grafted moieties,

when compared to the theoretical values. However the grafting densities obtained

for polymers of one family, i.e. high or low theoretical grafting density in terms of
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phosphonates and PEG, is much more varying than in case of the calculations based

on the EA. It has to be taken into account that the grafting with PEG and surface

anchor was performed in one synthesis prior to the split-up of the reaction in order to

quench with different backfiller. Therefore, the grafting density of PEG and surface

anchor is supposed to be similar for the polymers only differing in the backfiller. This

is true for the results obtained from the EA calculations, but not for the calculated

grafting densities derived from the NMR measurements. Therefore, in the following

the grafting densities of the elemental analysis are used for further discussion of the

polymers.

2.6.2 Determination of the molecular weight

The molecular weight and the polydispersity of the synthesized polymers are impor-

tant properties, usually measured by standard polymer characterization techniques,

such as gel permeation chromatography (GPC) or matrix assisted laser desorption

ionization - time of flight (MALDI-ToF). GPC measurements were performed in dif-

ferent solvents (DMF, CHCl3), but no polymer was eluted after the column, even

for the still protected polymers. The same situation was found for the MALDI-TOF

analysis of the polymers. No matrix (DCTB, dithranol, DHB) was found to ionize

and thus desorb the polymer for detection. Only flat baselines with matrix clusters

were obtained in both positive and negative mode of the detector for different con-

centrations. Additionally, it was tried to include Na+ ions inside the matrix (Na Mix

1:10:1), in order to transfer the charges more easily. It seems that the polymer, de-

spite being protected, is adsorbing onto the matrix of the GPC column and for the

same reason is, due to its molecular weight, unable to ionize in the MALDI matrix.

Field flow fractionation (FFF) was tried to get the molar mass and the polydispersity.

Since the system of separation is different from GPC and MALDI-ToF, the apparent
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surface active properties of the polymer seem to be less influencing the result. FFF is

a separation technique, where a flow vector is applied perpendicular to the polymer

solution pumped through a narrow channel. This causes a separation of the particles

present in the solution, depending on their different mobility (which is proportional

to the polymer size and molecular weight) under the force exerted by the exter-

nal vector. The different fractions are then detected by a light scattering detector.

Since the polymer stays in bulk solution and there is no high surface area close to

the polymers, the surface active character of the polymers is less important for the

successful separation and detection of the polymers. The light scattering detector,

however, showed unreasonably high values of 103 − 104 kDa in water and methanol.

These high values cannot be explained by a single polymer, but by micelles formed

by aggregation of polymer chains. The determination of the aggregation behavior

of the polymers in different solvents is discussed in Sect. 2.6.3. Despite these mea-

surements, unfortunately the exact molar mass of the single polymer chains and the

polydispersity could not be measured.

However, since the polydispersity of the polymer chains influences highly the molecu-

lar weight of the polymer significantly, GPC of the PIMA backbone was measured, re-

sulting in a polydispersity of 2.4 and a molecular weight of Mn=11500 and Mw=27500

Da and is shown in Sect. A.1. Assuming the polymer chains ranging between the val-

ues of Mn and Mw, the degree of polymerization ranges between 74 and 177. Taking

into account that the backbone polymer is then grafted by PEG chains of 2kDa, the

differences in molecular weight get more pronounced. Assuming a polymer with a

grafting density of 0.4 in terms of PEG chains, the maximum and minimum molec-

ular weights for the polymer PIMA(0.40:0.45,BA) then add up to 70 kDa and 167

kDa. However, this still would result in a polydispersity index of 2.4, as for the back-

bone. Additionally, a polydispersity of the PEG chains has to be taken into account,

as well as the fact that the polymer is a statistical graft-copolymer. This statisti-
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cal effect induces an additional factor that contributes to the polydispersity. Since

the calculated grafting density is a statistical and averaged value, polymers with a

higher grafting density in PEG chains, and others with lower grafting density coexist

in bulk. Assuming a relatively low fluctuation of the grafting density of PEG to be

in the order of 0.35 - 0.45, still, the differences in molecular weight range from 63

kDa to 185 kDa, reaching a polydispersity of 3. Therefore, the overall polydispersity

of the polymers is assumed to be relatively higher than the measured polydispersity

of the backbone itself.

2.6.3 Determination of the aggregation behavior by DLS

and SLS

The workup of the polymers indicated already a highly amphiphilic character of the

polymers synthesized. A probable self assembly to micelles was already supposed

due to the results of the field flow fractionation system (FFF). Light scattering,

especially dynamic light scattering (DLS) and static light scattering (SLS) (c.f. Sect.

7.1.4 were used to investigate the aggregation behavior of the hydrophilic polymers at

different concentrations in aqueous solution and different organic solvents. Especially

the Rg, Rh, the translational diffusion coefficient D and the molecular weight in Mw

were in the focus of interest. Dynamic light scattering were acquired at a polymer

concentration of 0.5 mg/ml, resulting in the hydrodynamic radius Rh . The radius of

gyration Rg was determined in using the Guinier approximation from SLS data at

a concentration of 0.5 mg/ml. A Zimm plot analysis over 4 different concentrations

using SLS was performed to determine Mw. More detailed explanations are presented

in Sect. The polymers showed similar behavior, not dependent on the backfilling or

on the grafting ratio.

A wide range of solvents (water, methanol, chloroform, DMSO, DMF and THF) were
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Table 2.8: Summary of the findings by SLS and DLS for the polymer solutions in
water and methanol. Dynamic light scattering values were acquired at a polymer
concentration of 0.5 mg/ml. The radius of gyration Rg and the molar weight Mw

was determined in using the Guinier plot from SLS data at a concentration of 0.5
mg/ml.

Solvents Water Methanol
Peaks minor 1 minor 2 mayor minor 1 minor 2 major

Rh [nm] 2.4 10.5 80.0 2.2 9.1 85.5

Rg [nm] 90± 5 89± 5

Mw [kDa] 1.5 · 103 0.3 · 103

D [mm2/s] 1.0 · 108 2.4 · 107 2.8 · 106 1.8 · 108 4.5 · 107 4.8 · 106

(a) (b)

Figure 2.10: DLS size distribution for (a) a polymer concentration of 0.5 mg/ml in
water and methanol and (b) concentration dependence of the size distribution for
water as solvent
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checked for the aggregation behavior by DLS, but no noticeable difference was found

for those solvents in terms of Rh. The major species was found at very high radii of

90 ± 10 nm, whereas one or two minor species at much lower intensity at 3 ± 1 nm

and 10± 2 nm were present. A full investigation by SLS and DLS was performed in

water and methanol, where the molar mass (Mw) and the radius of gyration (Rg)

was derived from the Guinier approximation at different polymer concentrations, as

described in Sect. 7.1.4. The determination of the molar mass resulted in unusual high

molecular masses in the range of 103kDa. The exact values derived from the light-

scattering experiments are shown in Tab. 2.8. This high molecular mass obtained in

both solvents is indicating an agglomeration of the polymer, especially when taking

into account the much smaller, minor peak at much lower sizes, which could indicate

the unassociated polymer species. The concentration was lowered stepwise down

to a concentration of 0.05 mg/ml, which was close to the detection limit of the

light scattering instrument, but no difference in the aggregation behavior was found

in comparison to higher concentrations, indicating a high stability of the polymer

aggregates. The critical micelle concentration is therefore assumed to be lower than

the lowest concentration investigated. In Fig. 2.10 (a), the size distributions from

DLS are shown for a polymer concentration of 0.5 mg/ml in water and methanol.

It can be clearly seen that the polymer aggregation is different in both solvents. It

seems that a higher percentage of the polymers is dissolved unassociated in methanol,

explaining the better NMR spectra recorded in deuterated methanol compared to

deuterium oxide. Additionally, the molecular weight of the polymer assemblies is

found to be lower for methanol as solvent, indicating a lower aggregation number.

The lateral diffusion coefficient was calculated for the 0.5 mg/ml polymer solution of

water and methanol for all agglomeration sizes. A summary of the findings for water

and methanol are given in Tab. 2.8.

Comparing the values of Rg and Rh at 0.5 mg /ml solution, it can be seen that those
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are in the same order of magnitude. The ratio Rg/Rh can be used to indicate changes

in the polymer conformation or in the shape of the aggregates. A consistent effect

was found in water, where the ratio Rg/Rh was rising from 0.8 at concentration of 5

mg/ml to values slightly higher than 1 at the lowest concentrations, whereas for the

polymer solutions in methanol, a value slightly higher than one was always found.

As can be seen at the Fig. 2.10 (b), the polydispersity of the micellar structures

is shrinking with lower concentrations, resulting in more defined species. Starting

at concentrations of below 0.5 mg/ml, as shown in Fig. 2.10 (a), a more discrete

agglomeration in different species is found and is thus influencing the calculations of

the corresponding radii. Furthermore, due to the relatively high deviation of the Rg

value derived from the Guinier approximation, the resulting differences in the ratio

Rg/Rh could be mainly within the deviations induced by the radius of gyration.

2.7 Acid-base character of the polymers

synthesized

The pH of the aqueous polymer solution with a concentration of 0.5 mg/ml was

measured and found to be at pH 5.0. With the structural information of the polymers,

acid-base equilibria could be calculated, in order to determine the number of positive

and negative charges present at the backbone and in checking the chemical state of

each functionality present at the polymer. The functionalities present at the polymer,

susceptible for acid-base reactions are mainly:

NH2 / NH+
3 with a pKamine

1 = 10.6

COO- / COOH with a pKacid
1 = 4.6

P(O)(O-)2 / P(O)(O-)(OH) / P(O)(OH)2 with a pKphosph.
1 = 2.6 and pKphosph.

2 = 8.25
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Table 2.9: Acid base calculation of the functionalities at a pH of 5. 39 initial anhydride
functionalities are assumed per polymer backbone, and the polymer composition is
calculated according to the grafting density. From this basis, the acid-base equilib-
rium at the polymer was calculated based on a pH of 5 of the bulk solution.
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P(O)(OH)2 0 0 0 0

Sum positive charges 7 0 16 0

Sum negative charges 46 46 40 40

Therefore, the protonated and deprotonated state of all functionalities were calcu-

lated for the different polymers. In Tab. 2.9, the findings of the calculations are sum-

marized, assuming a polymer with 39 initial anhydride functionalities (corresponding

to the polymer backbone of 6 kDa) and the polymer structure according to the graft-

ing densities as derived from EA. Since polymers backfilled with ethanolamine and

butylamine behave the same for acid-base calculations, only one of both polymers is

considered in the table.

The effect of the 1,6-diaminohexane is clearly visible in the calculations. All free

amine functionalities are positively charged at a pH of 5. The phosphonate moieties

are all in the monoacid state, whereas the carboxylic acid groups are charged nega-

tively to approximately 75%. In looking at the overall charges, it can be clearly seen,
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that all polymers are highly negatively charged, while the diaminohexane backfiller

is counterbalancing slightly by introducing positive charges. Nevertheless, a high ex-

cess of negative charges can be found for all polymers at the pH of 5, mainly because

of the free carboxylic acids.

2.8 Hydrophobic polymer characterization

2.8.1 Characterization of the chemical composition and

chemical structure

The workup of the hydrophobic polymer turned out to be challenging due to its

highly amphiphilic character. Precipitation or extraction was not possible with the

polymer since it always stayed in solution or triggered emulsification of the system.

Dialysis in organic solvents and size exclusion chromatography were not successful

in separating the reacted polymer from unreacted side-chains. A high peak at 3-4

ppm showed a relatively high content of poly(1,2-butylene glycol) present in the

polymer mixture, but the assays in purification showed no decrease of those peaks in

respect to the hydrocarbon peaks present between 1 and 2 ppm and not deriving from

contributions of the PBG. Since the PBG has 2 major contributions in that area, too,

it is however difficult to determine a grafting ratio or to perform a structural analysis

based on NMR. Due to the high amount of PBG present, the peaks are relatively

intense and broad and overlap with the peaks deriving from the other parts of the

polymer. In parallel to the findings of the hydrophilic polymers a possible micellation

and association of the polymer chains in the solution can be suggested to explain the

relatively broad peaks. As for the hydrophilic polymers a solvent dependence in the

peak broadening could be observed. The NMR spectra generally seemed to be better
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Figure 2.11: Representative NMR spectrum of the hydrophobic polymer.

resolved in deuterated benzene than in deuterated chloroform. The NMR spectrum

is shown in Fig. 2.11.

The main contributions of the PBG chains are the peaks labelled (a), (b), (c) in

the range of 3-4 ppm. Here, mainly the protons in the neighborhood of the ether

oxygen contribute to the signal. Three different peaks are obtained, because appar-

ently the chemical shift of the two protons of the -O-CH2-group splits in two peaks

because of different chemical environments, mainly due to the ethylene side-chain.

The contribution of the hydrocarbon -O-CH(C2H5)- is shifted towards higher fields

(lower ppm). There, contributions from the ester bonds, deriving from the backfilling

with butanol are present and explain the higher integral compared to the other two

peaks. The contribution of the C2H5 side-chains present in every repetition unit of

the poly(1,2-butylene glycol) is visible in peak (d) and (g). Peaks (e), (f) and (h)

derive from the other polymer functionalities and mainly derive from the polymer
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backbone. Peak (e) originates mainly from the hydrocarbons in the vicinity of the

carbonyl group of ester, amide or carboxylic acid. Peak (h) could be the CH3-groups

of the octadecene side-chains and/or the butanol backfiller, whereas peak (f) shows

the contribution of the -CH2- group present at the backbone. However, each of the

big peaks deriving from the polyether chains contains contributions from the poly-

mer backbone, namely hydrocarbon contributions of the octadecene side-chain and

the butanol backfiller in peak (g), the CH2-group in the neighborhood of the phos-

phonate contributes to peak (d) and in peak (c) contributions of the hydrocarbon

connected to the ester is found. Therefore, it is nearly impossible to derive a grafting

ratio from the NMR spectrum.

Additionally, due to the non-sufficient purification, it is supposed that there are un-

reacted polyether chains present in the polymer. That is due to the fact that alcohols

are less efficient nucleophiles than amines and because of the already sterically hin-

dered POMA backbone with C16-side chains present at every repetition unit. This

renders the backbone relatively challenging for nucleophilic attack of bulky polymers.

Therefore, a non-stoichiometric reaction is assumed for the polyether side-chain and

a relatively low grafting ratio is expected.

Therefore, MALDI-TOF analysis was carried out. The spectrum is shown in Fig.

2.12. Only the relatively sharp spectra with low polydispersity deriving from the

PBG chains is visible and no polymer peak at higher m/z. This is another indication

that unreacted PBG chains are still present inside the polymer.

The necessity to calculate the grafting density of the polymers, even though there

are still unreacted side-chains present is still an unsolved issue for these polymers

taking into account that the standard purification methods, such as precipitation, ex-

traction and chromatographic approaches only show limited efficiency for this highly

amphiphilic polymer. Additionally, due to the mainly hydrophobic character of the



2.8. Hydrophobic polymer characterization 59

Figure 2.12: MALDI-TOF spectrum of of the polymer in DCTB+Na Mix 1:10:1

polymer, apolar and especially aprotic solvents have to be used. Dialysis in those

organic solvents was not successful, since aprotic solvents do not swell the dialysis

membrane properly. Therefore, the grafting density could not be derived. Neverthe-

less, active species are present in the mixture of unreacted PBG and the POMA

polymer with grafted side-chains. Still, the structure remains unknown. Because of

the assumed, much higher surface-activity of the polymer species of interest - the

POMA backbone, grafted with phosphonate anchor and PBG side-chain, it was de-

cided to characterize the species adsorbed onto a surface. The further structural

investigation is presented in Chapter 5, Sect. 5.5 on page 173.
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Figure 2.13: Synthesis of 1,12-Aminododecylphosphonic acid diethylester from 1,12
Dibromododecane in 3 steps

2.9 Experimental Synthesis protocols of the

polymers synthesized

2.9.1 Synthesis of 1,12-aminododecylphosphonic acid

diethylester

1,12-aminododecylphosphonate diethylester was synthesized based on the work of

Dr. F. Durmaz [134] in 3 steps by (1) Michaelis-Arbusow Reaction [167,168] of 1,12-

Dibromododecane with 1 eq Triethyl phosphite (Fluka), (2) Finkelstein type Reaction

of 1,12-Aminododecanephosphonate diethylester with Sodium azide in Acetonitril

for 48h under reflux, (3) Reduction of the obtained azide with sodium borohydrate/

Copper(II) sulfate [169]. The reaction scheme is shown in Fig. 2.13. The experimental

synthesis protocol can be found at the end of the chapter in Sect. 2.8.
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Synthesis of 1,12-aminododecylphosphonic acid diethylester (ADP) was synthesized

in 3 steps by:

1,12-Bromododecylphosphonic acid diethylester: 1,12-Dibromododecane (5 g,

15.24 mmol) was heated to reflux and triethyl phosphite (2.53 g, 15.24 mmol)

was added drop-wise for 30 min. The yellow solution was stirred at 150 °C for

4 h. The byproduct ethylbromide was distilled into a cold trap and the crude

product was purified by column chromatography on silica gel with petroleum

ether / acetone (2:1) (2.11 g, 36 %). The corresponding 1H- and 31P - NMR

spectra are shown in Fig. 2.14.
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Figure 2.14: The 1H− and 31P−NMR of 1,12-Bromododecylphosphonic acid di-
ethylester
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1,12-Acidododecylphosphonic acid diethylester: 12-Bromododecylphosphonic

acid diethylester (2.3 g, 6 mmol) was dissolved in acetonitrile and sodium azide

(1.2g, 18 mmol) was added under nitrogen gas flow. The reaction mixture was

stirred at reflux for 48 h. The mixture was filtered over cellite and the solvent

evaporated under reduced pressure. The resulting yellow oil dried under vac-

uum (2.1 g, 96 %).The corresponding 1H- and 31P - NMR spectra are shown

in Fig. 2.15.
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Figure 2.15: The 1H− and 31P−NMR of 1,12-Acidododecylphosphonic acid di-
ethylester

1,12-Aminododecylphosphonic acid diethylester: CuSO4 (8.5 mg, 0.03 mmol)

was dissolved in 10 mL methanol and 35 mg (0.9 mmol) NaBH4 was added to

the solution under stirring. 1,12-azidododecylphosphonic acid diethylester (1.2

g, 3.45 mmol) in MeOH (10 ml) was added to the black solution and additional
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NaBH4 (0.131 g, 3.45 mmol) was added slowly at 0°C over 1h under gas evolu-

tion. The black reaction mixture was stirred at RT for 12h. The resulting dark

blue solution was made basic with 1N NaOH (pH 12-13) and filtered over cellite.

The solvent was evaporated under reduced pressure. 100 ml dichloromethane

was added and the mixture was extracted first with H2O (3x50 ml) then with

acidic brine (3x50 ml). The combined organic layers were dried over anhydrous

MgSO4 and concentrated under reduced pressure, resulting in a yellow gel (1.06

g, 96%). The appropriate 1H- and 31P - NMR spectra are shown in Fig. 2.16.
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Figure 2.16: The 1H− and 31P−NMR of 1,12-Aminododecylphosphonic acid di-
ethylester

The predominant peaks in the 1H−NMR are the hydrocarbon groups in proximity

to the phosphorus, either bound as ester or via the C-P bond and the -CH2 group in
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vicinity to the bromide. When reacting from the bromide to the azide, a slight shift

of about 0.15 ppm towards higher fields of the corresponding peak of the neighboring

-CH2 group is observed. This peak is further shifted about 0.2 ppm in reducing the

azide towards the amine. The main peaks at high ppm values correspond all well to

the theoretic integral ratio of 2:1, whereas in the region of higher field, the integrals

are slightly overestimating the theoretic hydrogen number, which is presumably an

effect of incomplete drying of the product from solvent traces.

2.9.2 Synthesis of hydrophilic polymers

A general protocol of the hydrophilic polymers is given in the following:

The hydrophilic polymers were synthesized using poly(isobutylene-alt-maleic anhy-

dride) (Sigma Aldrich) as reactive backbone polymer, which was heat-treated over

night in dry state at 150°C under vacuum. After dissolution in dry DMF (Sigma

Aldrich), the polymer O-(2-aminoethyl)-O’-methylpolyethylene glycol (mPEG-amine)

was added in terms of the calculated substoichiometric weight relative to the maleic

anhydride functionalities present at the PIMA and stirred overnight at room tem-

perature and argon atmosphere. After 20 hours reaction time, the surface anchor

1,12-amino-dodecyl-phosphonate diethylester was added in the calculated substoi-

chiometric weight relative to the maleic anhydride functionalities at the PIMA and

stirred at RT for another 20h under argon atmosphere. In order to achieve the same

polymer composition for different backfilling reagents, the solution was separated in

different parts and each reacted with a high excess (20 fold excess relative to the

initial anhydride rings) of the backfilling reagent under stirring for 20h under argon

atmosphere. The protected polymer was precipitated three times in cold n-pentane

and dried under vacuum. The purified, protected polymer was then dissolved in

dichloromethane and the reaction mixture was carefully degassed and saturated un-
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der argon atmosphere. After having protected the solution from light by means of

aluminum foil, a 10 fold excess of bromotrimethylsilane (Sigma Aldrich) was added at

room temperature [170] . The hydrolysis of the formed intermediate was performed in

a diluted methanol solution of NaOH (0.05 mol/l) and stirred overnight at RT. After

precipitation of the polymer in cold n-pentan, the polymer was dissolved in a 0.05

mol/l, aqueous NaOH solution and dialyzed against water 3 times (Spectra/Por®

1 Dialysis Membrane, MWCO: 6-8 kDa). The resulting polymer solution was then

lyophilized (for 48h at -60°C and 0.2 mbar), yielding in white powder which was then

stored under exclusion of light at -20°C. The final products were analyzed at the end

using 1H- and 31P-NMR and elemental analysis.

Synthesis of the polymer generation PIMA(0.3:0.3, X)

The polymers were synthesized using 50 mg (0.32 mmol in terms of repetition units)

PIMA and were reacted with 0.194 g (0.097 mmol) mPEG-amine and 31 mg (0.097

mmol) 1,12-amino-dodecyl-phosphonate diethylester according to the general proto-

col stated above. The reaction mixture was aliquoted in 2 different vials and backfilled

each with either 0.1 ml (1.6 mmol) ethanolamine or 0.2 g (0.17 mmol) diaminohex-

ane. After precipitation and drying, the polymers were deprotected by 0.45 ml (3.4

mmol) of bromotrimethylsilane each. After workup and purification, 100 - 110 mg of

each polymer was obtained, corresponding to a yield of 70-80%.

Synthesis of the polymer generation PIMA(0.5:0.5, X)

The polymers were synthesized using 88 mg (0.75 mmol in terms of repetition units)

PIMA and were reacted with 0.57 g (0.29 mmol) mPEG-amine and 92 mg (0.29

mmol) 1,12-amino-dodecyl-phosphonate diethylester according to the general proto-

col stated above. The reaction mixture was aliquoted in 3 different vials and backfilled
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each with either 0.1 ml (1.6 mmol) ethanolamine , 0.15 ml (1.5 mmol) butylamine

or 0.2 g (0.17 mmol) diaminohexane. After precipitation and drying, the polymers

were deprotected by 0.45 ml (3.4 mmol) of bromotrimethylsilane each. After workup

and purification, 0.15 - 0.2 g of each polymer was obtained, corresponding to a yield

of 60-80%.

2.9.3 Synthesis of hydrophobic polymers

The hydrophobic polymer was synthesized using 0.3g (0.86 mmol in terms of repeti-

tion units) poly(1-octadecene-alt-maleic anhydride) (Sigma Aldrich) as reactive back-

bone, which was heat-treated over night in dry state at 150°C under vacuum. After

dissolution in dry toluene (Sigma Aldrich), 0.77g (0.51 mmol) poly(1,2-butylene gly-

col) monobutylether (PBG-monobutylether) with 1.5 kDa molecular weight (Sigma

Aldrich) was added. After 20h reaction time at 120°C, 0.11g (0.34 mmol) of the

surface anchor 1,12-aminododecylphosphonate diethylester was added and stirred

at 120°C for another 20h under argon atmosphere. As backfilling reagent, 0.5 ml

(5.5 mmol) butanol at 120°C for 20h was used. The resulting polymer was dried

under vacuum, resulting in a yellow, viscous oil. The deprotection of the polymer

was performed in dissolving the polymer in a mixture of dichloromethane and pen-

tane (1:1 v/v). The reaction mixture was carefully degassed and saturated under

argon atmosphere. After having protected the solution from light by means of alu-

minum foil, 1.2 ml (10 mmol) of bromotrimethylsilane (Sigma Aldrich) was added

at room temperature [170] . The hydrolysis of the formed intermediate was done

by dissolving the polymer in pentane and adding a diluted methanol solution of

NaOH (0.05 mol/l). An emulsion was formed, which was stirred overnight at RTT

and the solvents were evaporated afterwards. The workup of the polymer was prac-

tically impossible because of the highly amphiphilic character of the polymer. Even
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before deprotection, neither precipitation nor extraction was possible to separate un-

reacted PBG-monobutylether chains from the polmyer. The polymer always stayed

in solution or initiated emulsification. Gel permeation chromatography (Sephadex®)

showed no effective separation of the polymer and unreacted PBG side-chains. The

final products were analyzed at the end with 1H- and 31P-NMR.

2.9.4 Overview over all polymers synthesized

In Tab. 2.10, an overview list of the polymers synthesized within this thesis and

including the naming based on the actual grafting densities found during bulk char-

acterization of the hydrophilic, PEG-ylated polymers. Unfortunately, no grafting

density could be derived yet for the hydrophobic, PBG-ylated polymer and there-

fore, the calculated grafting densities, as used in synthesis and assuming a 100%

reaction efficiency are assumed. However, the actual grafting density, especially of

the PBG side-chain is much lower due to steric hindrance during reaction and due

to the not very reactive alcohol group used for coupling. This was confirmed by XPS

analysis of the adsorbed polymers on TiO2 (c.f. Chapter 5, Sect. 5.5 on page 173).
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Table 2.10: list of polymers synthesized, including the naming used further in that
thesis. Overview over the synthesized polymers, including the naming on the actual
grafting densities
(∗) The value 0 means that quenching with the backfiller was applied, but that the-
oretically, all anhydride rings should be ring-opened by either the respective ether
or ADP. Due to the fact that no grafting density of the hydrophobic polymer could
be derived, the synthesis composition is stated. The actual grafting density may be
much lower for the PBG-ylated polymer .

Polymer dether dADP dbackfiller Backfiller

PIMA-(0.30:0.30, DAH) 0.30 0.30 0.4 Diaminohexane (DAH)

PIMA-(0.30:0.30, EA) 0.3 0.3 0.4 Ethanolamine (EA)

PIMA-(0.40:0.45, DAH) 0.40 0.45 0.15 Diaminohexane (DAH)

PIMA-(0.40:0.45, EA) 0.40 0.45 0.15 Ethanolamine (EA)

PIMA-(0.40:0.45, BA) 0.40 0.45 0.15 Butylamine (BA)

POMA-(0.3:0.7, Butanol) 0.6 0.4 0(∗) Butanol



CHAPTER 3
Poly(phosphonates) on TiO2 for

biomedical applications

3.1 Motivation / Introduction

3.1.1 Biomaterials

Upon inserting a foreign material into the human body, non-specific protein adsorp-

tion will immediately occur and can evoke diverse biological reactions, potentially

interfering with the function of the medical device [171, 172]. Possible consequences

can be inflammatory reactions, foreign-body responses and even failure or rejection of

the implant. Therefore, surfaces of biomaterials require additional design to present

the same signaling groups to the body as the surface of a clean, fresh wound, for exam-

ple by attaching pharmacological active or bioactive agents on the surface to prevent

adverse events during wound healing [171, 173]. Alternatively, surface coatings that

minimize reactions due to their non-adhesive character may be considered [173,174].

These devices can be used in medicine in vivo as blood-contacting devices, where

69
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they have to resist fibrinogen and platelet adsorption, as implanted devices or uri-

nary catheters, but also for in vitro diagnostic assays, biosensors and microchannel

flow devices [171]. Also, similar considerations regarding biointeractions apply in

non-medical uses, such as biofouling-resistant heat-exchangers [171] or ship-bottom

paints improving marine biofouling resistance [175].

Table 3.1: Different strategies to achieve non-fouling surfaces, and different attach-
ment strategies compared for PEG [173].

Surface strategy Comments Reference

PEG Effective, but dependent on chain density; degradation by
oxidants

[176]

PEG oligomers in
SAMs

Highly effective, SAMs approach applicable for high variety of
surfaces; low durability to elevated T

[177]

PEG containing
surfactants adsorbed

to the surface

Simple method, low durability, normally low surface densities [178]

surface coating of
polymers containing

PEG blocks

Effective, may provide a relatively low density of surface PEG
groups

[63]

Saccharides Nature’s route to non-fouling surfaces, some success, high
degradation rate by bacteria and autoxidation

[124,179,
180]

phosphatidyl
choline

Has shown great success in many applications [181]

poly(2-methyl-2-
oxazoline)

Effective, more stable against autoxidation than PEG [125,126]

(Pre-) adsorbed
protein layer

easy to implement but of low durability [182]

Hydrogels PEG and many other hydrogels have shown non-fouling
behavior

[183]

There are many strategies to inhibit non-specific protein adsorption and non-fouling

surfaces - an overview is given in Table 3.1. The majority of the literature on non-

fouling surfaces focuses on surfaces containing the relatively simple polymer PEG,

poly(ethylene glycol), also known as poly(ethylene oxide).
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3.1.2 PEG-ylated molecules and protein resistance

PEG

PEG with the chemical structure OH-CH2-[CH2-O-CH2]n-CH2-OH is one of the best

studied molecules for a great variety of chemical, biological, biomedical and biotech-

nological applications, because of its solubility in water and many organic solvents,

its insolubility in water at elevated temperatures (cloud point), its capability to form

complexes with metal cations, its high mobility combined with a large exclusion vol-

ume in water, its non-toxicity and weak immunogenicity [175]. Preventing protein ad-

sorption [184] is, together with the control and/or reduction of electro-osmosis [185],

one of the most studied properties of PEG for biotechnological applications.

Non-fouling surfaces with PEG layers

Various methods for covalent attachment of PEG to surfaces have been proposed

[175, 176]. They usually require chemical derivatization of the terminal groups of

PEG prior to reaction with a functionalized surface [186], but also other techniques

have been applied, such as grafting to surfaces via a backbone polymer [187], incor-

poration as block segments in a variety of polymers [183,188], cross-linking PEO ho-

mopolymers [175,176], or PEG deposition on a rf-plasma activated surface [189,190].

A very important aspect for the non-fouling properties of PEG surfaces is the nec-

essary minimum molecular weight of the PEG chains, which depends highly on

the packing density achieved [191–194]. The protein-resistance mechanism by the

PEG surfaces may be due to a combination of factors, including the resistance of

a polymer coil to compression due to entropic repulsion plus the resistance of the

PEG molecule to release both bound and free water within the hydrated coil (os-

motic repulsion) [171, 195, 196]. These factors, but also the protein size [197] and
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the thermodynamic principles of protein adsorption, involving a number of enthalpic

and entropic terms favoring (entropic gain of water-release, enthalpy loss caused

by attractive coulomb interactions between surface and protein charges) or resist-

ing (retention of bound water, entropic and osmotic repulsion of the polymer coils)

adsorption [171, 193, 197] play an important role in determining protein-adsorption

resistance.

It has been pointed out that the main disadvantage, which may reduce the utility of

PEG chains for non-fouling surfaces in real-world situations, is their susceptibility

to oxidative damage [196].

3.2 Surface Aspects and Applications of Titanium

and Titania

Titanium and its alloys are widely used metallic biomaterials, especially for implants

in bone or dental-related applications, due to their outstanding low specific weight

combined with favorable mechanical properties, which are found to be close to those

of bone [198]. The Young’s modulus of titanium alloys is much closer to the values

of osseous structures in comparison to other metals, thus rendering them a perfect

choice for the design of load-carrying implants [198, 199]. Additionally, favorable

physical and biological properties, including corrosion resistance due to the stable and

dense protective oxide layer and biocompatibility [200,201] and their high ductility,

which facilitates processing make them important implant materials. Furthermore,

it is found that titanium is capable of adsorbing proteins on the surface and inducing

differentiation of bone cells. Despite all these beneficial properties, improved healing

response and an increased speed of osseointegration are still active research topics,
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especially for dental implants. Biologically inspired surfaces, bearing functionalities,

transform titanium oxide into biologically more compatible surfaces [171, 198]. This

could be a PEG-ylated surface as presented above (c.f. Sect. 3.1.1 on page 69), which

is non-fouling, preventing the first step (protein adsorption) of the foreign body

reaction cascade. More advanced and innovative bio-interfaces provide specific cell

attachment points and tailor the selective attachment, proliferation, differentiation

or mobility of the cells in order to increase the healing potential of the implant [171].

Due to the excellent behavior of the natural oxide layer to regenerate instantly after

damage, that natural passivation of the surface renders titanium metal extremely

stable against corrosion in air or aqueous solutions [202]. The driving force for this

unusual behavior is that titanium has the highest affinity among all metals to oxy-

gen and reacts spontaneously to titanium oxide, mainly of TiO2 stoichiometry. The

natural oxide film is quite dense, but mostly amorphous, and kinetically prevents the

further oxidation of the underlying titanium metal. The oxide film growth is quite

fast in the initial stage within hours to days, slowing down to much lower rates over

months and years, reaching a steady state at a final thickness between 3-7 nm. Due

to the limited oxygen diffusion, there is a gradient in the O/Ti ratio and thus a

gradient in oxide stoichiometry and oxidation state of the titanium. The oxidation

state of titanium thus varies with increasing depth from Ti(IV)O2 through Ti(III)2 O3

and Ti(II)O to Ti(0) [198,199].

Three different crystalline structures of TiO2 (and some additional metastable or

high-temperature forms), different in their coordination structure, exist: rutile (pris-

matic coordination), anatase (bipyramidal coordination) and brookite (orthorhombic

coordination). Rutile is the most stable form, to which the two other forms convert

upon heating. However, the native oxide films grown at ambient temperatures and

atmospheric pressures on titanium normally show amorphous structure with a small

degree in short-range order at the nanoscale [203]. At higher temperatures, crys-
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talline structures of rutile and anatase can be observed. Interesting for all TiO2

structures is their unusual high refractive index (above n=2), which makes titania

an interesting material for optical applications, such as sensors [198].

The surface of titania exposed to ambient atmosphere or aqueous media has equiv-

alent properties to all oxidic surfaces with different oxygen species found a the sur-

face [204,205]:

• oxide groups

• bridging oxygen groups

• hydroxide groups

• chemisorbed water molecules strongly bound to the Ti(IV) cations

These different oxygen groups show different Ka values, depending on their coor-

dination to the Ti cation. Basic hydroxides are bound to one Ti cation, whereas

more acidic hydroxides derive from protonated bridging oxygen groups, simultane-

ously coordinated to two Ti cations [204–206]. Since these groups are amphoteric in

contact to water, a net surface charge is created, depending on the pH of the solu-

tion. Therefore, the isoelectric point of a surface characterizes the pH, at which the

overall positive and negative charges at the surface are equal and thus compensate,

leading to a macroscopically uncharged surface. Positive or negative charges are thus

created at the solid-liquid interface at a pH below or above the IEP, respectively.

The isoelectric point of TiO2 is between 5.2-6.2, depending on the type of titania.

Therefore, at physiological pH, the titania surface consists of a slight negative net

surface charge [109].

An interesting property is the band gap of TiO2 of around 3 eV, displaying an

absorption maximum in the UV, which is responsible for its the photocatalytic ac-

tivity. Upon absorption of UV light in the range of the band gap, electron-hole pairs
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(e−−h+) are generated. These can interact with molecules such as O2 and create rad-

icals, i.e. superoxide O-·
2 or OH· from the reaction of water with h+. These radicals

in return oxidize or reduce organic adsorbates, thus leading to their degradation to

volatile species, mainly consisting of water, CO2 and volatile hydrocarbons [207–209].

Therefore, UV-Ozone cleaning of the surface is especially appropriate for titanium

dioxide surfaces, due to the combination of the ozone and the photocatalytic effect.

In this thesis, the titanium metal oxide surface was considered as a stable system,

the adsorbed hydrocarbon contaminants being carefully removed by an appropriate

cleaning protocol involving ultrasonication and UV-Ozone [210], according to the

cleaning protocol presented in 7.9.2. However, a certain amount of recontamination

from air (in order to lower the surface energy) had to be taken into account even by

minimizing the duration of the exposure of the cleaned samples to ambient atmo-

sphere [211]. Consequently, in this work, adsorbed contaminants on titania were al-

ways carefully removed and the efficiency was checked regularly by surface-analytical

techniques. All samples were handled, whenever possible in a laminar flow-box.

3.3 TiO2 Substrates

For a defined preparation of titanium oxide surfaces, a magnetron sputter coating

process (PSI, Villingen, CH) on silicon wafers (Si-Mat Silicon Materials, D) was used

to deposit 15nm or 20nm ±3 nm (variation determined by ellipsometry) of TiO2. This

technique ensures a fast and reproducible production of titanium oxide layers over

large areas with low amounts of defects and impurities and a very good homogeneity

combined with a low roughness (close to atomically flat). The principle consists of

sputtering a metal target of source material under plasma conditions - normally low

pressures of argon gas including a specific fraction of oxygen, in order to generate

oxide surfaces. The neutral charged species are then deposited at the surface of
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interest by an argon gas vector. Normally the deposited oxide layer is of amorphous

structure, even when some crystallized regions can be found, mostly consisting of

rutile or anatase structure, but however within studies in our research group, no

XRD pattern of the crystalline forms could be found [212]. Oxygen vacancies are

produced within the material due to the fact that the deposition was performed

under oxygen deficiency. This oxygen deficiency is supposed to favor higher surface

concentrations of hydroxide groups at the TiO2 surface once exposed to ambient

atmosphere.

After sputter coating, the wafers were mounted on a polymeric foil used to sup-

port cutting of the wafer to 1x1 cm2 pieces (Powatec GmbH, CH). The foil was

removed and the cut samples cleaned by ultrasonication in toluene and isopropanol

for 3x10min each to remove

• Dust from cutting, handling and removing of the polymeric foil

• Glue residues from the polymeric foil

• Hydrocarbon contamination, adsorbed from the ambient atmosphere

After cleaning, the samples were placed in 24-well plates for long-term storage and

cleaned according to the protocol described in 7.9.2 before further use. This cleaning

protocol was already well established [213], there was no need for a deeper rein-

vestigation of the surface cleaning. Due to the relatively fast growth of an airborne

contamination adlayer on freshly cleaned TiO2 surfaces, as described within the PhD

thesis of Dr. M. Rodenstein [212], cleaned samples were used immediately after the

cleaning process. Fig. 3.2 shows the XPS detail spectra for a clean TiO2 surface and

the chemical composition in at-% is summarized in Table 3.2.
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(a) Carbon 1s XPS detail spectrum (b) Oxygen 1s XPS detail spectrum

(c) Nitrogen 1s XPS detail spectrum (d) Titanium 2p XPS detail spectrum

Figure 3.1: XPS (Sigma2) detail spectra of clean TiO2 (≈20 nm on SiO2 wafers)
substrates. For TiO2 layers with a thickness of less than 20 nm, an additional silicon
peak arising from the underlying silicon wafer can be observed: (a) carbon spectrum,
(b) oxygen spectrum, (c) nitrogen spectrum, (d) titanium spectrum.

Table 3.2: Atomic % for clean TiO2 (on Si-wafers) as determined by XPS

Element at-%

Carbon (C1s) 5±1

Oxygen (O1s) 66±2

Nitrogen (N1s) 0.5±0.2

Titanium (Ti2p) 27±2

Silicon (Si2p) < 0.2±0.11
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The IEP of 5.5 and a surface roughness of approximately 3.2 nm (RMS) were de-

termined within the PhD thesis of Dr. W. Hartung [214] for similar TiO2 coated Si

wafers.

3.4 Characterization of additional

poly(alkyl-phosphonate) adlayers on titania

substrates

3.4.1 Adsorption Parameters

Development of a Standard Adsorption Protocol

Poly(phosphonate) polymers are conceptually a combination of alkanephosphonate

SAMs [71, 84, 99, 213, 215] and polyelectrolyte graft copolymers such as PLL-g-PEG

[28, 53, 63, 106, 216, 217]. Since the chemical structure of the polymers developed

in this thesis have many structural similarities to the polymers developed by Dr.

V. Zoulalian, especially due to grafted PEG chains and phosphonate anchor groups,

many parameters and conditions have been chosen based on the experience with that

system, e.g. solubility in water, polymer concentration during adsorption, adsorption

time, protection of the samples to light during the adsorption process, temperature

of adsorption, pH of the adsorption solution (important for the state of acidic/basic

functional groups, hydrogen bondings, ...), ionic strength of the polymer solution

(screening electrostatic charges).

The adsorption parameters of typical adsorbates used in our group are around
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(a) Adsorption kinetics of polymers PIMA(0.30:0.30, EA) and
PIMA(0.40:0.45,DAH) with a polymer concentration of 0.5 mg/mL

(b) Adsorption of polymer PIMA(0.30:0.30, DAH): concentration
dependence with 24h adsorption time

Figure 3.2: Determination of adsorption kinetics and concentration dependence of
poly(phosphonate) polymers by ellipsometry.
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100 mg/ml solution of alkanephosphate SAMs with adsorption times between 24-

48h [84,99,215], 0.1 mg/mL solution of PLL-g-PEG in HEPES2 for 20min adsorption

time [63,105] and adsorption from an aqueous 0.5 mg/mL polymer solution overnight

for the polymers developed within the PhD thesis of Dr. V. Zoulalian [135,136,218].

Phosphonate anchor groups adsorb much more slowly to a surface than polyelec-

trolytes, which are driven by electrostatic interactions. This is due to the different

adsorption mechanism of the phosphonate anchor groups, which bind chemically to

the surface and need much more time for the rearrangement of the chains, in order

to obtain a dense packing [215, 219]. Because of the negative charges present at the

polymer backbone and additionally those of the phosphonate groups, the adsorption

of the polymers to a negatively charged surface (at neutral pH) could possibly induce

a repulsive retardation of the adsorption onto negatively charged surfaces, resulting

in comparably slower adsorption kinetics.

In order to find the right parameter window to adsorb the maximum amount of

polymers onto the titanium oxide surface, initial adsorption tests were performed. In

Fig. 3.2a, the adsorption kinetics using the adsorption parameters developed from

Dr. V. Zoulalian [133] was studied for two different polymers, which have the ma-

jor structural differences ( in terms of phosphonate and PEG grafting ratio and

backfiller type) within the polymers investigated: polymer PIMA(0.30:0.30, EA) and

PIMA(0.40:0.45, DAH). The VASE technique was used to measure the layer thick-

ness of the polymers in a dry state after different adsorption times. The adsorption

kinetics of the polymer PIMA(0.40:0.45, DAH) seems to be slightly faster, due to

the higher content of phosphonates present in the backbone, but taking into account

the experimental error represented by the standard deviations, the two polymers

show similar adsorption kinetics. A more detailed study of the adsorption kinetics is

shown further below in Fig. 3.3 on page 84. This shows that the adsorption plateau

is reached after 2-3 h adsorption time at the chosen polymer concentration of 0.5
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mg/mL. In order to check the concentration dependence of the adsorption, different

polymer concentrations were used for adsorption on titania after a fixed adsorption

time of 24h. This shows the relative differences in adsorption kinetics for different

adsorption concentrations of the polymer for a fixed time. Since the adsorption time

was fixed, the small layer thicknesses achieved with low polymer concentrations could

have two different origins: a) with longer adsorption times the maximum layer thick-

ness could have been achieved or b) even with longer adsorption times, the layer

thickness would not have been reached the maximum possible layer thickness under

the chosen experimental conditions. The concentration of the polymer in solution

acts as a driving force for adsorption of the polymers to the surface, thus when the

concentration of the polymer in solution becomes too low, the adsorption-desorption

equilibrium is shifted, resulting in an incomplete polymer layer on the surface. Fig.

3.2a clearly shows that under the chosen adsorption parameters, the minimum poly-

mer concentration necessary to reach the maximum polymer layer thickness is close

to 0.2 mg/mL. Since there are structural differences between all polymers and a uni-

fied adsorption protocol would be of advantage, the polymer concentration was fixed

at 0.5 mg/mL in order to be definitely at the adsorption plateau for all polymers.

To give the polymers time for a possible slow rearrangement, which does not neces-

sarily raise the layer thickness significantly, the adsorption time was set to overnight

meaning 20h of adsorption time.

Investigation of the Adsorption Kinetics by TInAS

Adsorption kinetics and protein resistance were measured by the transmission in-

terference adsorption sensor (TInAS), its measurement principle being presented in

Sec. 7.2.3 on page 233. The instrument was still in an early stage of development,

and therefore some features were missing during measurement, especially pumps to

keep a constant flow in the flow cell and a thermostated environment in order to
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avoid temperature drifts. A cleaning protocol for the sensors was developed, yielding

a clean TiO2 surface, determined by XPS, allowing reuse of a specific sensor. The

cleaning protocol consisted of rinsing the flow cell with Roche cleaning reagent, UV-

irradiation of the sensor for 30min, ultrasonication in 0.1M NaOH, water and ethanol

2x10 min each, followed by UV-Ozone cleaning before storage, as described in Sect.

7.2.3. The cleaning protocol, especially the NaOH treatment leads to a reduction

of the TiO2 layer thickness, but the sensor could be used for a maximum of three

times before a significant reduction in the adsorbed polymer layer was observed. The

normal cleaning procedure for all kinds of samples (c.f. Sect. 7.9.2) was used just

before the measurements.

A big drawback of the chosen adsorption parameters was the adsorption from water.

A stable and horizontal baseline in ultra-pure water was never achieved during the

experiments, even with immersion of the sensor overnight in water or really long

baseline tests for several days. These problems are highly reduced when working in

a salt-containing environment, e.g. HEPES2. This seems to be a salt-effect, which is

not yet clearly understood. Apparently the electrostatic double-layer formed at the

TiO2 surface plays a quite important role to stabilize the signal drift. In order to have

an idea about the real adsorption kinetics within the parameters chosen in Sec. 3.3

on page 78, the adsorption from water was performed until the drift of the signal

after the adsorption kinetics was smaller or equal to the initial baseline drift before

adsorption. This baseline drift was then subtracted as a linear function of time from

the starting baseline drift to the drift observed at the end of the adsorption kinetics,

resulting in two horizontal plateaus - the baseline and the end of the adsorption

measurement. A combined TInAS experiment is shown in Fig. 3.3, which shows the

baseline, adsorption kinetics and a subsequent serum test, in order to test the pro-

tein adsorption and thus the non-fouling behavior of the polymer brushes. Due to the

length of the experiment, usually problems were frequently encountered, including
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bubbles formation, slightly visible effects between day and night (probably a temper-

ature effect). For these reasons and in order to have a defined polymer rearrangement

time before the serum test, is was furthermore decided to separate both parts – ki-

netics and serum test – into two different experiments. In a first experiment, the

adsorption kinetics were measured by TInAS. In parallel, sensors were coated with

polymers according to the standard protocol described in Sect. on page 78 in order

to have a fully reorganized and dense polymer brush at the surface, which is then

comparable with the ex-situ tests performed, e.g. with VASE. These polymer-coated

sensors were then introduced in the TInAS sensor and only the serum adsorption was

measured. Due to the early stage of development of the instrument, a rather high

deviation of the measurements was observed, namely up to 15% variation in the ob-

tained layer thickness for the same polymer adsorption under standard conditions.

This is therefore a bit higher than with the OWLS technique, which typically shows

deviations of around 10% for standard polymers, such as PLL-g-PEG adsorption.

The deviations stated here are not only due to instrumental factors, but also depend

highly on the polymer system investigated and on the sensor batch.

In Fig. 3.3b, normalized adsorption kinetics of several TInAS measurements and one

VASE measurement are shown. These differences in adsorption behavior are partially

induced by instrument factors (no temperature control, manual injection by syringes

inducing a pressurized environment inside the flow cell, sensors with a quite high

surface roughness, etc.) and random errors, such as in the polymer concentration.

Qualitatively, it is found that the kinetics obtained by VASE are always slower than

those measured by TInAS. This can be explained by the ex-situ procedure of VASE,

where loosely bound polymers are removed during the washing step.

The kinetics obtained from TInAS and those from VASE (c.f. Fig. 3.2a) were fit-

ted with the help of different Langmuir-type adsorption isotherms, already used to

investigate the adsorption kinetics of SAMs. A Langmuir-type adsorption considers
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polymer
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HEPES2
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5 1st rinsing with HEPES2

6 2nd rinsing with HEPES2

(a) Exemplary TInAS experiment, describing polymer kinetics and serum testing starting from
a baseline in water, polymer adsorption, subsequent rinsing and change to HEPES2 as biological
buffer, serum test and heavy rinsing steps.

(b) Normalized kinetics of different TInAS measurements and one VASE kinetics of polymer
PIMA(0.30:0.30, EA). The different TInAS measurements give a better indication of the differences
in the kinetics observed for the same polymer

Figure 3.3: TInAS measurements of (a) an exemplary TInAS experiment including
Serum test and (b) a normalized TInAS and VASE kinetics
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important assumptions about the adsorption process, namely that

1. only monolayer coverage is possible

2. all surface sites are similar

3. there is no interaction taking place between already adsorbed molecules

The classical Langmuir isotherm is

θ(t) = 1− e−ka·ta (3.1)

where θ(t) describes the surface coverage as function of time, ka , the constant,

effective adsorption rate, which is highly sensitive to all changes of the system, in-

cluding solvent, substrate, temperature and concentration. The exponent a takes

only 2 different values for the classical Langmuir theory, namely a = 1, when there

is no diffusion limit and a = 0.5 for a fully diffusion-limited model. Eq. 3.1 can be

rewritten to the following scheme in order to investigate not the surface coverage,

but the film thickness in function of time D(t), with Dmax being the maximum layer

thickness at the adsorption plateau.

D(t) = Dmax · (1− e−ka·ta) (3.2)

An exponent a differing from 1 is forcing ka to have physically unrealistic units

(M-1s-a), since the exponent must not have any unit. Therefore, the equations can

be rewritten to the following

D(t) = Dmax · (1− e−(kb·t)a) (3.3)
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Table 3.3: Fit parameters of the adsorption kinetics from TInAS and VASE (polymer
concentration 0.5 mg/ml)

Measurement Polymer Dmax [nm] ka [min-a] kb [min-1] a

TInAS PIMA(0.30:0.30) 3.2± 0.5 0.6± 0.1 0.3± 0.1 0.4± 0.1

PIMA(0.40:0.45) 3.5± 0.2 0.7± 0.2 0.4± 0.2 0.42± 0.05

VASE PIMA(0.30:0.30,EA) 2.80± 0.02 0.57± 0.05 0.19± 0.02 0.35± 0.03

PIMA(0.40:0.45:DAH) 2.79± 0.02 0.53± 0.05 0.22± 0.02 0.42± 0.03

Generally, the best fit was obtained when fitting all parameters, including the ex-

ponent a. This unusual fit gives an indication, how well the adsorption curves can

be described via the classical or diffusion-limited Langmuir models. Interestingly,

neither the classical (a = 1) nor the diffusion-limited (a = 0.5) Langmuir model

represent the actual adsorption kinetics, since a is fitted to be ∼ 0.4. The results

are summarized in Tab. 3.3, where the fitted adsorption constants for eq. 3.2 (ka)

and eq. 3.3 (kb) and the other fit parameter a are summarized for a polymer con-

centration of 0.5 mg/ml in the adsorption solution. For polymer concentrations of 1

mg/ml, consistent values of Dmax and a were measured, but the adsorption constant

was higher, at ka = 1.0 ± 0.1 and kb = 0.9 ± 0.1, respectively. Nevertheless, due to

the high standard deviations, it was not possible to find relevant differences in the

adsorption kinetics between polymers having a similar structure and only differing in

the backfilling moiety. That is why for this study, these polymers are taken together

and only the amount of phosphonate content is taken as distinction parameter. Even

the adsorption behavior of these two polymer groups is comparable and not differ-

ing much within the standard deviation. The slightly slower kinetics determined by

VASE measurements fits well with the kinetics investigated by TInAS, indicating

that the adsorption investigation ex-situ and in-situ results in comparable values

within the standard deviations and taking into account the differences of ex-situ and

in-situ measurements. Still, the exponent a is fitted close to 0.4, indicating the even
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slower reaction kinetics than it would be observed with a diffusion-limited Langmuir-

type adsorption model. This means that the adsorption rate at low surface coverages

is slightly faster than the rate predicted by the standard models, but with higher sur-

face coverages, the rate is slowing down even below the adsorption rate obtained for

the diffusion-limited case, yielding in a longer absolute adsorption time. Other, mod-

ified models based on the Langmuir model [220], e.g. the second harmonic generation

model proposed by Dannenberg et al. [221] for thiol SAMs on gold or a second order

Langmuir kinetics as used by Koutsioubas et al. [222] for phosphonic acid SAMs do

not hold for the present adsorption behavior. Comparable results have been observed

for different SAMs using the same fitting model [212]. These results indicate that the

three assumptions presented on page 85 are not holding for the studied adsorption

kinetics. Especially the last two points cannot be given and are ideal assumptions.

Amorphous TiO2 as used within this study could provide different surface sites for

adsorption. Additionally, TiO2 always shows a quite intense hydrocarbon contamina-

tion layer at the surface, which is (partially) replaced during the adsorption process

and could lower the adsorption kinetics by limiting the accessible binding sites, es-

pecially at high surface coverages. Furthermore, the polymeric structure of the poly-

mer favors different adsorption possibilities. Two (phosphonate and carboxylic acid

groups) or for some polymers three (additionally amine groups) different function-

alities can bind to the surface either by a more (phosphonates) or less (carboxylic

acids) stable chemical binding or due to electrostatic interaction (amines). Therefore,

more than one adsorption/desorption rate and binding strength are present at the

polymer by taking into account all possible attachment points. Only looking at the

phosphonate binding sites, mono- and bidentate binding can occur [72,84,223–225],

rendering the system more complicated than it is for standard SAMs systems, such

as thiols. The best interpretation for the adsorption kinetics being different from

the standard, Langmuir-type model is a different adsorption mechanism. As already
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shown in Sect. 2.6.3, DLS and SLS measurements are indicating agglomeration of

the polymers, yielding extremely high molecular-weight values in the range of 107

Da for the polymers dissolved in water at the concentrations used for the adsorp-

tion studies. This can be explained by the amphiphilic character of the polymers

having a rather hydrophobic backbone including the C12-hydrocarbon spacer to the

phosphonate anchor and the highly hydrophilic moieties, especially the PEG chains

and the free carboxylic acid groups. The highly amphiphilic character of the poly-

mers was already complicating the workup and purification of the polymers, except

for dialysis. The polymer tends to form micelles when dissolved in water, with the

PEG chains pointing outside and the surface anchors trapped towards the core of

the micelles. The adsorption still takes place due to the high chemical affinity of the

phosphonates to titania surfaces, but the kinetics is hindered due to the micellation

effect. There are more than one adsorption/desorption equilibria to consider with the

surface, especially association/dissociation constants for the micelles. Additionally,

for heavy and bulky aggregates such as micelles, the diffusion is slower than for the

polymers itself, leading to slower adsorption kinetics, even when taking into account

the diffusion-limited Langmuir model.

3.4.2 Chemical Composition of Polymer Adlayers on TiO2

based on XPS Results

Species analysis and component composition of the adsorbed layer

With the XPS technique, all elements of the polymer and of the titania surface (ex-

cept for hydrogen) can be analyzed, i.e. carbon (C), oxygen (O), phosphorus (P),

nitrogen (N) and titanium (Ti). Since most of the XPS peaks contain contributions

from several different chemical species, a systematic scheme was developed to de-

rive the real component composition from the peaks by peak fitting. Especially the
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C1s and O1s peaks are of interest for component analysis. The carbon peak con-

tains only information of the chemical structure of the polymer (apart from possible

hydrocarbon contamination), whereas the oxygen peak contains both contributions

from the polymer and from the titanium oxide surface. The curve resolution started

with an iterative peak fitting from values of binding energies (BE) obtained from lit-

erature [226]. During this process, some ratios between components were constrained

according to the known bulk structure of the polymer, in order to get a reproducible

and universal fit scheme for all XPS spectra. The fitted spectra are displayed in Fig.

3.4.

The phosphorus signal (P 2p) was fitted as a single doublet with the P 2p3/2 at

133± 0.1 eV and P 2p1/2 with a binding energy difference of +0.84 eV and a fixed-

area ratio of 2:1. The titanium peak (Ti 2p) was fitted with a single doublet with a

BE of 458.5± 0.1 eV for the Ti 2p3/2, which corresponds well to the binding energy

(BE) of titanium oxide. The Ti 2p3/2 and Ti 2p1/2 were fitted with and a fixed-

area ratio of 2:1. The nitrogen signal (N1s) was fitted with two peaks, the main

peak being at lower BE of 400.3± 0.1 eV and the second peak fitting a shoulder at

higher BE of 401.9± 0.1 eV. This second peak cannot be explained by the polymer

structure. There are several possible explanations for this peak. Since the polymers

not backfilled with hexanediamine consist of only nitrogen bound within the amide

groups, only one peak would be expected, whereas for those polymers backfilled

with hexanediamine free amine groups would be expected. The second, smaller peak

at higher BE can be assigned to the amine group or to a more electron-deficient

state of the nitrogen, which could be explained by some oxidative degradation of

the amide groups. Another explanation could be amine groups still present in the

polymer structure, even for the polymers not backfilled with hexanediamine. In gen-

eral, hydrogen-bonding effects between the neighboring carboxylic acid group and

the amide group could explain well the second peak. Acid-base calculations indicate
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(a) (b)

(c) (d)

(e)

Figure 3.4: Peak modeling of the detail XPS spectra, exemplarily shown for the
polymer PIMA(0.30:0.30, EA) , measured with the Theta probe instrument. The
subfigures show (a) C1s, (b) O1s, (c) N1s, (d) P2p and (e) Ti2p XPS detail spectra
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Table 3.4: XPS fitting parameters used to O1s component analysis, using a Gaussian
to Lorentzian ratio of 30%.

Component Position constraints (eV) Area constraints fwhm constraints (eV) Peak position (eV)

Ti-O 529.4 – 530.4 free free 529.95± 0.1

CH2 -O-CH2 532.6 – 533.2 free 1 · fwhmTi−O 533.1± 0.1

-C(O)OH BETi−O + 2.1 free 1 · fwhmTi−O 532.1± 0.1

-C(O)OH 533.2 – 533.9 1 ·A−C(O)OH 1 · fwhmTi−O 533.7± 0.1

–C(O)-NH- BETi-O + 1.23 free 1 · fwhmTi−O 532.1± 0.1

that at neutral pH most of the carboxylic acid groups are present in the dehydro-

genated, negatively charged state. They are well known to be basic, hydrogen-bond

acceptors, whereas the amide groups can act as hydrogen-bond donors. Therefore, a

stable hydrogen bonding between the carboxylate and the amide group, additionally

stabilized by the formation of a 6-membered ring could well explain the second peak

observed at higher binding energies. A partial imide formation of the amide group

with the neighboring carboxylic acid group, forming an 5-membered imide ring seems

to be not very probable taking into account the high reaction temperatures necessary

for the imidation reaction. Another, likely explanation would be a contamination of

the surface already present during adsorption, e.g. nitrate salts would result in a peak

shifted to even higher B.E. Therefore, the formation of hydrogen bonds between the

amide and the carboxylic acid group, forming a stabilized, 6-membered ring will be

assumed as as the source of the second peak at higher B.E.

The Oxygen peak (O1s) was separated into 4 different chemical contributions de-

riving from the polymer and one contribution deriving from titanium oxide. The

constraints for the peak fitting are shown in Tab. 3.4. As a general constraint, the

fwhm of all peaks was fixed to be equal for all contributions. The peak at lowest BE

at 529.95 ± 0.1 eV is the oxide peak deriving from titanium dioxide. The peak at

533.1±0.1 is derives from the grafted poly(ethylene glycol) chains (CH2 -O-CH2) and

the free carboxylic acids show two characteristic peaks at 532.1±0.1 and 533.7±0.1
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Table 3.5: XPS fitting parameters used to C1s component analysis, using a Gaussian
to Lorentzian ratio of 30%.

Component Position constraints (eV) Area constraints fwhm constraints (eV) Peak position (eV)

C-C 285.0 (charge correction) free free 285.0

-CH2-O-CH2- 286.4 – 286.9 free 1 · fwhmC−C 286.8± 0.1

-C(O)-NH- BE−C(O)−OH − 0.80 1 ·A−C(O)−OH free 288.4± 0.1

-C(O)OH 288.4 – 289.4 free 1 · fwhm−C(O)−NH− 289.2± 0.1

-CH-C(O)OH /

-CH-C(O)-NH-CH2-

BEC−C + 0.77 3 ·A−C(O)−OH 1 · fwhmC−C 285.8± 0.1

eV for the carbonyl oxygen (-C(O)OH) and the hydroxyl group (-C(O)OH), respec-

tively. The areas are constrained to a 1:1 ratio, since both peaks originate from the

same functional group. Additionally, the relative position between both peaks was

constrained to be 2.1 eV. this value was derived from reference BEs found in litera-

ture [226]. The contribution of the carbonyl carbon deriving from the amide groups

(-C(O)-NH-) is found at 531.1±0.1 eV and was set to a BE difference from the Ti-O

peak of 1.23 eV.

The carbon peak (C1s) was fitted with 5 different chemical contributions, all deriving

from the polymeric adlayer. The constraints used for the component analysis are

shown in Table 3.5. The full width at half maximum was constrained to be equal for

all sp3-hybridized carbons and separately for all sp2-hybridized carbons, resulting in

a slightly lower fwhm for sp2-hybridized carbons. The hydrocarbon species (C-C)

was used for charge correction and is therefore fixed to 285.0 eV. The contribution

of the poly(ethylene glycol) ether chains (-CH2-O-CH2-) was found at a position

of 286.8 ± 0.1 eV. The peak at 289.2 ± 0.1 derives from the free carboxylic acid (-

C(O)OH), the carbonyl peak of the amide functionality (-C(O)-NH-) is constrained

to be 0.8 eV below the BE of the free carboxylic acid and both to have the same

area. This constraint is derived from the chemical structure of the polymer. All of the

anhydride rings generate an equal amount of carboxylic acid and amide groups upon
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nucleophilic attack of the amine. Assuming that no hydrolysis of the rings occurred

during reaction and that all rings are fully reacted, the ratio of carboxylic acid to

amide is expected to be 1:1. The peak fitted with area and position constraints at

285.8±0.1 is a peak derived from different contributions, namely at α−position of the

carbonyl groups (from both, free carboxylic acid and amide group) or at γ-position

from the carbonyl of the amide group (C(O)-NH-CH2-), in α-position to the amide

nitrogen. The literature values [226] for these three contributions are within a range

of 0.5 eV and are therefore not fitted separately but only as one peak with different

contributions. This peak is constrained to have an energy difference of 0.77 eV to the

hydrocarbon peak. This value was derived in fitting the spectra within a position

window and averaging the values obtained. Since even small changes in peak position

and peak area may drastically effect the fit of the other peaks, mainly by acting as a

moderator between the hydrocarbon and the ether peak, it was necessary to constrain

this peak further with another chemical constraint to get a reliable fit: the peak area

was constrained to be three times the peak-area derived from the free carboxylic acid.

Since one unit of the anhydride produces exactly one carboxylic acid functionality,

but three carbons, which are included within this peak, the ratio is fixed to be 1:3.

The area constraints introduced for the peaks -C(O)-NH- and peak summarizing

the contributions of -CH-C(O)OH and -CH-C(O)-NH-CH2- were double-checked for

consistency in comparing the results with the corresponding peaks of the resolved

oxygen peak. Here no area constraints are used for both carbonyl peaks. The area

ratio between both peaks is expected to be approximately 1:1, proving the chemical

assumptions taken to fit the carbon peak, but actually the intensity of the peak

derived from the amide carbonyl tends to be slightly higher. This is mainly due to

contributions of the P-O-Ti and Ti-OH, and P=O, which are not explicitly included

in this fit. These contributions are normally found between the Ti oxide peak and the

amide carbonyl peak, but are not explicitly included in the curve synthesis. These



94 Poly(phosphonates) on TiO2 for biomedical applications

(a) O1s measured at Theta (b) O1s measured at Sigma2

Figure 3.5: Comparison of the O1s peaks of the polymer PIMA(0.30:0.30, DAH)
measured with the Theta probe and the Sigma2

contributions are fitted partially into the oxide and the amide carbonyl peak.

The experimental atomic compositions of all detected species are presented in Table

3.6 in order to give an overview over the resulting surface composition as detected

with XPS. Here a distinction is needed between the two XPS instruments used.

From these contributions, the chemical compositions of the polymer adlayer were

calculated, excluding all contributions from the underlying titania layer, namely the

Ti2p peak and the separate contribution of titania to the oxygen peak (Ti-O). In us-

ing only these contributions, the atomic percentage of every element was calculated

in order to be compared with the recalculated bulk composition found by elemental

analysis (EA, the data was converted from wt-% to at-%, and additionally the hydro-

gen contribution was excluded in order to compare the two datasets). The resulting

data is summarized in Table 3.7.

Since all XPS measurements are carried out over large areas, the results presented

here are averaged values, assuming a lateral homogeneity of the polymers at the

surface, which is well confirmed by the low standard deviations. Both values derived

from EA and XPS are well correlated, confirming that the average composition at

the surface is close to the composition in the assembly solution. The observed de-
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Table 3.7: Experimental atomic composition of the polymers as found in bulk (ele-
mental analysis) and at the surface (XPS). The values in brackets for %N are the
at-% when only taking into account the main nitrogen peak, without the peak at
higher BE. The values in brackets for %P are values calculated with an experimental
photoionization cross-section measured in our group (c.f. text for further details)

Polymer PIMA Method %C %O %N %P

(0.30:0.30,EA)

EA 67.4 30.5 1.6 0.5

Theta 70± 1 26± 1 2.7± 0.1 1.0(0.8)± 0.1

Sigma 68± 2 28± 2 2.7 (2.5)± 0.1 1.4 (1.2)± 0.1

(0.30:0.30,DAH)

EA 68.0 29.3 2.2 0.5

Theta 69± 1 26.1± 0.6 2.9± 0.1 0.9(0.7)± 0.1

Sigma 69± 1 26± 1 3.2 (2.8)± 0.1 1.2 (1.0)± 0.1

(0.40:0.45,EA)
EA 68.1 29.9 1.4 0.6

Sigma 68± 1 28± 1 2.5 (2.4)± 0.1 1.8 (1.5)± 0.1

(0.40:0.45,BA)
EA 67.6 30.3 1.4 0.6

Sigma 69± 1 27± 1 2.5 (2.3)± 0.1 1.7 (1.5)± 0.1

(0.40:0.45,DAH
EA 67.4 30.2 1.8 0.6

Sigma 68± 1 28± 1 2.8 (2.5)± 0.1 1.7 (0.7)± 0.1

viations can be partially explained by surface contamination that is already present

on the surface during polymer assembly (too high %C) and a degradation of the

PEG chains during the XPS measurement (too low %O, too high %C). There are

some problems in the interpretation of the %P and %N, which are both too high.

Especially for the phosphorus peak, a lower at-% value would have been expected

for the XPS measurements, since the phosphorus is expected to bind directly to the

titania surface, and thus the electrons emitted from the phosphorus and titanium

layer should be attenuated by inelastic scattering in the polymer layer above, lead-

ing to a lower apparent concentration. This main problem could be explained with

a contamination of the samples with phosphorus.

Another possibility is the application of an experimental photoionization cross-section.

The photoionization cross-section calculated first by Scofield [227] is based on quantum-

mechanical calculations, assuming a free atom in vacuum. Since the chemical state
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of the atom is not included into these calculations, there is a certain error for these

Scofield values. Normally this error is assumed to be negligible in comparison to

other, experimental and systematic errors of the measurement. Nevertheless, within

the PhD thesis of Maura Crobu in our group, an experimental photoionization cross-

section was recalculated from measured XPS intensities, in order to better under-

stand the measured stoichiometry of poly(phosphate) glasses. The photoionization

cross-section was determined in investigating different reference substances (salts)

with a precisely known stoichiometry. The photoionization cross-section was then

recalculated from the respective peak areas. This experimental cross-section is 20%

higher than the initial factor published by Scofield. Since the phosphonates present

at the polymer have quite a lot of structural similarities to phosphates and espe-

cially when bound to a metal oxide surfaces, the structure could be well compared

to polyphosphates. It was tried to use this modified photoionization cross-section to

calculate the atomic concentration of phosphorus. These new values are represented

in Table 3.7 in brackets. These calculated values are now in better agreement with

the results from elemental analysis. Still, there is a tendency for slightly higher phos-

phorus percentages. The values measured with the Theta probe are slightly different

from the values of the EA, whereas the XPS results measured with the Sigma instru-

ment show a greater deviation. Since the experimental photoionization cross-section

was measured with the aid of the Theta probe instrument, there is probably some

improvement in investigating this experimental value for the Sigma instrument, too.

Since the polymer architecture is based on statistical effects, another probable expla-

nation would be the preferential adsorption of polymers bearing higher phosphonate

contents, yielding in a higher phosphate content at the surface.

The problems with the assignment of the peaks fitted into the nitrogen peak have

already been discussed briefly on page 89, pointing out that there are two nitrogen

species found for all polymers, whereas only one species would be expected for the
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polymers not being backfilled with hexanediamine. This effect was already attributed

to the hydrogen-bond-induced formation of stable, six-membered rings between adja-

cent carboxylic acid and amide groups. Still, the nitrogen content seems to be slightly

too high, implying that there is most probably some contamination occurring during

or before adsorption. In Table 3.7 both contributions are summed to the apparent

nitrogen peak, whereas in brackets only the main peak is taken into account. This

eliminates the probable hydrogen-bonding, but as well the amine contribution for the

polymers backfilled with hexanediamine (since the other values don’t change much

due to the slight change within 1 at-% in the nitrogen content, the corrected values

for the other elements are not named). Even by taking only into account the main ni-

trogen peak, the atomic composition still remains significantly higher than expected.

This effect could be explained by a) a higher nitrogen content in the polymer, b)

contamination or c) the need of another experimental photoionization cross-section

as described for phosphorus derived from standard materials containing a well-known

amount of amide bonds.

Another possibility to be discussed would be the synthesis and assembly mechanism

of the polymers, which could explain the deviation of values of both phosphorous

and nitrogen: during synthesis, a statistical approach is chosen, meaning that the

functionalities are statistically spread over the backbone. This statistical approach

implies differences in the chemical composition of different polymer chains: some con-

tain more or less phosphonate chains, some more or less PEG and some more or less

backfiller. The result is an averaged value, measured by EA or XPS (large area prob-

ing). While EA takes the real, averaged bulk composition into account, XPS takes

the averaged composition at the surface, which is not necessarily the same composi-

tion as in the assembly solution. Given the fact that the content of phosphonates and

PEG varies between different polymer chains, the adsorption kinetics and binding

strength could be different depending on the phosphonate content at the polymer.



3.4. Characterization of additional poly(alkyl-phosphonate) adlayers on titania
substrates 99

If polymers with higher phosphonate content are adsorbing faster or stronger, they

could adsorb preferentially, either by the kinetics or by replacing the more loosely

bound polymer chains at the surface during adsorption or rearrangement. The same

argument would be true in looking at the apparent polymer weight. Since the num-

ber of grafted PEG chains is constrained by statistics, the polymers are supposed to

have a non-negligible polydispersity. Smaller polymers are more mobile in solution,

e.g. by diffusion, and additionally could be in a more flexible conformation (due to a

lower grafting density of PEG and thus a lower steric barrier between these chains)

which can facilitate the adsorption of those smaller chains. Both arguments yield a

polymer composition, which is closer to the composition observed by the XPS results.

A lower PEG content at the polymer backbone drastically increases the ratio of P

(or N) over C (or O) and thus the atomic concentration of phosphorus and nitrogen

are higher then expected. Another argument for this hypothesis is the fact that the

ratio [O]/[C] is higher for EA (0.43-0.45) than for XPS (0.37-0.41) analysis. There-

fore, the grafting density of PEG at the surface is slightly lower than that obtained

by EA. These slight differences can be explained by X-ray degradation of the PEG

chains during the measurement, too. This could explain partially the slightly higher

phosphorus and nitrogen contents measured. A plausible explanation for the higher

phosphorus content can be given as above using the experimental photoionization

cross-section derived from phosphate reference standards. Assuming that this cross-

section could be transferred to the polymeric system, the phosphorus content was

shown to be lower than the apparent surface concentration when using the experi-

mental photoionization cross-section. The nitrogen content could not be correlated

to a different polymeric structure. Since the amide groups are the connecting bonds

between grafted moieties and backbone, a higher nitrogen content would imply a

different grafting ratio of these moieties (PEG, phosphonate anchor and backfiller),

but this should be then visible in differing carbon and oxygen contents. The nitrogen



100 Poly(phosphonates) on TiO2 for biomedical applications

NH

O

HO

O

OH

HOHN

OH

O

O

O

O

HN

P

O

O
45

NH

P

O

O

HO

O

HO

O

HN

O

O 45

O

HN

OH

O

HO

O

O

OH

O

O

OH

Ti TiO

O

O

O

O
O

TiO
2
 Layer A 

Layer B 

Layer C 

Layer D 

Layer E 

Figure 3.6: Ideal monomolecular polymer adlayer on titania assumed for the inter-
pretation of the AR-XPS studies

content, which is found to be too high, can be explained by a contamination problem

during adsorption.

Nevertheless, the atomic concentration at the surface is close to the composition

derived from EA (summarized in Table 96) and confirms that the component con-

centrations on the surface are similar to those in the assembly solution.

3.4.3 Conformation and Structure of the Polymer Adlayer

on TiO2 based on AR-XPS results

In order to obtain preliminary information about the layered structure, namely the

distinction between mono- and multilayer) and the lateral architecture of the poly-

mer on TiO2, angular-resolved XPS (AR-XPS, c.f. section 7.2.2) measurements were

performed. With increasing emission angle, the information depth of the probed sur-
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face is lowered, and therefore contributions of the upper part of the polymer layer

becomes more significant. It is expected that the polymer binds with the phospho-

nate surface anchors to the titania surface, the backbone containing the amide and

carboxylic acid groups and the top part of the polymer consisting mainly of PEG

chains. A scheme and a layered model can be found in Fig. 3.6, where the layers

are labeled from the bottom to the top of the polymer chain. Layer A represents

the bulk titanium oxide, layer B consists mainly of the phosphonate groups binding

directly to the titania surface, followed by layer C, whose main contribution is from

the hydrocarbon chains between the phosphonate and the backbone. Layer D con-

sists of the backbone, including all amide and carboxylic acid groups, whereas Layer

E is the outermost layer, consisting essentially of the grafted PEG chains.

The spectra were acquired as described in 7.2.2 using the Theta probe instrument.

The fitting of the detail spectra for each angle was performed in the same way as

described above in Sect. 3.4.2. All atomic concentrations represent averages with

standard deviations over 3 independent measurements. Assuming that the peak in-

tensities are not modified by elastic collisions of the photoelectrons with the poly-

mer adlayer, especially at high take-off angles, a simplified model can derived: with

increasing take-off angle θ, rising surface sensitivity and a subsequent decrease of

the XPS information depth related to the surface normal is the basis of the angle-

dependent phenomena. Thus the influence of the underlying titanium oxide will di-

minish with rising take-off angles. The contributions of the polymer adlayer are all ex-

pected to increase in apparent at% (depending on their localization in their adlayer)

with increasing take-off angle. Two different polymers (PIMA(0.30:0.30, EA) and

PIMA(0.30:0.30, DAH)) were measured in angle-resolved mode. Since both polymers

show similar behavior, only the resulting graphs from one polymer PIMA(0.30:0.30,

EA) are shown in the following.

Since both carbon and oxygen have contributions from different layers, the resolved
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components have to be taken into account. The layered model presented in Figure 3.6

can be confirmed by calculating ratios of atomic concentrations derived from different

components. A constant value is expected when both components originate from the

same layer, whereas angle-dependent phenomena are expected when the components

taken into account derive from different layers - the more the layers are separated

in depth, the more intense the angle-dependent effect. The ratios correspond only

to the expected chemical (stoichiometric) ratios, when both components derive from

the same layer.

In Fig. 3.7a, the component at% ratio of [Ti-O]/[Ti] and [Ototal organic]/[Ti] are plot-

ted against the take-off angle. It can clearly be seen that the ratio between oxidic

oxygen and titanium is constant for all angles (because both contributions to the

ratio are originating from the same layer) and correlates very well with the theoret-

ical, stoichiometric ratio of 2. The ratio between all organic oxygen (excluded the

contribution of titanium oxide) and titanium is rising with higher take-off angles,

indicating that the polymer layer (layer B to layer E) is on top of the Titanium

oxide surface (layer A). According to the layer model already described above in Fig.

3.6, the phosphorus layer is supposed to be the layer just on top of the titanium

oxide, since the phosphonates are used as surface anchors. The graph in Fig. 3.7b

shows the component intensity ratios of [P]/[Ti] and [C-C]/[P]. Both ratios are ris-

ing with higher take-off angles, indicating that the layer containing the phosphorus

(layer B) is in between the hydrocarbon and titanium oxide layers. Fig. 3.7c pro-

vides the information, that both the carbonyl and the ether contributions of the

polymer are in a layer further away from the oxide layer than the hydrocarbon layer

(component intensity ratios [C(O)-NH]/[C-C] and [CH2-O-CH2]/[C-C]). The ratio

[CH2-O-CH2]/[CH2-O-CH2] in Fig. 3.7d is indicating that either the carbon fit is

overestimating the ether content or that the oxygen fit is underestimating the ether

content (the expected stoichiometric ratio between the ether contribution to the car-
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(a) Component intensity ratios for [Ti-O]/[Ti] and
[Ototal organic]/[Ti]

(b) Component intensity ratios for [P]/[Ti] and [C-
C]/[P]

(c) Component intensity ratios for [CH2-O-CH2]/[C-C]
and [C(O)-NH]/[C-C]

(d) Component intensity ratios for [CH2-O-CH2]/[CH2-
O-CH2] and [CH2-O-CH2]/[C(O)-NH]

Figure 3.7: AR-XPS atomic intensity ratios for polymer PIMA(0.30:0.30, EA).
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Figure 3.8: Sensitivity of the detector at different angles

bon and oxygen XPS peak is 2). To be sure that all contributions to the ether peak

are originating from the same layer, the oxygen fit of the ether content is preferred

and the ether over amide ratio ([CH2-O-CH2]/[C(O)-NH]) shows that the ether is

the uppermost layer (layer E). This proves that the expected layered structure is in

agreement with the polymer structure found by AR-XPS.

Generally, a strange bump is visible for some of the at% ratios plotted in Fig. 3.7 in

the range of the emission angles 0° and 42°. It has to be stated that this effect is due

to a problem in the XPS detector. The response of the detector is shown in Fig. 3.8.

For all angles a linear cps should be possible, but actually the detector’s sensitivity

is differing at a factor of 2, especially between the angles 0° and 42°. This effect

is the reason for the unexpected behavior observed at these angles. Nevertheless,

the qualitative trends derived above are clearly visible, especially when taking into

account the region above 40° and confirm well the lateral architecture of the polymer

as presented in Fig. 3.6.
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3.4.4 Characterization and Study of Adlayer Thicknesses

Determination of the dry layer thickness

The dry adlayer thickness of the polymers was calculated from VASE, TInAS and

XPS measurements. The layer thicknesses were calculated from the XPS spectra in

two different ways. In case of AR-XPS data, the information of the Intensity areas of

the Ti 2p3/2 peaks at two different take-off angles, namely at 42° and 62° was used:

Iθ1
Iθ2

= exp

�
d

λ

�
1

cos θ2
− 1

cos θ1

��

where d is the layer thickness in nm, lambda the inelastic mean free path for Ti

calculated by the model of Gries and typically depends on the density of the material

through which they are travelling. θ1 and θ2 are the two take-off angles (42° and 62°)

used to determine the information.

As previously presented in Fig. 3.8, the result of this method is partially affected

by the non-linear response of the detector. Indeed, the two angles were chosen from

a region, in which the response was as linear as possible (angles 42° and 62°). The

layer thickness results to be within the range of 3.2± 0.2 nm.

The TInAS layer thicknesses were obtained from the adsorption plateaus of the

adsorption kinetics and the dry layer thickness was measured with VASE. Here, two

layer thicknesses are given: The layer thickness directly after polymer adsorption

and the layer thickness after storage of the samples in HEPES2 solution for several

hours. This decrease in layer thickness is due to desorption of polymer chains that

are either loosely bound or entangled within the polymer brush, which desorb and

diffuse into the buffered solution. The resulting, stable polymer brush is then used

as a well-defined surface for protein tests, where no loss of layer thickness or polymer

chains could be possible during the protein adsorption process.
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Table 3.8: Dry polymer thicknesses evaluated by XPS, AR-XPS and VASE and
TInAS. For VASE measurements 2 values are taken, one after adsorption and rinsing
and one after a short-time stability test to test the thickness loss due to loosely bound
polymer chains.

Polymer layer thickness [nm]
Polymer VASE VASE after stability TInAS AR-XPS

PIMA(0.30:0.30, DAH) 2.99± 0.04 2.66± 0.09 3.2± 0.5 3.2± 0.1

PIMA(0.30:0.30, EA) 3.03± 0.02 2.60± 0.04 3.2± 0.5 3.3± 0.2

PIMA(0.40:0.45, BA) 2.80± 0.02 2.62± 0.02 3.5± 0.2 -/-

PIMA(0.40:0.45, EA) 2.80± 0.04 2.58± 0.07 3.5± 0.2 -/-

PIMA(0.40:0.45, DAH) 2.90± 0.04 2.84± 0.05 3.5± 0.2 -/-

The layer thicknesses obtained are summarized in Table 3.6

Different layer thicknesses could be found for the different measurement methods.

The layer thicknesses are consistent within one measurement method. The ex-situ

VSAE measurement generally shows lower values than the in-situ TInAS method.

AR-XPS, however shows layer thicknesses that are slightly higher, perhaps due to a

small change in the detector sensitivity, and is thus not further discussed here.

Determination of the swollen layer thickness

Few additional measurements by QCM confirm the quite similar layer thickness

achieved with all polymers investigated. The frequency shift (∆f/n) after polymer

adsorption was always 33.0±0.5 Hz on average over all measurements and polymers,

resulting in an estimated adsorbed “wet” mass of 570 ± 30 ng/cm2, calculated by

the Sauerbrey equation (c.f. Sect. 7.2.4 on page 236). The value is much higher than

the value derived from TInAS measurements (245-270 ng/cm2 ), because with this

method, the hydration water of the PEG chains is also measured. In case of TInAS,

the layer thickness obtained assumes a homogeneous layer of the polymer at the

surface, resulting in a “dry” layer thickness, comparable with the results obtained
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by VASE. This value can be recalculated, as explained in Sect. 7.2.3. In comparing

both values, hydrated (QCM-) and non-hydrated (TInAS-) values, the hydration of

the PEG chains x can be calculated as mass percentage by

x =
mwater

mtotal
· 100 =

(mQCM −mTInAS)

mQCM
· 100

The calculated hydration is 55 ± 2% for all polymers. Additionally, in using both

masses obtained by TInAS and QCM, an average layer density at the surface could

be calculated by

ρpolymer layer =
mw · ρw +mp · ρp

mtotal
=

(mQCM −mTInAS) · ρw +mTInAS · ρp
mQCM

This layer density ρpolymer layer of 1.03 g/cm2 lies in between the densities of both,

water (ρw) and polymer (ρp) itself, balanced by the hydration present in the polymer.

The value of ρp is not known for the polymers investigated, but due to the structural

similarities, the value of PLL-g-PEG (ρPLL−PEG = 1.08 g/cm3) [166, 228]was taken

instead. This layer density is useful to estimate the swollen layer thickness of the

polymer adlayer. In using the simplification that the hydration of the PEG chains

is constant within the entire polymer layer and that the PEG chains are uniformly

stretched, a constant layer density throughout the layer can be assumed. The layer

thickness can be estimated by t ·ρpolymer layer = mQCM , resulting in a swollen polymer

layer thickness t of 5.5± 0.3 nm.



108 Poly(phosphonates) on TiO2 for biomedical applications

Table 3.9: Summary of the Serum adsorption test, measured with different methods.
The adsorbed amount is displayed in terms of protein layer thickness (VSAE, TInAS),
in terms of the at% ratio [C]/[N] measured by XPS and with the known [C]/[N]
values of the polymer layer, a factor indicating the change towards smaller [C]/[N]
after protein adsorption is calculated. The cell density at the surface after cell tests
gives an indication as to how well the protein-mediated cell attachment still works
at these PEG-ylated surfaces. The row labeled as TiO2 is the serum test on pure
titanium oxide.

Polymer
Serum VASE Serum XPS Serum TInAS Cell tests

d[nm] [C]/[N] reduction factor d [nm] m [ng/cm2] [cells/mm2]

PIMA(0.30:0.30, DAH) 0.00± 0.01 16± 1 1.3 0.25 15 600± 200

PIMA(0.30:0.30, EA) 0.03± 0.04 16± 2 1.2 0.35 20 700± 200

PIMA(0.40:0.45, BA) 0.09± 0.04 19± 2 1.03 0.35 20 500± 200

PIMA(0.40:0.45, EA) 0.10± 0.10 24± 1 1.01 0.25 15 500± 200

PIMA(0.40:0.45, DAH) 0.00± 0.01 20± 1 1.02 0.1 5 150± 200

TiO2 3.2± 0.1 4± 2 2.5 15.2 880 1200± 100.

3.5 Non-fouling properties and biological

performance of poly(alkyl-phosphonate)

coatings

Protein interactions with the PEG brush were tested after exposure of the samples

for several hours to HEPES-2 buffer as described in Sect. 3.4.4, in order to desorb

loosely bound or entangled polymer chains from the surface. A second reason is the

hydration of the PEG chains before immersion into a protein solution. A dried PEG

brush as used for VASE measurements could be more prone to protein adsorption

and trapping inside the PEG brush than an already hydrated and stretched PEG

brush. Therefore, in all possible cases, the PEG brush was rehydrated at least 15min

before the serum test.

The serum adsorption was mainly characterized by VASE, XPS and TInAS. The
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protein-layer thickness is directly measured by VASE and TInAS. There, addition-

ally the adsorbed protein mass is calculated according to the formula presented in

Sect. 7.2.3. For the XPS measurements, the [C]/[N] at% ratio was taken as indi-

cator for uptake. Since proteins do not have any additional elements that could be

used to distinguish between the contributions of the polymer and serum proteins,

another approach was chosen here. Since proteins are polyamides, they contain ni-

trogen in a much higher percentage than the polymers, where it is only used for

the coupling of the side-chains. Here a high reduction in serum adsorption is visi-

ble, when the surfaces are coated with polymers. The ratio [C]/[N] will get smaller

when protein adsorption occurs. A reduction factor was calculated, which is basically

([C]/[N ])polymer/([C]/[N ]))after protein test .

Cell tests were performed to investigate whether there is a correlation between serum

adsorption and cell attachment. A fully protein-resistant surface should not allow cell

adhesion, since proteins mediate this process.

The serum-protein adsorption was always drastically decreased when compared to a

bare, non-coated TiO2 surface. Interestingly, the adsorbed layer thickness does not

correlate at all for the TInAS and the VASE measurements. Generally, the in-situ

measurement of TInAS leads to higher values compared with VASE (also for polymer

adsorption), which can be the effect of rinsing after the adsorption process. In the

ex-situ method VASE, the samples can be washed under high shear forces, e.g. by

pouring solvent on it. The flow cell of the TInAS only allows more or less laminar

flow inside, making the desorption of loosely bound proteins more unlikely. Still, the

really high uptake of 15nm protein layer on bare titanium oxide is well above reported

values. One possible explanation is the yellow color of the protein solution, which is

changing the entire spectrum of the white light, which is recorded. Actually a high

positive jump in the signal could be seen observed during the adsorption (when the

entire flow cell is filled with the yellow liquid), which disappears after washing with
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buffered solution and water. This is mainly attributed to a change in the refractive

index n of the polymer solution. One possibility to explain these high values would

be agglomerations of proteins, which then deposit on the surface, leading to a higher

amount of protein adsorption.

Cell tests are performed by culturing T3T cells for 7 day on the titania surface.

After life-dead staining, 8 photos were taken, from which the average cell number

per mm2 was calculated. Dead cells are shown in red, living cells are shown in green.

The areas that are covered with a comparably large number of cells are situated

towards the edges of the samples and never in the middle region. Thus it could be

assumed, that those areas showing high cell populations, especially at the edges,

could be areas where the polymer coating was damaged due to the sample handling

using tweezers. Still all representative pictures of the sample surface were taken into

account to calculate the average cell density at the surface, but due to this fact, the

resulting standard deviations are quite high.

In looking closer to the differences in protein adsorption for the different polymer

coatings, some clear tendencies could be seen. Generally, the polymers PIMA(0.40:0.45,

BA), PIMA(0.40:0.45, EA) and PIMA(0.40:0.45, DAH) show a much better protein

resistance than the polymers PIMA(0.30:0.30, DAH) and PIMA(0.30:0.30, EA). This

means that the polymers differing only in backfiller, but with the same grafting ra-

tio in terms of PEG and phosphonate have similar response. The polymers with

higher PEG and phosphonate density show better protein resistance. Within the

different backfilling agents, there is no real trend visible. It seems that the poly-

mers backfilled with hexanediamine are showing a slightly better response against

protein adsorption, whereas the backfilling with ethanolamine and butylamine are

not differing visibly, but the protein-resistant effect is slightly worse than for those

polymers backfilled with diaminohexane. The influence of the polymer structure and

the backfiller is seen throughout all measurement methods, summarized in Table
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Polymer minimum cells average cells maximum cells

PIMA(0.30:0.30, DAH)

PIMA(0.30:0.30, EA)

PIMA(0.40:0.45, BA)

PIMA(0.40:0.45, EA)

PIMA(0.40:0.45, DAH)

Reference

Figure 3.9: Fluorescence photos of the cell tests (life-dead staining, living cells in
green, dead cells in red), the maximum, average and the minimum amount of cells
found is shown for each polymer. The averaged number of cells are shown in Tab.
3.9, the average number of cells at the TiO2 reference is 1200± 100.



112 Poly(phosphonates) on TiO2 for biomedical applications

3.9. There could be an additional, stabilizing effect of the amine groups, yielding a

slightly attractive Coulomb attraction with the surface, facilitating the self-assembly

process of the polymer.

3.6 Stability of poly(alkyl-phosphonate) coatings

in aqueous media

A detailed study of the long and short-term stability of PLL-g-PEG and the poly(phos-

phonates) developed by Dr. V. Zoulalian can be found in his PhD thesis [133,135,136].

In the present study, the stability parameters of the newly developed polymers are

compared to the performance of the polymers described there [133,135,136]. For this

reason, an identical stability protocol was used. The stability of the adlayers was in-

vestigated in contact to acidic (pH2, diluted HCl), basic (pH 9, diluted NaOH) and

high-ionic-strength neutral, buffered solution (pH 7.2, HEPES2). The substrates were

immersed in the test solutions for durations ranging between hours and 3 weeks. After

the stability test, the samples were rinsed with ultra-pure water, dried with nitrogen

gas and characterized by VASE. As already described in Sect. 3.4.4, a short stability

test overnight reduces the layer thickness by a couple of Å, because loosely bound or

entangled polymer chains desorb and diffuse away from the bulk surface. This drop

in thickness is still included in the stability measurements presented here. In order

to compare the polymers, the average of all measured layer thicknesses before the

start of the stability test was taken as reference, the remaining adlayer thicknesses

after incubation in the test solutions were then used as an indication of the adlayer

stability and is presented as the percentage of the initial adlayer thickness.

In Fig. 3.10, the stability of two polymers, PIMA(0.30,0.30, EA) and PIMA(0.40:0.45,

DAH) is summarized in the different media including a comparative summary of the

findings of Dr. V. Zoulalian for 3 weeks immersion time, adapted from [133]. Since the
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(a) Long-term stability in pH2 (b) Long-term stability in pH9

(c) long-term stability in HEPES2

Figure 3.10: Long-term stability of polymers PIMA(0.30:0.30,EA) and
PIMA(0.40:0.45,DAH) in different media including reference data for PLL-g-
PEG, DDPO4 and the Terpolymer of Dr. Zoulalian. Additionally, the serum
adsorption for polymer PIMA(0.40:0.45,DAH) is plotted. Reference data adapted
from [218]

stability is mainly based on the phosphonate content, these polymers with different

phosphonate content are chosen to illustrate the difference in phosphonate content.

As expected, the two polymers show comparable stability in the different pH envi-

ronments. The polymer with the lower phosphonate content shows a slightly reduced
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stability at neutral and basic pH values, whereas at pH 2, the polymer stability is

comparable for both polymers. After three weeks, the polymer adlayer thickness is

reduced to around 85± 2% of the initial layer thickness at pH 2. The Terpolymer of

Dr. Zoulalian reaches a stability of 88±2% of the initial layer thickness after 3 weeks

at pH 2. This indicates that at pH 2 the stability against desorption of the polymer is

comparable for both polymer architectures. The SAM reference, dodecylphosphate,

which contains comparable phosphate binding sites, has already a much lower stabil-

ity against desorption. The remarkably lower values indicate that the effect of mul-

tisite binding, as it is the case for the polymer architectures, is drastically improving

the long-term stability at this pH. PLL-g-PEG, however cannot bind in a stable way

to Titania at pH2 and completely desorbs. This is mainly due to the electrostatic

adsorption mechanism of PLL-g-PEG. It is adsorbed at neutral pH, were the titania

surface is charged negatively and the amine adsorption sites are charged positively,

resulting in an electrostatic attraction. This attraction is lost due to the low pH, ren-

dering the titania surface positively charged, resulting in a net electrostatic repulsion

between PLL-g-PEG and the surface. At neutral and basic pH values, the newly de-

veloped polymer seems to have a higher stability than the polymers investigated

within the thesis of Dr. Zoulalian [218]. Even though the Terpolymer has a higher

amount of phosphonates than the polymers developed within this thesis, the stabil-

ity of the Terpolymer is decreased in comparison with the polymers PIMA(0.30:0.30,

EA)and PIMA(0.40:0.45, DAH). For pH 9, the stability of the Terpolymer after 3

weeks is close to 75% of the initial layer thickness, comparable with the stability of

polymer PIMA(0.30:0.30, EA). The polymer PIMA(0.40:0.45, DAH), however leads

to an increased stability after 3 weeks at pH9, namely 85 ± 2% of the initial layer

thickness remains. The rather high ionic strength seems to be the most unfavorable

environment for the Terpolymer (∼ 40%), whereas the polymers developed in this

thesis have a much lower reduction of the remaining layer thickness after 3 weeks,
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namely to 70 ± 2% (PIMA(0.30:0.30, EA)) and 84 ± 2% (PIMA(0.40:0.45, DAH)),

respectively. The stability of PLL-g-PEG is much enhanced in neutral or basic en-

vironments compared to the total loss observed at pH 2, but the maximum layer

thickness achieved is still only 30% of the initial value. Due to the negative charge

of the surface, the electrostatic interaction between polymer and surface remains ac-

tive, preventing a total polymer loss. Still, electrostatic interactions have much lower

binding energies than the reversible, chemical binding that phosphonates are under-

going and thus the resulting adlayer thickness after 3 weeks is in the order of 50% of

the initial thickness. Therefore, the phosphate SAMs always show higher resulting

layer thicknesses after 3 weeks compared to PLL-g-PEG. The phosphonate SAMs

indicate a much higher loss of polymer at basic pH, probably due to a lower stability

compared to the polymer, which can be explained by the multisite binding effect of

the polymer compared to the single-foot adsorption of the amphiphilic molecules of

the SAM. Compared to both reference systems, the polymer system developed within

this thesis shows a much higher stability, especially in the basic and neutral, high

ionic strength environment. This seems not only an effect of the chosen phosphonate

grafting ratio, but due to the interaction of the different functional groups present

at the polymer backbone: carboxylic acid, free amine and phosphonate. Given an as-

sumed lower stability of the phosphonates at high ionic strengths or high pH values,

apparently the combination of electrostatic attraction of the amines and the phos-

phonate binding is enhancing the stability against desorption from the surface. The

carboxylic acid functionalities seem to be too far away to the surface to contribute

to an even more stable binding at acidic pH values. Therefore, the stability at acidic

pH is close to the values observed for the Terpolymer. At high ionic strength and at

basic pH values, the coating adsorption forces of the electrostatic binding due to the

amines and the phosphonate binding render the binding to the surface more stable

against environmental changes.
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At the same time, serum adsorption on the remaining polymer layers was mea-

sured. In Fig. 3.10, the adsorbed protein layer thickness is plotted. After three

weeks, no more than 0.5 nm serum are adsorbed in the worst case for the polymer

PIMA(0.40:0.45, DAH). Due to the constantly lower remaining polymer thickness,

more serum adsorption is observed for polymer PIMA(0.30,0.30, EA), reaching val-

ues up to 1 nm after 3 weeks . The maximum serum adsorption, including unusually

high standard deviations was observed at high ionic strengths, in HEPES-2. This re-

sult is interesting, especially when taking into account the conclusions given in [218],

that the low layer thickness of the Terpolymer found after 3 weeks in HEPES-2 was

mainly due to a degradation of the PEG chains (autoxidation). Since all the stability

tests were performed in the dark, one main degradation source could be excluded,

but the biological buffer with ionic strength seems to interact in a different way with

the polymer, leading to a loss of polymer thickness in the case of the Terpolymer

and leading to high standard deviations in the case of the polymers investigated in

this thesis. This could be an indication that within the coated polymer, the PEG

chains are starting to degrade and the degradation continues via propagation. This

propagation could lead to islands still covered with more or less intact PEG chains

and islands with already degraded PEG chains. This hypothesis does not explain

the high remaining polymer layer thicknesses we measure after the stability test,

which should then have a similar standard deviation, even though the VASE system

is averaging the measured value over a certain area.

3.7 Conclusions

In this chapter the polymer adsorption onto titanium oxide coated silicon wafers was

presented. Due to the fact that these surfaces have been investigated and character-

ized already intensively, a rather short substrate characterization was presented. The
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adsorption of the polymers onto titanium oxide surfaces was proven to be possible

from aqueous solution. The adsorption properties of the polymeric system, i.e. the

dependence of the concentration at fixed adsorption times and the dependence of

the adsorption time at fixed polymer concentration on the adsorbed layer thickness

was studied to find optimum adsorption parameters. In a second step, the adsorp-

tion kinetics of the polymers was investigated by TInAS and the kinetics fitted by

a Langmuir-type adsorption isotherm. Interestingly, the time-dependence of the ad-

sorption kinetics were found to be even slower than with the diffusion-limited model,

which was explained by micelle formation in the adsorption solution and the thereby

additional association - dissociation constants that slow down the adsorption kinetics

have to be taken into account.

An intensive XPS analysis of the adsorbed polymer layer was conducted. In a first

step, the XPS peaks were modeled and the chemical composition of the polymer was

extracted. That showed a good agreement with the expected polymer structure, but

as well with the elemental analysis of the bulk polymer, indicating, that the polymer

is adsorbing at the surface in a comparable composition than it is in bulk. Further-

more, the structure of the polymer at the surface was investigated with AR-XPS,

confirming that the adsorption mechanism occurs via the attachment of the phos-

phonates at the titanium oxide surface and the subsequent ordering of the polymer

with the PEG chains pointing away from the surface and thus forming a polymer

brush at the surface.

In a further step, the polymer-layer thickness was determined by different ex-situ

and in-situ methods, and comparing the dry layer thickness below 3 nm with an

estimation of the swollen layer thickness of approx. 5.5 nm, with an average hydration

rate of 55%. The non-fouling properties of the polymers were investigated by different

methods, yielding the conclusion that the polymers containing a higher PEG and

phosphonate content generally show a better non-fouling performance. In comparing
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the different backfillers, it seems that the diaminohexane backfilled polymers show

a better performance than the other polymers. Cell tests confirm the findings made

by protein-adsorption experiments. The polymer coatings showing the best protein-

resistant properties show the best cell resistance, too.

Long-term stability tests were performed to compare the stability against desorption

with other polymers. The polymers showed very good performance against desorp-

tion, and the polymers with higher phosphonate content were performing especially

well, resulting in more than 80% of the initial layer thickness after 3 weeks in buffered,

neutral solution, pH2 or pH9. The high stability of phosphonate bonding, combined

with the multisite attachment strategy could be demonstrated here.



CHAPTER 4
Poly(phosphonates) on MgO for

biomedical applications

The results presented in this chapter are partially based on the master thesis of

Henrik Forsgren [229] and Christoph Bruhin [230] and on the master project thesis

of Robert Bielecki [231], within the scope of the biodegradable magnesium project,

presented below (c.f. 4.1).

4.1 Motivation/Introduction

The present work is linked to the graft-copolymers described above (c.f. 1.5) and

is part of the interdisciplinary project “Bio-functionalized, bio-degradable, nano-

structured magnesium implant for biomedical applications”, a cooperative research

project aiming at the development of a completely new stent system, including differ-

ent interdisciplinary competences ranging from magnesium alloy development (Labo-

ratory of Metal Physics and Technology, ETH Zurich), corrosion science (Laboratory

119
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for Corrosion and Materials Integrity, EMPA), surface biofunctionalization (Labora-

tory for Surface Science and Technology, ETH Zurich), cell biology and toxicology

(Laboratory for Biologically Oriented Materials, ETH Zurich) and stent technology

(Biotronik, Berlin).

The main aim of the project is the development of an entirely new stent system,

combining the advantages of both the Drug-Eluting Stent (stents coated with a

thick polymer layer, which elutes drugs) and Absorbable Metal Stents (metal-based

stents, which corrode in contact to water and are thus dissolved with time) [232].

Specially, the aim was

• the development of new Mg alloying systems with controlled dissolution rates

and high ductility

• the adaptation of a surface layer consisting mainly of Mg oxides with improved

corrosion resistance

• the deposition of a bio-functionalized adlayer that further contributes to a

degradation protection as well as tissue regeneration for a specific period after

implantation

The synergies of these three elements were determined by means of dedicated corro-

sion investigations, surface analytical studies and toxicological cell experiments. Part

of this PhD thesis deals mainly with the polymer development and the subsequent

analysis of such functionalized surfaces.
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4.2 Surface Aspects and Applications of

Magnesium and Magnesia

Magnesium is a material, which is less noble than other metals and therefore more

susceptible to corrosion. Due to its low specific weight it is used especially for

lightweight applications, e.g. in alloys combined with aluminum for transportation,

such as in planes. Due to the high demand for fuel efficiency, magnesium alloys are

entering more and more the automotive sector, especially for motor blocks, but also

for wheels and parts of the auto body. The main advantages are [233]:

• lowest density of all metallic construction materials

• high specific strength

• favorable production properties (suitable for high pressure die casting, can be

milled at high speeds, good weldability)

However, there is only a limited use of magnesium because of some poor properties,

which have to be counteracted in demanding alloy processes or even by non-standard

techniques such as fibre reinforcement. These properties are mainly the poor elastic

modulus, the limited cold workability and toughness, the limited high strength and

creep resistance at elevated temperatures, the high degree of shrinkage on solidifi-

cation and especially the high chemical reactivity of magnesium. However, the lack

of large-scale applications of magnesium alloys in the past has resulted in limited

research and development funding. Consequently, there are only few optimized cast-

ing alloys and even fewer wrought alloys [233]. Nevertheless, the alloys which have

been developed to provide a high range of properties and characteristics to meet the

needs of a variety of application can be separated in 2 major classes, one contain-

ing aluminum as the principle alloying ingredient, the other containing zirconium.
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Table 4.1: Composition of WE43 magnesium alloy [235] according to ASTM desig-
nations. RE stands for rare earths and consists of Nd and heavy RE (Yb, Er, Dy,
Gd)

Element Y RE Zr Mg Ni Fe Cu

wt. % 3.7-4.3 2.4-4.4 > 0.4 Balance < 5 ppm < 1 ppm < 20 ppm

Aluminum-based alloys are strong and ductile, and have excellent resistance to at-

mospheric corrosion, whereas zirconium acts as a potent grain refiner for magnesium

alloys.

Because of incompatibilities between Al and Zr, zirconium-based alloys contain often

other elements, such as rare earths, manganese, zinc or copper [233, 234]. Mg-Zr-

alloys containing rare earths or yttrium are especially suited to work at temperatures

up to 300°C. Yttrium and rare earths form eutectic systems of limited solubility

with magnesium. Therefore, precipitation hardening is possible. The precipitates are

very stable, raise thus creep resistance, corrosion resistance and high-temperature

strength. Zinc as principle alloying element improves the strongness, ductility and

toughness [233]. Due to the high costs, these elements are normally only used for

high-tech applications.

The identification of magnesium alloys is standardized worldwide in the ASTM norm.

Normally two letters indicate the two main alloy elements , followed by their rounded

weight percentages

The alloy WE43, for example, is an alloy with a rated content of 4 wt-% yttrium

(W) and 3 wt-% rare earths (E). Further elements can be strictly limited by ASTM,

defining maximum upper limits, especially for iron, nickel and copper, which have

tremendous negative effects on the corrosion behavior. A table of the full ASTM

definition of WE43 can be found in Tab. 4.1
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High attention has to be drawn to the ignoble character of magnesium and thus the

possible corrosion performance of the bare metal and some of its alloys [233].

Magnesium dissolves in aqueous solution according to the following reactions [236]:

anodic reaction: Mg −→ Mg2+ + 2e− (4.1)

cathodic reaction: 2H2O + 2e− −→ H2 + 2OH− (4.2)

overall reaction: Mg + 2H2O −→ Mg2+ + 2OH− +H2 (4.3)

product formation: Mg2+ + 2H2O −→ Mg(OH)2 (4.4)

The pH of the solution increases with progression of the corrosion reaction (eq.

4.3), but the increase in pH favors the formation of an at least partially protec-

tive Mg(OH)2 film by precipitation, as it is shown in eq. 4.4. This behavior can be

shown in the Pourbaix diagram of magnesium in water (Fig. 4.1), which describes

the thermodynamic stability of the different magnesium species dependent on the

electrochemical potential and pH value. It indicates the stable formation of magne-

sium oxide and magnesium hydroxide as surface film at elevated pH values. In the

presence of water, the oxide is normally hydrated to the corresponding hydroxide

due to its higher thermodynamic stability. However, it has been found, that purest

magnesium corrodes much more slowly than normal grade magnesium. This is due

to the impurities of different other metals inside normal grade alloys, which initiate
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Figure 4.1: Pourbaix diagram of magnesium in water displaying the fields of corrosion
(Mg++ field, left of line 2 , passivation (Mg(OH)2 field and immunity (Mg field, below
lines 1 and 3 ) in dependence on potential and pH value. The position of lines 2
and 3 shift in dependence on ion concentration in solution. Between lines a and
b water is stable.

the corrosion by introducing an electrochemical potential due to their more noble

character [237]. That is why there is a limitation for the main impurities found in

magnesium within the ASTM definition of magnesium and its alloys, especially for

nickel, iron and copper.

The degradation of magnesium leads to hydrogen gas evolution, as indicated in the

eq. 4.3. This allows the easy determination of the degradation rate of magnesium as

a function of the measured hydrogen evolution over time.

In the field of biodegradable implant materials, magnesium has become an interesting

candidate as a bioactive substance. It naturally degrades within the body due to the

contact with the body fluids. The main advantage of biodegradable implants is that

they don’t need to be removed in a second surgical intervention after serving their

purpose, rendering them both, more convenient for the patient and more economical
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for the whole health care system. Biodegradable materials, however usually yield a lot

of degradation products to the body. The great advantage of magnesium is the fact,

that magnesium ions, the main degradation product, are an essential element in the

human body. Being a metal, its mechanical properties are more advantageous than

those of other degradable, organic materials. To be well performing, biodegradable

implant materials must possess certain properties [235]:

• in order to offer adequate support to the injured tissue, the mechanical prop-

erties of the implant have to be appropriate

• a moderate degradation performance helps to assist the healing process effec-

tively and to prevent from early destabilization

• released degradation products during degradation need to be biocompatible

At a pH below 11.5 magnesium corrodes in aqueous solutions, as described in Fig. 4.1.

The formation of OH- ions and hydrogen gas upon the degradation of magnesium

may harm injured tissue, as the pH value increases locally and gas bubbles may

be formed. That is the main reason a relatively low initial degradation rate of the

material is targeted.

4.3 WE43 Substrates

The investigated alloy is part of the Mg-Y-RE alloys family, further denoted as WE43.

The exact composition of the WE43 alloy [235], according to ASTM designations is

presented in Tab. 4.1. The alloy and the general function of the alloying elements is

described in 4.2.

The WE43 was manufactured in 1m extruded bars (Ø = 2.5 cm). In order to avoid

inhomogeneities present in the outermost shell, the bar was dressed to 2.2 cm of
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diameter before slicing. Discs with a thickness of 2 mm were cut (Struers Accutom-

50) and then all samples were ground three times with shrinking grain sizes up to

4000 SiC-paper and subsequently polished with 3 �m, 1 �m and 1/4 �m diamond

particles on both sides, including the edgings. After each step all samples were cleaned

by sonication in isopropanol, dried and the grinding/polishing progress controlled by

optical microscopy. Heat treatment was conducted in a ventilated oven (Heraeus

GmbH, Germany, model 750/1) at 490°C in ambient atmosphere conditions for 48

hours, being supported on tripods in order to minimize surface of contact. Cooling

down after heat-treatment was achieved by steady air cooling.

The bare alloy was investigated in several studies, and shown to be a suitable can-

didate as an implant material [238–240], especially due to its relatively slow and

homogeneous corrosion resistance in aqueous solutions. Additionally to the good

electrochemical properties, it consists of beneficial mechanical properties, especially

including an elastic modulus close to that of human bone [239]. Mainly the element

Y in the alloy is responsible for the improved corrosion resistance of WE43. Both

the incorporation of oxidized Y in the surface film [241, 242] and the advantageous

influence of Y-rich precipitates in the Mg matrix, which slows down the propaga-

tion of corrosion [243] were found to be the reason for the enhanced degradation

resistance of Mg-Y alloys. The Pourbaix diagram of yttrium is shown in Fig. 4.2. In

comparison to magnesium the equilibrium line between the formation of Y(OH)3 and

Y3+ is shifted towards lower pH values, close to neutral pH. This is not inhibiting

the dissolution of both, yttrium and magnesium, but slowing down the dissolution

in buffered medium in forming predominantly yttrium hydroxides at the surface.

A heat-treatment was developed within the PhD thesis of Dr. Hänzi [244]. These

results are presented in [235, 244], a short summary will be given in the following

paragraphs.
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Figure 4.2: Pourbaix diagram of yttrium in water displaying the fields of corrosion
(Y+++ field, left of line 2 , passivation (Y(OH)3 field and immunity (Y field, below
lines 1 and 3 ) in dependence on potential and pH value. The position of lines 2
and 3 shift in dependence on ion concentration in solution. Between both lines a
and b water is stable.

A heat-treatment of the samples was performed in order to further improve the corro-

sion resistance of the bare, polished WE43 alloy. This heat-treatment in air induced

the growth of a thick oxide layer at the surface, comparable to the observations on the

oxidation behavior of Mg-Y alloys [245]. It has been shown that the grown oxide layer

consisted mainly of Y2O3, in contrast to the thin natural oxide layer (∼10nm) con-

sisting of MgO forming at ambient temperature. Auger electron spectroscopy (AES)

depth profiles of the heat-treated samples revealed to a quite thick oxide layer (1.5

µm), with MgO just present at the surface and yttrium oxide throughout the entire

oxide layer. The degradation performance was investigated by hydrogen evolution

tests (evolved hydrogen volume vs. degradation time) in a buffered medium (simu-

lated body fluid), where the oxidized species could be compared with non-oxidized,

polished samples.
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A scheme of these results is shown in Fig. 4.3, where totally different corrosion

regimes can be found for the polished and the bare samples. Since degradation of

such Mg samples is ascribed to a statistical process, H2-evolution regimes rather

than defined curves are used to describe the degradation performance of a certain

heat-treatment in a qualitative way. The hydrogen evolution of the polished samples

can be described as a parabolic law, with a high initial degradation rate due to the

large, reactive metallic surface. With time, the corrosion kinetics slows down due to

the formation of corrosion products at the surface and their barrier action, which

impedes further degradation [246]. This corrosion layer forces a parabolic law over

time, since the reaction kinetics is more and more controlled by the diffusion of the

reaction species through the surface layer [247]. The degradation performance of the

oxidized samples can be approximated in first order by a sigmoidal law.

For the oxidized case, initially a very low degradation rate is observed due to the

protective influence of the oxide layer, which covers the whole surface area of the sam-

ple. With time, the degradation is impeded at these sites due to the barrier action of

deposited corrosion products, while at the same time at other sites new reactive sur-

faces get exposed to the liquid, featuring accelerated degradation. Now degradation

slows, similar to the annealed-polished samples, and tends towards parabolic behav-

ior. Therefore, the oxidation of the sample causes a delay in the onset of acceleration

degradation with increasing oxidation time, plus a later switch to the parabolic be-

havior. Furthermore, since the oxide layer consists mainly of yttrium diffused to the

surface, the internal structure close to the surface lacks yttrium precipitates (yt-

trium depletion), which are known to slow down the propagation of corrosion [243].

Therefore, a tendency towards faster corrosion kinetics at the final state is observed.

Furthermore, a thick oxide layer is assumed to have more inhomogeneities than a

thin layer because of increasing influence of the different thermal expansion coeffi-

cients between the oxide and the metal, rendering it more unpredictable when and
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where the first penetration of the surface layer will occur [235,248,249].

Since the main application within this research was guided towards implant materials,

some attention has to be drawn to the toxicity of the samples during degradation

in the body. Due to the fact that the alloy only contains magnesium and yttrium as

main alloying elements, a rather non-toxic response of the degradation products was

assumed. Magnesium ions are essential ions in the human body and the rather slow

corrosion kinetics after implantation avoids high doses. Additionally, the corrosion

products are easily diluted in the body fluids. Yttrium has a quite low toxicity, mainly

due to the fact that soluble yttrium salts are transformed to colloid materials in the

human body and taken up and endocytosed mainly by phagocytosis in the liver and

spleen. The long half-life (around 150 days) of Y in that organ is mainly explained

by the colloid character of the Y insolubilized in lysosomal inclusions [250]. Since the

estimated content of yttrium in this alloy is approx. 4%, the eluted amount of yttrium

into the body is rather small. Cytocompatibility studies were performed within the

PhD thesis of Dr. A. Haenzi [235,244] to investigate the performance of the corroding

bare alloy in contact to cells. In summary, the viability and metabolic activity of

HUVECs cells start to decrease with increasing eluate concentrations. However, the

good performance of magnesium alloys in different animal studies [239,240,251–253]

is confirmed by the fact that in most cases no visual inflammatory reactions, but

excellent wound healing was observed. The degradation of the implanted alloy was

leading to hydrogen gas formation after implantation, but generally, the kinetics was

slowing down after implantation.
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Figure 4.3: Schematic degradation performance of polished and oxidized WE43 sam-
ples Simulated body fluid (buffered) and scheme of the corrosion mechanism. Pitting
corrosion starts at defects and small cracks present in the protective oxide layer.
The oxidized samples have an additional protective yttrium oxide layer, which slows
down the degradation rate until the medium passes through the oxide. Since the layer
below the oxide has a decreased yttrium content (Y depletion zone), the corrosion
rate is thus much enhanced in comparison to the polished sample, which contains
more yttrium precipitates, slowing down the corrosion rate. With time, the corrosion
spots are inhibited by the precipitation of magnesium carbonate and in both cases
the degradation rate is decreasing. [235,248,249].
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4.4 Characterization of the Magnesium surfaces

4.4.1 Metallurgic characterization

If not otherwise stated, oxidized WE43 was used as standard substrate (48h at

490°C). Due to the quite thick natural oxide layer growing during the heat-treatment,

an intense metallurgical investigation and surface characterization of the samples was

performed.

A remarkable change in within 10°C of the heat-treatment could have big influence

on the results: at temperatures slightly below 500°C, the oxide surface of the samples

appears homogeneously grey, whereas at several degrees above 500°C, the oxide sur-

face shows small, black spots, indicating some change in the structure of the sample.

Micrographs

Micrographs of the alloy structure were prepared. The structure close to the surface

was investigated in grinding and polishing away the oxide layer, whereas the cross-

section reveals the bulk alloy. 0.1M NaH2PO4 was used as etching medium and the

microstructure imaged using a light microscope.

In Fig. 4.4, a comparison of different micrographs is shown.

The raw WE43 shows grains in the range of 8-12 µm with smaller, darker precip-

itations. The heat-treatment at samples at 490°C induced a visible growing of the

grains to up to 25-50 µm. The smaller, darker precipitations are still visible, but

grown to a much lower extend than the other phase. After heat-treatment with tem-

peratures above 500°C, a visible change in the micrograph could be observed. Much

higher grain sizes up to 100 µm were observed. Additionally, melted precipitations

around the grain boundaries and very small, black precipitations could be found. The
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(a) (b) (c)

(d) (e)

Figure 4.4: Micrographs of different WE43 samples, comparing surface and cross-
sections of different heat-treatments. (a) shows the Micrograph of a polished WE43
sample (without heat-treatment), (b) shows the Micrograph of the WE43, heat-
treated at 490°C, (c) shows the Micrograph of WE43, heat-treated at � 500°C, (d)
shows the Micrograph of a cross-section of WE43, heat-treated at 490°C and (e)
shows the Micrograph of the cross-section of WE43, heat-treated at � 500°C. The
Micrograph is taken close to the surface, by removing the surface by grinding and
further polishing, whereas the cross-section shows always the state inside the bulk
alloy.

micrographs of the cross-sections showed a very similar morphology for the sample

heat-treated at 490°. In comparison, the micrograph of the cross-section showed a

homogeneous distribution of small, black precipitations, which were not visible in

that amount close to the oxide.

In summary, the micrographs shows a visible change in structure towards higher grain

sizes and melted precipitations, accumulated around the grain boundaries, starting at

temperatures around 500°C. Therefore, in the following, a strict temperature control
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(a) (b)

(c) (d)

Figure 4.5: Back scattered electron (BSE) pictures on different samples. (a) oxide
surface, (b) bulk alloy, (c) cross-section close to oxide layer EDX elemental analysis
on these samples is shown in Tab. 4.2

during heat-treatment was set to 490°C in order to avoid that unfavorable tempera-

ture regime.

Scanning electron microscope / energy dispersive X-Ray Spectroscopy

(SEM-EDX) analysis

The surface of the oxide layer was characterized by means of scanning electron mi-

croscope (SEM) and elemental analysis with energy dispersive X-ray spectroscopy
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Table 4.2: Elemental analysis with EDX on the the oxide layer, and cross-sections
close to the surface and in the bulk alloy. The different samples, including the area
of analysis and the respective names used in the table are presented in Fig. 4.5. In
some spectra, peaks of low intensity, further assigned to traces of Zn, Ca and Yb were
found, which were too weak to be verified and were not counted in the calculation of
the surface composition. The spectra labelled with “Oxide” are acquired at different
spots at the oxide layer, “Alloy av.” is the label for the base alloy, averaged over a large
area. The labels “Precip” and “Sharp” differentiate between 2 different precipitation
phases inside the WE43 alloy.

Spectrum C O Mg Y

Oxide 1 10 66 12 12
Oxide 2 4 64 15 16
Oxide 3 21 71 4 4
Oxide 4 0 25 0 75

Alloy av. 1 0 8 92 1
Alloy av. 2 0 4 95 1
Precip. 1 0 10 88 2
Precip. 2 0 9 88 2
Precip. 3 0 9 90 2
Sharp 1 0 8 2 90

(EDX). Due to its information depth of about 2µm, EDX is considered to be a bulk

analysis method. The main results are summarized in Tab. 4.2 and Fig. 4.5. The

composition shows a quite high contamination with hydrocarbons, up to 20 at%

and mainly oxygen from the oxide layer. Both metal elements, magnesium and yt-

trium, are present at the surface. More interesting is the EDX analysis of the bulk

micrograph. Here, three main phases can be found, first of all the continuous al-

loy phase, consisting of mainly magnesium with some small yttrium content. The

more roundly shaped, discontinuous phase has approximately a similar composition,

with a slightly increased content of oxygen. The sharply edged, discontinuous phase

with the brightest color in the backscattered electron images is a highly yttrium-rich

phase. The cross-section close to the oxide layer shows clearly the dimensions of the

oxide layer in the range of 1-2 micron and consisting only of yttrium and oxygen.
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Most interesting on that micrograph is the fact, that no yttrium-rich phase can be

observed close to the oxygen layer. In Fig. 4.5 (d) a lower magnification of the alloy

below the oxide layer is shown - starting from a depth of around 100 µm first, dis-

crete yttrium-rich phases can be found. This finding is confirming that the growth

of the oxide layer is mainly fed by diffusion of yttrium from the yttrium-rich phases

situated close to the surface towards the growing oxide layer. This mechanism results

in an yttrium depletion layer of the alloy, just below the yttrium oxide layer. Inter-

estingly, in both images of the cross-section, defects in the oxide layer are visible,

especially two cracks in Fig. 4.5 (c) are clearly visible (a small one in the middle

of the image and a bigger one at the right hand side of the image). These defects

and cracks could be possible entrance points and shortcut ways for water, channeling

through the resistive oxide layer and leading to localized corrosion effects (pitting

corrosion).

4.4.2 XPS surface characterization

oxidized WE43

The surface composition in at-% and XPS detail spectra of the surface’s principal

components are shown in Fig. 4.6 and the resulting chemical composition is shown in

Tab. 4.4. The B.E. of the peaks are calibrated according to the peak position of the

hydrocarbon peak. Because of the thick oxide layer, the samples behave like insulators

and show high charging of up to 10 eV, which is responsible for the broadening of the

peaks, resulting in higher fwhm. Asymmetries in the peaks could not be observed.

The peak fitting is summarized in Tab. 4.3. The main contributions of the C1s peak

were found to be one hydrocarbon species (285.0 eV) and one carbonate species

(289.7±0.1 eV). The peak at 278-282 eV was first assigned as a satellite peak. There

are indications that the peak at 282 eV is deriving from some carbon species at very
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(a) (b)

(c) (d)

Figure 4.6: XPS detail spectra of oxidized WE43 (a) C1s, (b) O1s, (c) Mg2s (d) Y3d.
Calcium, sodium and neodymium peaks are found in small amounts on most of the
surfaces

low B.E., which could be assumed to be some carbide species. The peak below 280

eV could be assigned to the Na KLL auger peak, because normally traces of Na were

found at the surface.

The O1s peak could be fitted with three contributions, namely the main peak con-

sisting of magnesium oxide (MgO) at 531.5±0.2 eV and one at higher B.E. consisting

either of magnesium carbonate or yttrium hydroxide at higher B.E. (533.0±0.3) and

yttrium oxide (Y2O3) at 529.7± 0.3 eV.
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Table 4.3: XPS fitting parameters used for component anaylsis. A Gaussian to
Lorentzian ratio of 30% is always used.

Component Position constraints (eV) Area constraints fwhm constraints (eV) Peak position (eV)

C-C 285.0 free free 285.0

-CO3 288 –292 free free 289.7± 0.1

MgO BETi−O + 2.1 free 1 · fwhmTi−O 531.5± 0.2

MgOH / MgCO3 533.2 – 533.9 free 1 · fwhmTi−O 533.0± 0.3

Y2O3 BETi-O + 1.23 free 1 · fwhmTi−O 529.7± 0.3

Y2O3 (3d5/2) 155–157 free free 156.4± 0.2

Y2O3 (3d3/2) BE3d5/2+2.05 0.5 ·A3d5/2 1 · fwhm3d5/2 158.4± 0.2

Y(OH)3 (3d5/2) 157–160 free free 158.6± 0.3

Y(OH)3 (3d5/2) BE3d5/2+2.05 0.5 ·A3d5/2 1 · fwhm3d5/2 160.7± 0.3

Mg2s 87–90 free free 89.0± 0.2

Ca 2p3/2 free free free 346.7± 0.3

Ca 2p1/2 BE2p3/2+3.6 0.5 ·A2p3/2 1 · fwhm2p3/2 350.3± 0.3

The yttrium spectrum was showing either one or two species, depending on the

samples. This could be assigned to yttrium oxide (3d5/2, BE∼156.4) and yttrium

hydroxide (3d5/2, BE∼158.7) [254]. For each contribution, two separate peaks with

an B.E. difference of 2.05 eV and an intensity ratio of 1:2 were included. The Y

3p5/2 was set to 156.4 ± 0.2 eV and 158.6 ± 0.3 eV for the oxide and hydroxide

peak, respectively. However, there is no clear indication what is really triggering the

transition from full oxide structure as found at some references towards hydroxides.

The storage at ambient conditions under exposure of humidity may be the reason

for a slow transition of the surface composition away from an oxide structure with

predominantly bridging oxygen atoms towards a hydrolyzed, hydroxide-dominated

surface.

The Ca2p signal was fitted with 2 peaks with the Ca 2p3/2 peak at 346.7±0.3 eV and

the Ca 2p1/2 at an energy difference of 3.6 eV. The Mg2s peak was fitted with one

peak at 89.0± 0.2. The Mg KLL peak is visible at lower BE, at 79.5± 0.2 eV. The



138 Poly(phosphonates) on MgO for biomedical applications

Table 4.4: Chemical composition (at%) for oxidized WE43, as determined by XPS.
Small amounts of calcium, sodium and neodymium are found on most samples.

Element oxidized WE43 [at-%] WE43 [at-%]

C1s (Carbonate) 22 ± 8 7 ± 1

C1s (Hydrocarbon) 10 ± 3 11 ±4

Mg2s 7 ± 3 28 ± 1

O1s 58 ± 7 52 ± 4

Y3d 0.5 ± 0.2 0.5 ± 0.2

Ca2p < 0.5 ± 0.5 < 0.5 ± 0.5

Na1s < 0.1 ± 0.1 < 0.1 ± 0.1

Nd3d < 0.1± 0.1 1±0.1

Nd3d peak has a highly rising background. This makes the determination of very

small peaks impossible when using the Shirley background subtraction. Therefore,

for very small concentrations of neodymium a linear background subtraction was

used in order to quantify the peak. An example of the background subtraction of the

Nd3d peak and the fitting of the peaks, which are not shown in 4.6 are added in the

Appendix A.4.1.

Non-oxidized WE43

Bare WE43 was analyzed to compare the chemical composition at the surface. The

resulting concentrations are shown in Tab. 4.4. The peak fitting was performed the

same way as described for the oxidized alloy. Only one species of yttrium was found,

corresponding to the yttrium oxide peak ((3d5/2, BE∼156.4) at lower B.E. A high

amount of oxygen can be found, indicating a passivation of the surface after polishing.

The magnesium concentration is much higher than for the oxidized sample, whereas

the carbonate peak is much reduced. The surface consists mainly of magnesium oxide,

additionally a higher neodymium content was observed. It seems that the relatively

high carbonate peak observed after heat-treatment is formed during the growth of
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the oxide layer and is then dominating the surface composition. Apart from the

higher carbonate content for the heat-treated alloy, no big differences can be found.

Both surfaces seem to consist of magnesium oxide, with different amounts of carbon

contamination.

Unfortunately, due to the rather uncontrolled oxide growth from the magnesium

alloy and the different steps necessary for the production of the surface, different

batches have a high variation in surface composition, leading to quite high standard

deviations. Interestingly, just a small amount of yttrium can be found at the surface

of the oxidized sample, whereas it is supposed to be the main element inside the

oxide layer. Therefore, the internal composition of the oxide layer was investigated

by XPS depth profiling.

4.4.3 XPS depth profiling

The internal composition of the oxide layer was investigated by XPS depth pro-

filing. The maximum depth achieved was measured after the XPS acquisition by

profilometry (Nanofocus microsurf explorer) and together with the sputter time a

linear sputter rate of 0.15 µm/min was calculated. The depth profile for the elements

C, O, Y and Mg is shown in Fig. 4.7.

The depth profile shows different transitions within the sputtered layer. Close to the

surface, till a depth of around 0.5 µm, carbon, mainly in the form of carbonates can

be found, as already as already discussed in the surface XP spectra in Fig. 4.6. Due

to the high amount of oxygen in carbonates, the oxygen content behaves decreases

in parallel with the carbonate content. After the disappearance of the carbonate

within the first micrometer of depth, the oxygen concentration levels to a constant

value through the entire oxide layer. Yttrium is only found in traces at the surface,

but rising strongly within the first micrometer to a constant concentration inside
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Figure 4.7: XPS depth profile of oxidized WE43 for 48h. The maximum depth
achieved was measured after the XPS acquisition by means of profilometry (Nanofo-
cus microsurf explorer) . From the maximum depth achieved and the sputter time,
a linear sputter rate was calculated.

the oxygen layer. Magnesium, however is only found at the surface and only traces

are visible inside the yttrium oxide layer. Interestingly, the atomic concentrations

of oxygen and yttrium don’t follow the ratio 2 : 3 as expected from the chemical

composition of yttrium oxide, Y2O3. This effect can be explained by preferential

sputtering [255] and is related to different surface binding effects or to mass difference

effects of the elements [255]. In case of yttria, the mass difference of yttrium and

oxygen is relatively high and thus can explain the preferential sputtering, especially

when taking into account the quite high sputter rate used for this depth profile,

which is potentially amplifying this effect. The border between oxide layer and alloy

can be seen as a transition zone of 0.5-1 µm thickness, in which the concentration

of oxygen and yttrium get highly reduced and the main alloy element magnesium

starts to dominate. From the depth profile, the oxide layer thickness can be assumed

to be between 2 and 3 µm, which is in good agreement with the Auger depth profiles

shown in [235,244]. Here, the oxide layer is assumed to be around 2 µm for the same
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alloy, heat-treated for 48h.

4.4.4 Development of a cleaning protocol

A new cleaning protocol was developed based on the cleaning protocol for TiO2

surfaces (c.f. 7.9.2) was developed. The efficiency of different organic solvents was

tested for ultrasonication of the samples. The choice of solvents included water, con-

centrated sodium hydroxide, ethanol, 2-propanol, acetone and pentane. Furthermore,

UV-ozone and oxygen plasma were investigated for further surface cleaning. Soni-

cation in an appropriate solvent has the purpose of removing all kinds of loosely

bound particles (e.g. dust particles) at the surface, placing them into suspension.

Since the compatibility of these solvents with the surface of the sample has to be

proven, different solvents were tested.

Investigation of the surface cleaning by XPS

The main focus in this study was assessing the change in the carbon spectra. It

was expected that especially the hydrocarbon contaminations and eventually as well

the carbonate content is decreased by an efficient cleaning protocol. For each sol-

vent chosen, XPS analysis was performed after (a) ultrasonication for 3x 10min,

(b) after ultrasonication and 30min UV-ozone cleaning and (c) after ultrasonication

and oxygen-plasma cleaning for 2min. As references bare substrates without, with

UV-ozone or with plasma-cleaning were used.

A summary of the atomic concentrations of the main elements observed at the surface

after the different cleaning experiments can be found in Fig. A.1 in the Appendix (c.f.

A.4.2). In order to compare the data obtained, ratios of the elemental concentration

of the hydrocarbon and the carbonate peak referenced to the Mg2s concentration,
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(a) (b)

Figure 4.8: Comparison of the cleaning efficiency for (a) the hydrocarbon peak and
(b) the carbonate peak presented as the change of the ratio of the elemental concen-
tration with the cleaning protocol. The cleaning protocol consists of just ultrasoni-
cation and ultrasonication followed by ozone or plasma cleaning. For the reference
sample ultrasonication is skipped, analyzing a non-cleaned sample, which is then
cleaned just by means of UV-ozone and plasma.

i.e. [HC]/[Mg2s] and [Carbonate]/[Mg2s] are used. The comparison is shown in Fig.

4.8.

Discussing the organic solvents, it can be seen from Fig. 4.8, that the cleaning ef-

ficiency only by ultrasonication is not given. The higher values of the sonicated

samples in acetone in comparison with the reference shows that acetone is adsorbing

preferentially to the oxide surface and is thus not the solvent of choice. All other sol-

vents show a reduction in the hydrocarbon contamination after UV-Ozone or plasma

cleaning, whereas the carbonate contamination stays practically constant. Ethanol

seems to work the best of the investigated organic solvents, reducing highly the hy-

drocarbon contamination after UV-ozone and plasma cleaning. Additionally, it is the

only organic solvent that shows a slight trend towards a reduction of the carbonate

peak.
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The best performance in terms of reduction of both carbon peaks was proven to be

by NaOH treatment. Both carbon peaks are highly reduced after the full cleaning

protocol. Already after ultrasonication in conc. NaOH, less apparent hydrocarbon

contamination is found at the surface and a comparable reduction of the carbonate

is shown as it was achieved for the best organic solvent after the entire cleaning

protocol, involving ultrasonication and Plasma or UV-ozone treatment.

However, the surface composition changes drastically after the treatment with conc.

NaOH, which indicates more significant changes in the surface chemistry after clean-

ing. Especially the yttrium content is rising at the surface at a factor of 10. The

surface composition seems not to change drastically when using organic solvents (c.f.

Table A.1 in the Appendix A.4.2).

Investigation of the cleaning protocol by AFM imaging

The influence of the solvents on the oxide structure was investigated by AFM imaging

in contact mode. The oxide structure of the uncleaned oxide is comparable to the

images obtained by SEM measurements. An exemplary AFM image of the uncleaned

surface is shown in Fig. 4.9. The arithmetic surface roughness (Ra) and the RMS

roughness (Rq) is highly depending on the different batch, especially depending on

the heat-treatment. Whereas within one batch small standard deviations could be

measured, the measurements are fluctuating between different batches, producing

an overall standard deviation for the surface roughness measurements of ±20 nm.

This indicates a quite high influence of the heat treatment on the surface structure.

Unfortunately, the heat-treatment is a rather uncontrolled procedure, which could

not be further improved within this study.

Generally, all investigated samples cleaned with organic solvents, showed the same

features at the surface: sharp, crystalline-like structures. In direct comparison within
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(a) (b) (c)

Figure 4.9: Study of oxide structure by AFM imaging (a) exemplary image of the
oxide before cleaning (similar to 2-propanol and ethanol cleaning) (b) and (c) of the
NaOH cleaned oxide

one batch, the surface roughness of the different cleaning protocols was compared.

Similar roughness values of Ra = 107 ± 2 nm and Rq = 140 ± 2 nm were found

for the non-cleaned oxide and for the cleaning procedures including ethanol and

2-propanol. The values are found to be slightly smaller for the cleaning involving

acetone (Ra = 95 ± 1 nm, Rq = 125 ± 1 nm). Additional UV-ozone or plasma

cleaning did not affect the oxide structure and the surface roughness values obtained.

As already discussed within the XPS analysis of the cleaning procedure, acetone

seems not as efficient as the other organic solvents. Especially after ultrasonication,

more hydrocarbon contamination is found at the surface than before. This could

indicate already some adsorption mechanism of the acetone molecules to the surface.

Either the surfaces cleaned with acetone contained smaller surface features, either

by dissolution in acetone, or the adsorption of acetone molecules to the surface is

influencing the AFM measurements, showing a smoother surface.

In contrast to the organic cleaning procedures, the NaOH cleaning revealed a drastic

change in surface structure as described above. In the AFM image can be seen that

the topography of the oxide changed towards a much smaller grain size of the over-

lying layer. It seems like the concentrated NaOH solution acts as an edging medium
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for the oxide layer, lowering the oxide grain size. Since sharp elements and edges are

more prone to dissolution than flat or rounded areas, the resulting surface structure

has a softening effect on the surface topography. Apparently the sodium hydroxide

solution changed towards a partial dissolution or delamination of the oxide layer

happening during the sonication process. A highly cracked structure was revealed

below the overlying structure, which is supposed to be the initial oxide layer. The

brittle upper layer, which is delaminating, seems to be a MgO sublayer, with poor

adhesion to the yttrium oxide. The height differences measured from the height pro-

file picture are equal to approx. 100-150 nm, which would correspond well to the

Mg-rich oxide layer on top of the thick yttria layer, as shown in the depth-profile in

Fig. 4.7. An indication for that assumption is also the elemental composition derived

from XPS as shown in Tab. A.1 on page 306, where the highest yttrium content is

measured for the samples cleaned with NaOH solution. The RMS values are highly

decreased, around Rq = 60 ± 10 nm for the upper layer and Rq = 100 ± 10 nm for

the underlying structure. Even when the underlying structure seems to be smoother

than the overlying surface, the cracks contribute to the RMS value and thus the over-

all number is higher compared to the overlying layer. The cracks in the underlying

structure seem to be present already inside the natural grown oxide layer. The origin

could be the high temperature during the heat-treatment or a too rapid cooling rate.

Differences in the thermal expansion coefficient of the metal alloy and the thick and

brittle yttrium oxide overlayer could be the main driving forces inducing the cracks.

Indications of cracks in the oxide layer have already been observed in Fig. 4.5 on

page 133 (c) and (d), when investigating cross-section of heat-treated samples with

EDX. These samples were neither sonicated, nor treated with any solvents and thus

support the hypothesis that the cracks are formed during heat-treatment or during

the cooling phase of the sample.
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4.5 Characterization of additional organic adlayers

on magnesium substrates

4.5.1 Dodecylphosphate SAMs

The investigation of additional adlayers on magnesium substrates was mainly per-

formed by XPS analysis. Because the rough and inhomogeneous, natural grown oxide

layer from the heat-treatment is not reflective, thus VASE could not be used for sur-

face characterization. In a first step, the adsorption of Dodecylphosphate (DDPO4)

SAMs as a model adsorption system for the phosphonate polymers was investigated.

The SAMs were adsorbed from a 0.5 mM, aqueous solution for 24h, the basic fitting

procedure was taken from [84], tested on titania samples and then a modified fit was

applied on the heat-treated WE43 samples.

In Fig. 4.10 the main XPS detail spectra of dodecylphosphate on titanium oxide and

heat-treated WE43 is shown. The fitting of DDPO4 adsorbed on titanium oxide as

reference is described in the Appendix A.4.3 on page 307, based on the fit described

in [84]. In comparison to the detail spectra of the bare substrate, as shown in Fig.

4.6, the surface composition changes drastically. Especially the C1s peak changes

visibly.

Apparently, the main carbon contamination at the surface, the carbonate peak higher

B.E. disappears, due to partial dissolution of the carbonate salts in the aqueous phase

and replacement by DDPO4. An intense hydrocarbon peak is detected instead, which

could be fitted in the same way than described in [84] and used for the fit of DDPO4

on titanium oxide: basically 2 peaks were fitted - the main contribution originating

from aliphatic carbon and a shoulder at higher B.E. of 286.7 ± 0.2 eV originating

from the CH2 group connected to the phosphate. These peaks fit perfectly for both
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(a) C1s of DDPO4 on titanium oxide (b) C1s of DDPO4 on heat-treated WE43

(c) O1s of DDPO4 on titanium oxide (d) O1s of DDPO4 on heat-treated WE43

(e) P2p of DDPO4 on titanium oxide (f) P2p of DDPO4 on heat-treated WE43

Figure 4.10: XPS detail spectra of Dodecylphosphate SAMs on titania (left column)
and heat-treated WE43 (right column)
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surfaces used. The P2p peak is present as well in all DDPO4 coated samples and not

present in the uncoated reference - a good additional evidence, that the coating works

as well on mixed magnesium oxide / yttrium oxide surfaces. This peak was fitted with

two peaks and constrained intensity ratio of 1:2. Unfortunately, the WE43 surface

changes highly its composition during the adsorption from water, that a more detailed

comparison with the bare reference is not possible. Due to the high charging, the oxide

peak is rather broad and already two to three different oxide species (yttrium oxide

as main peak, magnesium oxide and niobium oxide as smaller contributions) have

to be fitted in. Basically the magnesium is almost entirely removed from the surface

and yttrium oxide and contributions of neodymium are visible. Another aspect is the

high charging obtained for the functionalized samples. Even in comparison with the

bare substrates, the charging is by trend higher and the peaks broader. This results in

fitted fwhm of 2.2-2.5, especially compared to the much more narrow peaks obtained

from the titanium oxide substrates. Since the ratios of these oxides and therefore the

surface composition are highly varying between different samples, it is difficult to fit

even smaller peaks apart from the three peaks deriving from the oxide layer. The

three oxide peaks are fitted as neodymium oxide at 528.6± 0.3 eV, yttrium oxide at

531.4± 0.3 eV and another peak, assigned to yttrium hydroxide at 533.0± 0.4 eV, as

already described above for the bare sample. Because the peaks are relatively close

to the expected peak positions of the phosphate-derived peaks, these peaks were

not fitted into the spectra, since they just balance out the other three components

deriving from the substrate and would have to be constrained. The other peaks were

fitted as indicated above on page 136 for the XPS analysis of the bare samples. The

experimental component composition derived from the peak fitting is shown in Tab.

4.5.
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Table 4.5: Experimental component composition derived from peak fitting of the XPS
detail spectra. Subtable (a) shows the surface composition on titania, subtable (b)
shows the surface composition on oxidized WE43. The abbreviation “mixed” denotes
the contributions from Ti-OH, Ti-O-P and P-OH

TiO2 at-% at-%
C-C 24± 3 27± 3

C-O-P 3.2± 1

TiO2 37± 3
“mixed” 8± 0.5 52± 5
-P=O 7± 3

P 2.5± 0..5 2.5± 0..5

Ti 19± 3 19± 3

(a)

ox. WE43 at-% at-%
C-C 47± 6 53± 6

C-O-p 5± 2

Y2O3 16± 3
Y(OH)3 8± 2 27.5± 5
Nd2O3 3.5± 2

P 5± 0.5 5± 0.5

Y 8.5± 4 8.5± 4

Mg 3± 2 3± 2

Nd 2± 1 2± 1

Ca 1.5± 0.5 1.5± 0.5

(b)

4.5.2 Surface functionalization by means of

poly(alkylphosphonate)s

A study for the adsorption of the PEGylated polymers was performed using XPS

analysis and comparison with the polymers adsorbed onto titanium oxide, which

have been already described in Sect. 3.1 on page 77. A screen over different solvents

was performed in order to find a good condition for adsorption. The main problem

observed by adsorption from water was the fast degradation of the sample. This

observation was found to be differing from the adsorption of DDPO4 from water.

Within the adsorption of DDPO4 the surface chemistry changes remarkably, but ap-

parently the access of water for further corrosion is then hindered by the hydrophobic

coating of the DDPO4.

The solvent study for polymer adsorption followed the solvents already used for the
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(a) (b)

(c) (d)

Figure 4.11: XPS detail spectra of the C1s peak after polymer adsorption of
PIMA(0.40:0.45, BA) from different solvents (a) from water, (b) from acetone, (c)
from ethanol, (d) from 2-propanol.

surface cleaning is summarized in Fig. 4.11. It takes into account the solubility of

the polymers in these solvent, resulting in water, acetone, ethanol and 2-propanol as

adsorption medium. In water, the degradation of the sample surface was visibly faster

than in organic solvents, resulting in a slightly rougher surface, visible by eye, whereas

the surfaces after adsorption were visibly not changing during the adsorption process.

Nevertheless, big differences between the solvents were observed during XPS analysis.

In Fig. 4.11, the different C1s XPS detail peaks are compared after adsorption of a 0.5
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mg/ml solution of polymer PIMA(0.40:0.45, BA) from different solvents. Due to the

presence of such a high amount of oxygen species deriving from the underlying oxide

layer, a detailed fit of the O1s detail spectra was not performed. The other peaks were

fitted similarly to the peak fitting performed for the DDPO4 SAMs. A comparable

peak fitting for the C1s detail spectrum as described in Sect. 3.1 for the adsorption

onto titanium oxide could be used to fit the peaks. The major problem for the fit is

the fact that the carbonyl species at 290 eV, assigned to magnesium carbonates at the

bare substrate is not disappearing when adsorbing from organic solvents. This results

in the necessity to introduce a new carbonate peak at slightly higher B.E. than the

carbonyl group deriving from the free carboxylic acid in order to keep all constraints

for the C1s peak fitting as developed for the titanium oxide surface. The experimental

component composition is summarized in 4.6 and shows clearly the high deviations of

the elements deriving from the WE43. It can be stated that the adsorption from water

has the most effect on the sample surface. A very high yttrium content is measured,

whereas no additional carbonate peak was found. For the other solvents, different

influence on the alloy materials was visible, resulting in high values of magnesium

(6 at-%) for adsorption from ethanol to no signal deriving from magnesium. The

differences observed in the polymer composition, especially the unusual high ether

peak for the polymer adsorbed from 2-propanol can only partially explained. First of

all a change in solvent is a change in the adsorption conditions, varying adsorption

kinetics, surface coverage, conformation of the polymer in solution, and all other

adsorption parameters. Therefore, the polymer composition at the surface does not

have to be necessarily the same. On the other hand, only one polymer species -

apart of possible effects deriving from the polydispersity of the polymers - is present

in the adsorption solution, and thus it is supposed to yield in comparable polymer

compositions.
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Table 4.6: Experimental component composition derived from peak fitting of the XPS
detail spectra. The polymer PIMA(0.40:0.45, BA) was adsorbed from different sol-
vents to oxidized WE43. The abbreviation “amide” consists of the contributions -CH-
C(O)OH / -CH-C(O)-NH-CH2- When adsorbed from water, traces of neodymium
are found at the surface.

Component Water Acetone Ethanol 2-Propanol
C-C 21± 5 22± 5 25± 3 26± 2

-CH2-O-CH2- 22± 1 35± 8 22± 3 50± 4
-C(O)-NH- 7± 1 6± 0.1 5± 1 3.6± 1
-C(O)OH 7± 1 6± 0.1 5± 1 3.6± 1
“Amide” 20± 3 17± 0.3 15± 4 11± 2

Carbonate 0± 0 11± 4 19± 0.5 4± 4
P 2.5± 0.5 2± 0.4 2± 0.5 1.5± 0.1

Mg 5± 4 0.6± 0.1 6± 2 0.05± 0.05
Y 15± 3 0.1± 0.1 1± 0.1 0..2± 0.2

4.6 Corrosion Investigation by Electrochemical

Impedance Spectroscopy

The corrosion behavior of the polymer coated and bare samples was tested with

Electrochemical Impedance Spectroscopy (EIS), which is described in detail in Sect.

7.4. A typical EIS Bode plot is shown in Fig. 4.12. The Bode plot represents the

applied frequencies at a logarithmic scale at the x-axis and consists of 2 y-axis: the

Bode magnitude plot represents the magnitude in the frequency response gain and/or

the frequency response phase shift in case of the Bode phase plot.

The EIS results of the bare substrates are summarized in Fig. 4.13. It is clearly visible

that the bare samples have a highly non-reproducible corrosion behavior in the EIS

diagrams. The logarithmic scale of the axis of the Bode magnitude plot indicates

the high deviations observed between different experiments. For this reason it is

difficult to draw conclusions from the data obtained. It has to be emphasized that the

observed deviations seem to be a characteristic of that specific system studied, mainly
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Figure 4.12: Typical Bode plot derived from EIS measurements

induced by the heat-treatment process. Systems with a well defined composition and

high control in the sample preparation, such as for titania, normally result in a much

better reproducibility than it is the case for the EIS measurements using the oxidized

WE43.

Best resistance values were achieved with bare samples, used just after heat-treatment,

without further cleaning of the substrate. There is a clear tendency to an aging effect,

resulting in less resistant samples after storage for longer than one week. Humidity

in ambient air or even light might induce the release of internal stresses, resulting

in increased surface cracks, which are then responsible for the earlier occurrence of

pitting corrosion and charge-mass transfer to the surface.

It seems that all cleaned references are resulting in lower corrosion resistance than

the fresh, non-cleaned samples. However, in the case of the heat-treated WE43 alloys,

impedance values vary by factor greater than 100 for the same batch and treatment

and up to 4000 times for oxides after various times of storage or after different clean-

ing programs. The general tendency is that the freshly prepared oxide is characterized

by comparably higher impedance values and shows a higher resistance against pitting
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(a) EIS of the bare samples (b) EIS data of the cleaned, bare samples

Figure 4.13: Bode Plot of the EIS measurements of the bare samples and cleaned
surfaces with different solvents

corrosion. Older samples align towards the lower part of the curves. Therefore, the

cleaning strategy has already a quite high effect on the corrosion resistance of the

sample

The values between the samples with the same surface cleaning are differing highly

and therefore only some tendencies could be derived. As shown in Sect. 4.4, the un-

derlying yttrium oxide structure is highly cracked. Apparently already the solvent

itself changes the structure of the overlaying magnesium oxide / magnesium carbon-

ate layer, or the used ultrasonication is inducing a weaker and less corrosion resistant

structure in that structure, especially cracks, or the solvent itself is already etching

that layer, inducing a less resistant layer structure against corrosion. This is clearly

seen for water, which yields in a higher surface concentration of yttrium, indicating

the delamination of the outermost oxide layer as seen in the AFM imaging studies.

Assuming that at the start of the measurement a homogeneous surface is present, we

see with proceeding experiments (and decreasing frequencies) a straight and smooth

line of increasing impedance up to a certain plateau value. Later the impedance either
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(a) EIS data of the DDPO4 coated samples (b) EIS data of the polymer coated samples

(c) different behavior in the Bode phase plot as indication of
successful surface modification

Figure 4.14: EIS investigation of coated samples

stabilizes or breaks down into more or less scattered points. This can be explained

by a homogeneous and dense surface and subsequent start of pitting corrosion. The

pitting corrosion is a local corrosion attack which then breaks the local impedance

and leads to scattered, much lower values of impedance.

In a second step, corrosion resistance of coated samples was investigated. The re-

sulting Bode plots are shown in Fig. 4.14. The impedances measured on the samples
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coated with DDPO4 seem to have comparable impedance values with the cleaned,

bare substrates. The polymer-coated samples, nevertheless seem to have a lower

impedance compared to the bare substrates. The adsorption of the polymers from

different solvents did not show big differences within the EIS measurements, except

for the polymer coatings in acetone, where pitting corrosion was detected relatively

fast. Despite of that solvent effect, both types of samples, coated either with DDPO4

or with the different polymers seem to withstand well the EIS measurement almost

down to frequencies of 20 mHz. This indicates a higher resistance against pitting

corrosion, meaning both types of surface functionalization render the surface more

homogeneous and therefore, the corrosion reaction is performing more consistently.

Assessing the performance of the polymer-coated samples, the first apparent dif-

ference from the SAM coated samples is the lower dispersity in the samples. This

means that polymer coated samples behave more similar than for samples coated

with the SAMs. In comparing the polymers, almost all polymers compositions be-

have the same, only the polymer backfilled with ethanolamine seems to underperform

slightly. This is probably the effect of the backfiller, which is supposed to align away

from the surface, and direct towards the PEG chains. Therefore, less hydrocarbon

chains are present close to the surface, to contribute to both a better ordering and

thus a denser packing of the polymers at the surface and to a dense and protecting,

hydrophobic surface coating. Still the polymer adlayer is lowering the resistance in

comparison with the bare substrate, whereas the SAM adlayer is not influencing the

resistance visibly. This could be explained by two different facts related to the poly-

mer built-up. First of all, both systems - SAMs and polymers - are supposed to have

a hydrophobic anchoring part. In the case of the DDPO4, due to the dodecyl chain,

the surface is rendered hydrophobic. The self-assembly is supposed to take place in

the case of the polymer system, too. Due to the much higher molecular weight of the

polymers and the less pronounced hydrophobic layer, which is stabilizing the self-
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assembly process, the self-assembly is presumably not as well ordered as it is the case

for the SAM layer. Therefore, the hydrophobic barrier established by the polymer

monolayer is not as high as it is for the SAM coating. Additionally, the presence of

PEG chains close to the surface is attracting water and ions close to the surface. Since

PEG is a good complexant for alkali metal ions like sodium ions [256–258], chloride

ions could be present close to the surface in higher concentrations. Chloride ions

are well known to play a predominant role in corrosion mechanisms [236, 259, 260].

Furthermore, there is the presence of the free carboxylic acids at the backbone of the

polymer. These carboxylic acids could be responsible for a local change in the pH

close to the surface. This slight change towards more acidic environment is destabi-

lizing both yttrium oxide and magnesium oxide, this could be one actuator towards

an enhanced corrosion rate. Despite this, the corrosion is still shifted towards more

homogeneous corrosion, because less pitting corrosion is observed with both SAMs

and polymer coating, which is a basic necessity towards a more controlled corrosion

behavior of the samples.

Looking at the phase shift plot (c.f. Fig. 4.14), the maximum phase shift value is

for all samples equal to 70-80°. For fresh oxides, the phase shift stays much longer

at these high values in comparison to old oxides (due to the lower capacitive effect),

which indicates the higher compactness of the fresh oxide layer. At lower frequencies,

the phase shift equalizes almost to zero. For the polymer-coated samples, the phase

shift does not reach the high values, the plateau is at lower values of around 60°.

The phase shift correlates well with the difference in resistance measured in the Bode

magnitude plot.
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4.6.1 Conclusions

In this chapter, the heat-treated WE43 alloy was investigated. The proposed for-

mation of a thick thermal oxide, mainly composed of yttrium oxide could be con-

firmed by means of XPS depth profiling. Furthermore, the build-up of the oxide

layer has been investigated. The surface of the natural yttrium oxide layer is cov-

ered by a approx. 200 nm thick layer rich of magnesium species. Mainly magnesium

oxide/hydroxide and magnesium carbonate species could be found. The magnesium

carbonates are most probably formed during the heat-treatment at 500 °C from the

carbon dioxide in the air. This uppermost layer is supposed to form the main bar-

rier, enhancing the corrosion resistance of the sample. Water and even concentrated

sodium hydroxide solutions (where magnesium oxide and hydroxide are supposed

to be stable against dissolution) edge away that layer and reveal the yttrium oxide

underneath to the solution. This yttrium oxide layer is highly cracked and the cor-

rosion susceptibility inside these cracks is not high enough anymore to avoid pitting

corrosion. The proposed mechanism for the edging of the overlaying layer even at

the high pH value of concentrated NaOH solution is the fact that magnesium car-

bonate species are present within this layer, which are most probably more prone to

dissolution, in undergoing different hydration states.

This is the main reason why a chemical characterization of the samples is quite diffi-

cult - a huge change in the chemical composition of the samples is obtained, varying

also between different batches and storage times. In terms of corrosion resistance, ide-

ally, best results were always obtained with freshly prepared samples. Already after

one week of storage at ambient conditions, the humidity present in the air weakens

the corrosion-inhibiting layer. Still, the bare, oxidized samples showed a huge scat-

tering in the corrosion tests, with a resistivity varying highly, including the tendency

to show pitting corrosion towards smaller frequencies. Here one proposed mechanism
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is first the more or less homogeneous dissolution of the uppermost magnesium oxide/

magnesium carbonate layer by the aqueous buffer used as corrosion medium. From

the time that the uppermost layer is penetrated by water and the water finds its way

into the underlaying cracks inside the yttrium oxide, pitting corrosion is supposed

to start. These cracks create tunnels for the water to locally cross the thick yttrium

oxide layer rapidly and reaching the bulk, magnesium alloy. Since the oxidized alloy

is characterized by an yttrium depletion zone close to the oxide layer and therefore

contains much less yttrium than the reference WE43 without heat-treatment, the

corrosion reaction starts relatively fast. This leads to the formation of pitting cor-

rosion zones shortly after the first penetration of the overlaying magnesium oxide /

carbonate layer and the subsequent penetration of the yttrium oxide layer through

the cracks present there.

Surface functionalization with phosphates and phosphonates was proven to be pos-

sible from both aqueous and organic solvents. While the adsorption from water dis-

solves the uppermost magnesium oxide / magnesium carbonate layer, the carbonate

layer could be still detected when adsorbing from organic solvents. Therefore, the

adsorption on both magnesium oxide and yttrium oxide surfaces is possible. The sur-

face resistance against corrosion was studied after functionalization. The substrates

coated with DDPO4 SAMs behave similar to the unfunctionalized substrate. High

corrosion resistance is still possible, but due to the high deviations observed, highly

dependent on the sample. This is remarkable due to the fact that the uppermost

magnesium oxide / carbonate layer is already (partially) dissolved as proven by XPS

analysis. The best explanation is that a barrier role against water penetration was

performed by the hydrophobic coating, which resists against pitting corrosion, but

then subsequently, due to the inhomogeneities in the self-assembly structure, the

water is penetrating into the cracks of the yttrium oxide layer, inducing pitting

corrosion, comparable to the behavior of the bare substrates. A different corrosion
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behavior was found for the samples functionalized with the PEG polymers. The de-

viations between samples was much less in the EIS measurements, yielding in more

comparable results. The resistance was always in between the best and the worst

behaving bare substrates, thus the polymer adlayer induces a more homogeneous

corrosion property. Additionally, it seems that the pitting corrosion was reduced in

favor of a more homogeneous corrosion mechanism - less scattering at smaller fre-

quencies was observed for these samples during corrosion measurements.



CHAPTER 5
Poly(phosphonates) for lubricant

applications on Steel

5.1 Introduction to Friction and Tribology

5.1.1 General

Tribology is defined as the science and technology of interacting surfaces in relative

motion and focuses on friction, wear and lubrication phenomena [261]. Rolling and

sliding applications are central to many technologies in our society. The basics of this

technology are very old (e.g. the development of bearings or low-friction surfaces),

and have constituted the basis of a vast number of engineering and everyday applica-

tions. The fundamental understanding of the interaction between friction, lubrication

and wear processes is important to achieve prolonged lifetimes of mechanical devices

or for improvements in energy economy [262].

161
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N

FF
R

Figure 5.1: The external force F applied to the block which is in contact with a sur-
face, induces an interfacial friction force FR that counteracts the relative movement
between the two bodies [262]

5.1.2 Friction

The friction force FR is defined as the force occurring at the interface of two bodies

that counteracts the relative movement. This is shown in Fig. 5.1, where an external

force F is applied to a block that is in contact with a surface. As long as the applied

force F is smaller than the static friction force FRS, the block does not move. When

the external force F starts to overcome the static friction force (F > FRS), the block

starts to move in the direction of the applied force. The resulting friction force in

relative motion is then called dynamic friction force FRD [262].

The coefficient of friction µ is a characteristic parameter that describes the frictional

properties between two sliding bodies. It is defined as the ratio between the friction

force FR and the normal force N . The dynamic friction coefficient is normally lower

than the static friction coefficient.

µ =
FR

N

This fundamental law was found by Leonardo da Vinci (1452 – 1519) and rediscov-

ered by Guillaume Amontons (1663 – 1705) in 1699 and is therefore usually called

Amontons’ law. In 1785, Charles Augustin de Coulomb discovered a third law of tri-
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bology. All three fundamental laws of tribology are, however, of an empirical nature

and can be summarized as:

The friction force is

1. proportional to the normal force

2. independent of the apparent contact area

3. independent of the sliding velocity

These laws are valid for many tribological contacts, lubricated and non-lubricated

scenarios, but there exist some cases, in which these laws are no more valid, especially

in case of polymers used as tribological contacts.

5.1.3 Wear

Mechanical contact and relative movement of the sliding surfaces generally causes

wear, which can be described as a progressive loss of material from a surface. In

general, different wear mechanisms can be distinguished [261,263]:

Adhesive wear occurs mainly in sliding contact of two bodies. Adhesion between

asperity contacts, which are sheared by sliding leads to a detachment of frag-

ments from one side of the surface and to a transfer of those fragments to the

other surface. In a further stage of wear, these fragments may become loose

wear particles.

Abrasive wear occurs mainly in the contact of a hard, rough surface with a softer

surface. The harder, rough surface damages the softer surface by plastic de-

formation, fracture or scratching. Another possibility is the introduction of
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abrasive grits sliding between the surfaces, with at least one of the surfaces

being softer than the particles.

Fatigue wear is mainly observed for sliding and rolling, where repeated loading and

unloading cycles lead to the formation of subsurface or surface cracks, which

result after several cycles in the fracture and breakup of larger fragments from

the surface.

Others summarizes all wear mechanisms not connected to sliding/rolling and in-

cludes impact wear, such as erosion or percussion, chemical wear, reactive wear,

electrical-arc induced wear or fretting caused by vibrations.

For sliding (and rolling) mechanisms, the wear volume per sliding distance Q can be

related to the normal load N and the hardness of the material H, by using the so

called Archard wear equation

Q =
K ·N
H

5.1.4 Lubrication

In most engineering applications, lubricants are used in order to reduce friction.

The basic principle is the introduction of an additional layer between two sliding

surfaces, which has low shear strength. There exist solid, liquid or gaseous lubricants

to reduce both friction and wear between surfaces in relative motion. Still, liquids

represent the most common materials used for lubrication purposes. Fig. 5.2 shows

a generalized Stribeck curve, which is of empirical nature. It shows the variation of

the friction coefficient as a function of the quantity η · υ/N , where η is the viscosity

of the lubricant, υ is the relative sliding velocity and N is the normal load [262].
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Figure 5.2: The empirical Stribeck curve describes the variation in the coefficient of
friction as a function of ηυ/N for lubricated contacts

There are three different, principal lubrication regimes visible in the Stribeck curve:

1. Hydrodynamic lubrication (HL) / Elastohydrodynamic lubrication (EHL), de-

pending on the contact geometry

2. Mixed lubrication (ML)

3. Boundary lubrication (BL)

The basic differentiation between these lubrication regimes is the lubricant film thick-

ness, which separates the sliding surfaces and influences the measured friction forces

and the resulting wear.

Hydrodynamic lubrication (HL) In this lubrication regime, the sliding surfaces

are separated by a relatively thick lubricant film in comparison to the asperity height.

That high lubrication film thickness is supporting the applied normal load by its hy-

drodynamic pressure. The contact between the two surfaces needs to be (nearly)
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Table 5.1: The four elastohydrodynamic lubrication (EHL) regimes

EHL regime Elastic deformation Viscosity increase
Isoviscous-rigid No No

Piezoviscous-rigid No Yes
Isoviscous-elastic Yes No

Piezoviscous-elastic Yes Yes

parallel over a relatively large area in order that the lubricating effect becomes pre-

dominant (conformal system). Additionally, this lubrication regime dominates when

sufficiently viscous lubricants are employed under high-sliding-speed conditions. The

viscous drag of the lubricant is then largely determining the resulting coefficient of

friction. Due to the very thick lubricant film, this regime is sometimes referred to as

full-film lubrication. The film thickness is always much higher than the arithmetic

surface roughness, Ra. Because of the absence of asperity contacts, wear is assumed

to be negligible [262].

Elastohydrodynamic lubrication (EHL) This lubrication regime is found for

non-conforming geometries, where a point or line contact between the sliding part-

ners is given. Then, high local pressures are present. Besides the increase in lubricant

viscosity with pressure, elastic deformation of the contacts has to be considered in

the EHL regime. High local contact pressures and thus considerable elastic deforma-

tions are frequently found for non-conforming contacts such as for sphere-on-plane

geometries. Depending on the relative role of the two basic parameters in EHL, i.e.

elastic deformation of the solids under applied load and increase in lubricant viscos-

ity with pressure, Hamrock and Dowson [264, 265] have defined four different EHL

regimes that are presented in Tab. 5.1.
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Mixed lubrication (ML) With higher loads and/or slower sliding speeds, the

separating lubricant film between the two surfaces gets thinner. When the lubricant

film thickness is approaching the value of Ra, first asperities get in first, intermittent

contact. It is the intermediate regime between full film lubrication and boundary

lubrication.

Boundary lubrication (BL) At high loads and/or low sliding speeds, more and

more severe sliding conditions occur, in which it is difficult to maintain even thin

lubricant films between the contacting surfaces and more and more asperity contact

is predominant. The film thickness is always smaller than the surface roughness Ra.

This regime is called the boundary regime and shows high friction and wear.

The first introduction of the phenomena of boundary lubrication was by the term

“oiliness” when mineral oils began to replace vegetable oils as lubricants in industry

during the late 19th and the beginning of the 20th century. The comparably worse

behavior of mineral oils at high loads even at same viscosities led to the introduction

of the term “oiliness”. This was a measure for the ability of an oil to reduce fric-

tion in boundary lubrication [266] and could be tuned by the addition of long-chain

carboxylic acids (fatty acids) [267]. The most accepted explanation is that the car-

boxylic acids adsorb to the surface, forming a monolayer film, which prevents direct

contact of the surfaces and introduces a shear plane between both friction partners.

However, there are indications for a change in the structure of the adsorbed mono-

layer, when water is present at the interface. Then a highly swollen, thick multilayer

film is formed, which is destroyed under higher loads, but can be reformed [267].

Today, a more general definition is used, namely molecules that are able to pro-

tect the sliding surfaces under boundary lubrication conditions are called boundary

lubricants. Boundary lubrication becomes predominant if liquids with a low pressure-

coefficient of viscosity are employed as base lubricants or if the contact pressure be-
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Figure 5.3: Boundary lubricants protect the tribologically stressed surfaces by pre-
venting direct asperity contact in the absence of a fully separating lubricant film

tween both sliding partners becomes very high. The build-up of a separating film be-

tween the contacts is circumvented in this case. The lubricating fluid cannot support

the external load and is therefore squeezed out of the contact area. Some boundary

lubricants, however, can enable the generation of a protecting lubricant film, where

the base lubricant is incorporated into the boundary lubricant layer. Under these

circumstances, the viscosity of the lubricant becomes secondary, because the low

shear-strength interface mainly arises from the adsorbed boundary-lubricant layer

on the surfaces. Suitable molecules possess a high surface affinity and ideally form

a dense monomolecular layer to protect the surface. This is the case for both SAMs

or polymer brushes, as shown in Fig. 5.3. Direct asperity contact can therefore be

prevented and ideally is combined with a reduction of the adhesion between asper-

ities compared to that of the “unprotected” surfaces. This lubrication mechanism is

generally known as “adsorption lubrication”. The effect increases with lower lubricant

film thicknesses and higher number of asperity contacts.
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5.2 Surface Properties and Applications of Steel

The most common and widely used metallic material in today’s society is steel. Steel

is an alloy consisting mainly of iron with a normal carbon content lying between

0.2 - 2%. In a simplified, historical definition, steel can be described as an alloy

of iron and carbon, but today, this description is no longer applicable. In some

very important steel alloys, e.g. interstitial-free steels and type 409 ferritic stainless

steels, carbon is considered as impurity and thus only quantities of a few parts

per million are tolerated. Other hardening agents, such as manganese, chromium,

vanadium, tungsten, silicon, nickel, molybdenum, niobium and aluminum are used

in the wide range of different steel alloys. These elements prevent dislocations in

the iron atom crystal lattice from sliding past one another. Furthermore, particular

properties such as strength, hardness, corrosion resistance, magnetic permeability

and machinability are achieved by these alloying elements. The final properties, such

as hardness, ductility and tensile strength are influenced by even small variations

of the amount of alloying elements and the form of their presence in the steel, e.g.

as solute elements or as a precipitated phase. Steel with increased carbon content

becomes harder and stronger than iron, but loses ductility compared to pure iron.

By definition, steel always contains at least 50% iron, and must contain one or more

alloying elements [268,269].

An important example for the versatility of steel is in the automobile industry, where

it is still the material of choice and accounts for over 60% of the weight of the vehicle.

Steel is highly formable and corrosion resistant, especially when coated with zinc-

based coatings. That is why it is used for the outer contours of the body, and is

strong and therefore used in the body frame, motor brackets, driveshaft and door

impact beams of the vehicle and provides exceptional energy absorption in case of

a collision. Additionally, steel is comparably inexpensive, especially in contrast to
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other competing materials, e.g. aluminum, magnesium or various plastic materials.

Another positive effect is its easy recyclability and magnetic separability [268,269].

These outstanding properties are not only due to the composition of different alloying

elements (binary and ternary phase diagrams), but as well heavily influenced by

basic metallurgical principles. Especially different processing (rolling, casting, basic

oxygen furnace, ...) and the microstructure (heat-treatment, annealing, hardening,

quenching, ...) influence the properties [268,269].

5.3 Motivation

Steel is still the most important surface for lubrication, and oil the most commonly

used lubrication fluid. The main motivation of this work was the development of a

polymer additives for oil lubrication, which acts in the boundary regime under the

formation of a surface brushes. The modular synthesis approach for graft-copolymers,

together with the phosphonate surface anchor and grafted hydrophobic side-chains

was used to explore boundary lubrication. However, the polymer has to face two

major challenges, namely the full solubility in apolar oil and surface activity to form

polymer brushes at steel surfaces. In order to achieve real oil solubility, the POMA

backbone was chosen, because of its higher apolarity due to hexadecane side-chains

present at each repetition unit. Oil soluble poly(1,2-butylene glycol) monobutylether

was used as polymeric side-chain and the phosphonate surface anchor for chemisorp-

tion. The synthesis of the polymer is described in Chapter 2 and the polymer was

named POMA(0.40,0.60, Butanol), indicating the grafting densities as used during

synthesis. The performance of the polymer additive as boundary lubricant will be

investigated mainly by characterizing the coefficient of friction and the wear perfor-

mance using a pin-on-disk tribometer and a mini traction maschine.
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Table 5.2: Elemental composition of 100Cr6 steel according to EN ISO 683-1

Element C Cr Mn S P Si

wt. % 0.95–1.100 1.35–1.85 0.25–0.45 < 0.025 < 0.025 < 0.15-0.35

5.4 Steel substrates

The balls (4 and 6 mm diameter, Hydrel GmbH, Romanshorn, Switzerland) and

disks were made of common bearing steel 100Cr6 (AISI 52100, DIN 1.3505). This

steel, a ferritic Cr alloy, is one of the most widely used materials for bearings. The

composition according to EN ISO 683-1 is shown in Tab 5.2. Usual tolerances are

within ±0.1%.

The steel can be hardened by heating it in to 800-830°C and a subsequent cooling

in water or oil. In this work, hardened balls and non-hardened disks were used.

Before each test, the disks were ground with shrinking grain sizes up to 4000 SiC-

paper and subsequently polished with 3 �m, 1 �m and 1/4 �m diamond particles on

both sides, including the edges. After each step all samples were cleaned by ultra-

sonication in isopropanol, dried and the progress controlled by optical microscopy.

The surface roughness after polishing was measured with optical profilometry to be

Rq = 6± 1.5 nm (rms roughness) and Ra = 5± 1.5 nm (arithmetic roughness).

The hardness of the disks (non-hardened 100Cr6) and the balls used for the pin-

on-disk tests (hardened 100Cr6) was tested by Vickers indentation and found to

be 195± 10HV10 (Brickers 220, Gnehm, Switzerland) and 810± 20HV1 (MTX-CX

Microhardness V-Testor 4901, Wolpert AG, Germany), respectively.

The steel surfaces were cleaned as described in Sect. 7.9.2 by ultrasonication in petrol-

ether and ethanol and subsequent plasma cleaning. The surface was characterized by

means of XPS. The elements C, O, Fe, Si, Cr and Mn could be found at the surface.

Especially the alloying components Si, Mn and Cr could be detected as very small
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(a) (b)

(c) (d)

(e) (f)

Figure 5.4: XPS (Sigma2) detail spectra of clean steel: (a) C1s spectrum, (b) O1s
spectrum, (c) Fe2p spectrum, (d) Si2p spectrum, (e) Cr2p spectrum and (f) Mn2p
spectrum. (Sigma 2 instrument)
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Table 5.3: Experimental atomic composition of the bare steel surface derived by XPS

Elemental at-%
C 7.5± 1.5

O 67± 1

Fe 20± 2

Si 3± 1

Cr 0.7± 0.3

Mn 0.5± 0.3

peaks, resulting in very low signal-to-noise ratios. The resulting spectra are shown

in Fig. 5.3. For the Fe, Cr and Mn peak, only the respective 2p3/2 peak was taken

into account to determine the surface concentration. The atomic concentrations are

summarized in Tab. 5.3

5.5 Polymer Characterization

5.5.1 XPS Characterization of hydrophobic polymer on

Titanium oxide

As explained in Sect. 2.8, the characterization of the polymers was hindered by the

high amphiphilic behavior of the polymers. That is why the polymers were intended

to be characterized after adsorption to the surface. Since the best characterized sur-

face is the titanium oxide surface, where the PEG-ylated, hydrophilic polymers were

already proven to adsorb stably, that reference surface was chosen. The polymer was

adsorbed from 0.5 mg/ml heptane solution. The peak fitting was performed with

identical constraints as explained in 3.4.2. Since for that polymer, ester and amide

bonds are present at the polymer, literature values for the differences in the B.E.

contribution of amide and ester bonds were compared, resulting in comparable B.E.
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(a) (b)

(c) (d)

(e)

Figure 5.5: Peak modeling of the detail XPS spectra, measured with the Theta probe
instrument. The subfigures show (a) C1s, (b) O1s, (c) N1s, (d) P2p and (e) Ti2p
XPS detail spectra (Theta instrument)
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for the resulting peaks. The chemical contributions, however change slightly. For the

C1s spectra, the hydrocarbon peak is still referenced to a B.E. of 285 eV, but is

now the predominant species. Two carbonyl contributions could be fitted into the

spectrum, resulting in two peaks with a fixed relative area of 1:1, namely the free

carboxylic acid and the combined contribution of the respective amide and ester

carbonyl contribution. The peak indicating ester groups contains contributions from

the carbon directly connected to the oxygen of the ester group. The peak labeled

“Mixed” contains the contributions of the neighboring hydrocarbons directly con-

nected at both sides of the amide group. Additionally, the neighboring hydrocarbon

to the carbonyl group of the free carboxylic acid and of the ester bond is contribut-

ing to that peak. For the oxygen peak, five contributions were fitted. The carbonyl

contributions of the amide and the ester are fitted in one peak, whereas the carbonyl

contribution of the respective free carboxylic acid is fitted at slightly higher BE.

The second contribution of the free carboxylic acid can be found at the highest BE.

The signal of the connecting oxygen of the ester bond is fitted together with the

contributions of the grafted ether chains. The other peaks are fitted according to

the fitting procedures explained above (Sect. 2.8). The resulting fits are illustrated

in Fig. 5.5. The grafting with the polyether side-chain resulted in very low grafting

densities, as it can be clearly seen in the resulting spectra. Taking into account the

contribution of the ester bonds derived from the backfilling with butanol also present

in that peak, the contribution of the ether peak is even smaller. Since the ether peak

should derive from the poly(1,2-butylene glycol) side chains, the grafting density can

be concluded to be close to zero. However, the low grafting density can be calculated

from the XPS component composition, as shown in Tab. 5.4.

In Tab. 5.4 , the surface concentration of the fits and the total elemental concentration

is summarized. The grafting density of the phosphonates can be calculated from the

atomic concentration of phosphorus present at the surface. As reference, the free
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Table 5.4: Experimental component composition of the polymer adsorbed to titania,
derived from peak fitting of the XPS detail spectra. The abbreviation “mixed” consists
of the contributions -CH-C(O)OH/ -CH-C(O)-O-CH2/ -CH-C(O)-NH-CH2-

Element Component at-% total at-%

C1s

C-C 43± 2

58± 2

-CH2-O-CH2- / -C(O)-O-CH2 4.4± 0.5

-C(O)-O- / -C(O)-NH- 2.3± 0.2

-C(O)OH 2.3± 0.2

“mixed” 5.5± 1

O1s

Ti-O 19.5± 0.7

33± 3

CH2 -O-CH2 / -C(O)-O-CH2 3.3± 0.5

-C(O)OH 2.1± 0.3

-C(O)OH 2.1± 0.3

–C(O)-NH- 5.6± 0.5

N1s
0.2± 0.1

0.3± 0.1
0.10± 0.05

P2p 0.6± 0.05 0.6± 0.05

Ti2p 9.0± 0.6 9.0± 0.6

carboxylic acids are used. The free carboxylic acids are formed quantitatively by the

ring-opening process during synthesis, thus the ratio phosphorus to carboxylic acid

can be used to determine the grafting density of the surface anchor. The grafting

density of the surface anchor is therefore 0.30 ± 0.05 and thus slightly below the

expected grafting density of 0.4, assuming quantitative reaction during synthesis. The

grafting density of the ether side-chains can be approximated in using the information

of the peaks containing the contributions of the ether and the ester. Assuming a full

ring-opening of the unreacted anhydride rings by the backfiller, the ester content

can be approximated from the grafting density of the surface anchor, thus being

0.70± 0.05. The resulting contribution of the ester to the peak in question is in the

order of 1.5± 0.1 at-% and has to be subtracted. The resulting at-% resulting from

the ether is therefore 1.5-1.8 at-%, normalized to the contribution of one atom per

repetition unit of the polyether. Taking into account the number of monomer units
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per polymer chains (20 repetition units per chain for a molecular weight of 1.5 kDa),

the approximated grafting density of the poly(1,2-butylene glycol) side chains can

be calculated to be 0.04± 0.01. Therefore, only 4% of all rings are reacted with the

polyether chain, resulting in statistically 2 poly(1,2 butylene glycol) chains grafted

onto each polymer backbone.

5.5.2 XPS Characterization of hydrophobic polymer on steel

The polymer was adsorbed on polished 100Cr6 steel from heptane and characterized

by XPS. The C1s spectra can be fitted as explained above for the polymer investi-

gated on titania, the resulting fit is shown in Fig. 5.6(a). However, the phosphorus

and the nitrogen peak could not be well resolved, resulting in a much lower concen-

tration of phosphorus and nitrogen. A fit of the O1s peak was not performed. Two

main peaks are visible, which can be assigned to iron oxide and iron hydroxide at

higher BE. A comparison of the O1s peak of bare and polymer coated steel samples

are shown in Fig. 5.6(b).

Tab. 5.5 summarizes the atomic percentages obtained for all fits and all elements. Due

to the highly reduced phosphorus and nitrogen content, a much lower grafting density

of 0.04 was calculated for the surface anchor. It seems that the polymer adsorbing at

the surface has a highly reduced amount of phosphonate surface anchor, compared

to the XPS analysis on titania surfaces. This indicates a preferential adsorption of

polymer chains with a much lower phosphonate content. Since the polymers are sta-

tistical polymers, bearing more or less phosphonates, apparently the polymers with

less phosphonate content adsorb much better to the surface. This could be due to

preferential adsorption, having a higher affinity of the carboxylic acids with the sur-

face. Still with the help of the calculated low grafting density of phosphonate surface

anchor, the grafting density of the poly(butylene glycol) side-chains was calculated
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(a) (b)

Figure 5.6: XPS spectra of the polymer POMA(30:70,Butanol adsorbed on Steel: (a)
C1s peak and (b) O1s peak (of polymer and bare substrate), measured at the Theta
instrument

as explained above, resulting in a grafting density of 0.03 ± 0.01, which is in good

agreement with the value obtained at the titanium oxide surface.

5.5.3 Dry and swollen layer thickness

The dry and swollen layer thickness was characterized on titania using VASE (c.f.

Sect. 7.2.1) and neutron reflection (c.f. Sect. 7.2.6) measurements, as it was already

discussed for the PEG-ylated polymers in Sect. 3.4.4. For both systems, titanium

oxide surfaces were used. The dry layer thickness was measured to be 2.2 ± 0.1

nm. The swollen polymer layer thickness was investigated by neutron reflectometry

measurements at the “MINE” neutron reflectivity facility at the Japanese Atomic

Energy Agency in Tokai village (Ibaraki) in Japan (angle dispersive reflectometer).

After fitting of the neutron scattering data (reflectivity profiles), as presented in

Sect. 7.2.6, both the swollen thickness and the amount of deuterated hexadecane in

the polymer brush could be calculated. The swollen layer thickness was calculated

to be 3.0 ± 0.2 nm and a hexadecane content in the polymer layer on the order of
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Table 5.5: Experimental component composition of the polymer adsorbed on 100Cr6
steel, derived from peak fitting of the XPS detail spectra. The abbreviation “mixed”
consists of the contributions -CH-C(O)OH/ -CH-C(O)-O-CH2/ -CH-C(O)-NH-CH2-

Element Component at-% total at-%

C1s

C-C 46± 4

66± 3

-CH2-O-CH2- / -C(O)-O-CH2 3.0± 0.4

-C(O)-O- / -C(O)-NH- 3.0± 0.4

-C(O)OH 3.0± 0.4

“mixed” 9± 3

O1s 26± 2 26± 2

N1s
0.05± 0.01

0.1± 0.1
0.05± 0.01

P2p 0.1± 0.05 0.1± 0.05

Fe2p 7± 3 7± 3

Cr2p 0.4± 0.1 0.4± 0.1

20%. Due to the very low grafting density with poly(1,2-butylene glycol) side chains,

a low increase in layer thickness in contact to the solvent was expected. Compared

to the PEG-ylated polymers, as discussed in Chapter 3, the relatively low swollen

layer thickness is due to the much lower grafting density of the poly(alkylene glycol)

chain present here. Additionally, the solvent content inside the layer is much lower

than in the case of the PEG-ylated polymers. Due to the low grafting density, the

solvent is mainly found between the relatively short hydrocarbon chains originating

from the octadecene repetition units and thus the solvation content is much lower

than it would be in a much thicker and more flexible polymeric brush. However, the

swelling proves the ability of the polymer to form a polymeric layer on top of the

surface, capable to integrate and hold the solvent inside the grafted side chains. Due

to the swelling the introduction of a probable shear plane outside of the polymeric
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n

Figure 5.7: Chemical structure of the poly(α-olefin) PAO-166

film can be assumed, which could facilitate the slip between tribostressed surfaces

and therefore act as boundary lubricant.

5.6 Polymer additive for lubrication

The polymer POMA(0.3,0.04, butanol) was used as additive for oil lubrication.

Poly(α-olefin), PAO-166 (Nexbase 2006, Neste Oil N.V., Beringen, Belgium), a syn-

thetic oil, consisting of branched hydrocarbons was used as base oil. The correspond-

ing structure is shown in Fig. 5.7. The physical properties are a density of 830 kg/m3

and a viscosity of 43 mPas at 25°C. Due to its apolar character, the solubility of the

additives is crucial.

In order to be able to investigate wear effects, hardened 100Cr6 steel balls against

non-hardened 100Cr6 steel disks were used, forcing the wear to be mainly at the disk.

Additionally, a hardened ball ensures a much more constant contact area during the

measurements.

5.6.1 Calculation of the lubrication regime

The lubrication regime can be calculated from the material properties of the contact-

ing solids (Young’s Modulus 2.1 · 1011 Pa, Poisson’s ratio 0.3) and of the lubricant

(Pressure-viscosity coefficient 1.45 · 10−8 Pa-1, dynamic viscosity 0.025 Pas) and the
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experimental conditions, like sliding speed and applied load and the geometry of the

contacting surfaces (sphere on disk, ...) using dimensionless parameters, as described

in the papers of Hamrock [264, 265]. From these, the film thickness of the lubricant

between the contacting surfaces can be calculated. The calculations were performed

in using a Matlab Program, developed and maintained by Dr. Jarred Clasohm, based

on the formulae presented by Hamrock et al. [264,265].

The calculations were based on a pin-on-disk experiment with both surfaces con-

sisting of 100Cr6 steel and PAO-166 as lubricant. The calculations were performed

for 2 different radii, namely 3mm and 2mm, corresponding to the experimental ge-

ometries of the static and oscillating load tribometer. Applied load and sliding speed

were varied in a broad range, namely from 0.0001 - 0.01 m/s sliding speed and 1-10 N

as applied load. The two calculated dimensionless parameters as defined in [264,265]

were calculated:

• the dimensionless Elasticity parameter gE has the value of 3.35 · 103

• the dimensionless Viscosity parameter gV ranges from 4 · 108 to 1 · 1017

For these values, all experimental conditions investigated are within the piezoviscous-

elastic regime (c.f. Sect. 5.1) [264, 265]. These calculations, however simplify the

situation present in real experiments. Taking into account the actual, measured RMS

surface roughness of the polished disks (Rq = 6 nm) as described in Sect. 5.4 and

the film thickness that is always calculated to be lower than 2 nm, the separation

of the tribopair is much smaller than the height of the asperities. This leads to

a predominant hard-hard contact of the asperities, directing the regime towards

boundary regime.

The film thicknesses depending on load and sliding speed as obtained from the cal-

culations are summarized in Fig. 5.8. With higher loads and slower speeds, the film
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thickness is decreasing. Smaller radii of the ball also decrease the film thickness. It

can clearly be observed, that a variation of the applied load is not as efficient as

a reduction in speed to decrease the actual film thickness and thus directing the

lubrication regime towards boundary lubrication conditions.

5.6.2 Pin-on-disk Measurements

Constant load

First Pin-on-disk Measurements under constant load of 1 N and varying speed, as de-

scribed in Sect. 7.3.1 were always performed with additive concentrations of 2 mg/g.

The planarity of the disk could not be guaranteed during these measurements. The

fluctuation of the coefficient of friction that was therefore observed during one turn

of the disk was averaged. Towards slower sliding speeds, the amplitude of these fluc-

tuations increased, indicating a change of the friction or wear behavior. Because of

the non-stoichiometric reaction reactive polymer backbone with the poly(butylene

glycol) side-chain yielding POMA(0.3,0.04, butanol), the latter still contains unre-

acted, free poly(1,2-butylene glycol). There was a need to compare the effect of the

polymer with the effect of just the side-chain itself, both dissolved in PAO. As a ref-

erence, pure PAO was used. The results are shown in Fig. 5.9. Towards lower speeds,

the coefficient of friction is rising for the pure base-oil, but also for the poly(1,2-

butylene glycol) side chain when used as an additive, whereas the polymer additive

POMA(0.3,0.04, butanol) influences the coefficient of friction to stay at lower values

when approaching lower sliding speeds. Even at higher sliding speeds, the values

for the coefficient of friction were slightly lower for both additives in comparison to

the pure base-oil. This could be an indication of a viscosity effect, probably mainly

induced due to the free poly(1,2-butylene glycol) chains.
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(a)

(b)

Figure 5.8: Calculated dependence of the film thickness on (a) load (for a ball radius
of 3 mm) and (b) sliding speed (for ball radii 2 and 3 mm) for the base oil PAO,
based on the formulae of Hamrock et al. [264,265]
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Figure 5.9: Constant load measurements

Cyclic load test

Cyclic load tests as described in Sect. 7.3.1 were performed to investigate the fur-

ther behavior of the additives (2 mg/g) at higher loads and different sliding speeds.

Additionally, wear rates were calculated. The wear rate was calculated as explained

in Sect. 7.3.1. Basically, the cross-section area of the wear track was measured by

means of optical profilometry and then the wear rate was calculated. The wear rate

has the unit [mm3/m] and describes the volume loss by wear per sliding distance. It

has to be mentioned, that the wear rate is not normalized by the applied load and

thus a correlation with the applied load is possible. The results are shown in Fig.

5.10.

There is no visible influence on the coefficient of friction between the measurements

of pure PAO and PAO + Additives. The coefficient of friction seems to be slightly

lower with the POMA(0.3,0.04, butanol) additive, but still the decrease is within

the experimental deviation. Here, the disk was adapted for planarity, yielding a
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(a)

(b)

Figure 5.10: Cyclic load tests at 5 mm/s (a) coefficient of friction and (b) wear rate
for pure PAO, PAO + PBG-OH and PAO + POMA(0.3,0.04, butanol) polymer
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stable coefficient of friction during one turn of the plate. It has to be emphasized

here that no shift towards higher COF is visible during these experiments and that

a viscosity effect induced by the addition of the small amount of poly(1,2-butylene

glycol) as additive is not confirmed by these measurements, which are more accurate.

As already discussed based on the calculations shown in Fig. 5.8, a variation in sliding

speed is much more efficient than a variation in load, in decreasing the lubricant

film thickness. Therefore, much lower lubricant film thicknesses could be achieved

in measuring the speed dependence, even at quite low, constant loads of 1N (Fig.

5.9). In looking at the calculated film thicknesses in Fig. 5.8, the cyclic load test

performed at a speed of 5 mm/s changes the actual film thickness separating the

tribopair between 0.75 and 1 nm. Slowing down the sliding speed for the cyclic load

test, stick-slip behavior of the tribopair was observed, especially when increasing

load.

There is a clear trend in the wear rate: the POMA(0.3,0.04, butanol) additive re-

duces the wear under the same conditions of the cyclic load test. Even though the

error bars are quite high, the average reduction is on the order of 20-30%. The pure

side-chain PBG-OH as additive does not influence the wear rate and thus behaves

comparably to the pure PAO. Although the COF is not highly reduced by the poly-

mer additive, there is a clear trend towards lower wear. This could indicate a slower

or retarded wear process or even a change in the wear mechanism. Especially apolar

oils like PAO or hexadecane have low dielectric constants (refractive index). Due

to the resulting, higher Hamaker constants, an enhanced van-der-Waals adhesion is

occurring between contacting surfaces. This adhesion phenomenon could easily be-

come the dominant wear mechanism. Wear due to adhesion can be highly reduced

by polymer coatings. This change in adhesion with and without polymer coating was

investigated by atomic force microscopy using force-distance measurements (c.f. Sect.

7.2.7). However, these were not conducted on steel vs. steel surfaces, but on titania
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Figure 5.11: AFM force-distance curves of polymer-coated with POMA(0.3,0.04, bu-
tanol) and uncoated, bare titania surface for approach and retraction with a silicon
oxide colloidal probe of 20 micrometer diameter

surface vs. silicon oxide sphere, using a colloidal probe AFM. In order to decrease

viscosity effects of the oil on the measurement, hexadecane was used instead of PAO.

Since both are highly comparable in their chemical structure, the effect is supposed

to be comparable with that occuring under PAO.

Fig. 5.11 shows the resulting force-distance curves for bare and coated substrate with

POMA(0.3,0.04, butanol) . The polymer-coated surface was prepared by adsorption

from a 0.5 M solution of n-heptane. The difference in adhesion for the retracting path

is clearly visible and indicates the high adhesion force present when separating two

bare, oxide surfaces. This adhesion is highly reduced after the polymer adsorption.

Upon sliding, these adhesion forces induce wear. Due to the lower adhesion forces

present at polymer coated surfaces, the resulting wear is highly reduced compared

to a bare contact. This effect explains well the different wear rates observed in the

cyclic load experiments.
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Table 5.6: Experimental summary of the MTM measurements, summarizing the dif-
ferent base oils and additives used

Oil type
PAO-166 DITA
pure oil pure oil

oil + 2 mg/g polymer oil + 2 mg/g polymer
oil + 2 mg/g stearic acid

5.6.3 Mini Traction Machine

In order to investigate a bit further the influence of the polymer additive at lower

sliding speeds, especially without the occurrence of stick-slip phenomena, the mini-

traction machine was chosen. Here, the main principle is a combination of rolling

and sliding of a ball over a surface with independent turning velocities of the ball

and the disk. The ratio of these independent turning velocities leads to the slide-roll

ratio (SRR), which is defined in Sect. 7.3.2. Here the harsh conditions of pure sliding

and the light conditions of pure rolling can be varied with all intermediate states

being possible. The new parameter (SRR) can be varied independently of load and

relative speed. Due to the high dynamic range possible in the relative speed, Stribeck

curves can be acquired without problems. Due to the combined rolling and sliding,

stick-slip phenomena are not present.Tab. 5.6 summarizes the different base oils and

additives used within this study.

MTM Investigation of POMA(0.3,0.04, butanol) in PAO

In a first series of measurements, PAO-166 with the polymeric additive was investi-

gated as before. The results are summarized in Fig. 5.12

Different SRR are compared at a load of 7N, and, additionally a higher load of

15N is investigated at a low SRR. At high speeds, a perfect overlap of the MTM
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(a) SRR20, 7N (b) SRR50, 7N

(c) SRR80, 7N (d) SRR20, 15N

Figure 5.12: MTM Measurements performed in PAO-166

curves with and without additives can be found. This proves that no viscosity effect

is introduced by the polymer additive. At lower speeds, the polymer always shows

a significant reduction in traction coefficient and proves that it acts as a boundary

lubricant. With higher loads, the effective reduction in traction coefficient decreases.

At a SRR of 20%, a reduction factor of 3.5 is achieved at lowest speeds, whereas at

a SRR of 80% or at higher loads, still a reduction factor of 1.5 is achieved.
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MTM investigation of POMA(0.3,0.04, butanol) and stearic acid in

DITA

In order to compare the performance of the polymer in another, more polar oil,

the same measurements were performed in diisotridecyl adipate (DITA). DITA is

the diester of the diacid adipic acid (hexanedioic acid) with isotridecan-1-ol. Due to

the ester functionalities inside the oil, it is much more polar than PAO and thus,

facilitates dissolution of additives. Stearic acid is one of the oldest and still commonly

used boundary lubrication additives. It is, however, not soluble in PAO, but is soluble

in DITA and is thus used to compare the performance of the polymer additive.

The MTM measurements in DITA are summarized in Fig. 5.13. No viscosity effect

is observed at high speeds. At low SRR of 20%, a reduction in the TC is observed

for both stearic acid and the polymer additive. Interestingly, the reduction of the

TC is comparable for both additives, resulting in a reduction factor of 1.5. However,

for higher SRR or higher loads, the TC of stearic acid overlaps with the TC of pure

DITA and no boundary lubrication effect is visible anymore. The polymer additive,

however shows a constant reduction of the TC of a factor of 1.3 at higher SRR or

higher loads. It seems that the stearic acid is only an active boundary lubricant

at very low applied loads or SRR. Under harsher conditions, the additive does not

influence the TC. This can be explained by the comparably low adsorption energy

of the carboxylic acids, which could get desorbed easily by the applied load and

shear stress. Here the monofoot adsorption of stearic acid has to be compared to the

much more stable multifoot adsorption of the polymer, explaining the much higher

stability of the polymer at the surface.

Comparison of the additives performance
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(a) SRR20, 7N (b) SRR50, 7N

(c) SRR80, 7N (d) SRR20, 15N

Figure 5.13: MTM Measurements performed in DITA

Performance of the base oils A comparison of the influence of the SRR and

the load on the traction coefficient is summarized in Fig. 5.14. For the pure PAO, the

observed Stribeck curve is similar for all different SRR and loads applied, resulting in

relatively close values of the TC for the same speed but different conditions. However,

the DITA base oil shows a different behavior. The Stribeck curve obtained for low

SRR is visibly shifted towards lower traction coefficients. This could be explained

by a weak interaction of the DITA molecules, especially of the ester functionalities

with the oxide surface. Another possible mechanism would be the partial cleavage of

some ester bonds due to the harsh conditions, resulting in surface-active carboxylic
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(a) PAO (b) PAO + Polymer

(c) DITA (d) DITA + Polymer

(e) DITA + stearic acid

Figure 5.14: Influence of SRR on TC in both oils
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acid species. Both possibilities could lower the TC at mild conditions, whereas under

harsher conditions, the interaction with the surface seems to be hindered, resulting

in a Stribeck curve shifted towards higher SRR.

Performance of the additives The polymer additive shows in both base oils a

reduction in the TC depending on the SRR. For a SRR of 20%, the Stribeck curve

is shifted towards lower TC in both cases, whereas at higher SRR, the individual

Stribeck curves seem to be closer. However, even at higher SRR or higher loads, the

reduction in TC at the boundary lubrication regime is much more pronounced in

case of the polymer additive in PAO. The stearic acid, however shows a comparable

effect, a shifted Stribeck curve to lower TC for the SRR of 20%. However, the Stribeck

curves for harsher conditions do not show any favorable effect of the stearic acid.

As already described, it seems that the DITA interacts slightly with the surface,

yielding in a Stribeck curve shifted towards lower TC. This interaction could be the

reason, why the polymer additive shows a lower efficiency in that oil. If both, oil

and additive show a certain affinity to the surface, the adsorption of the additive

could be hindered. Especially the high affinity of the polymer to the surface could

be counterbalanced by the very low concentration compared to the oil. Therefore,

a proposed explanation would be the co-adsorption of oil and polymer additive at

the surface, yielding a lower coverage of the surface with polymer. When high loads

are applied, the oil molecules are desorbing from the surface and only the lower

surface coverage of polymer additive is responsible for the positive effect in TC in

the boundary regime. For these very slow speeds, mixed co-adsorption and recovery

of the surface composition during each turn is possible. Stearic acid seems not to

have a remarkable higher stability at the surface than the DITA itself. It shows only

improved boundary lubrication at very low SRR of 20%. For SRR above 20%, the

stearic acid does not show any positive effect in boundary lubrication, meaning that
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it gets desorbed under harsher conditions and no boundary lubrication film is thus

present at the surface.

The polymer additive, however shows a positive effect in boundary lubrication. Even

though the effect is much more pronounced in PAO. Due to its hydrocarbon charac-

ter, PAO is not interacting with the surface as discussed above. The polymer additive

acts as boundary lubricant in both oils, reducing the TC under all SRR and applied

loads investigated. The lower efficiency in DITA could be due to the co-adsorption of

DITA molecules at the surface, resulting in lower surface coverage. Another reason

would be the higher polarity of the base oil, resulting in a more stable state of the

polymer in solution or a conformational change, rendering the surface adsorption less

favorable.

Effect of the binding groups on additive performance The polymer seems to

be much more stably bound to the surface in comparison to stearic acid. This is due

to the combined interaction of the free carboxylic acid groups present in the polymer

backbone and the phosphonate groups grafted onto it. This multisite binding of the

polymer has to be taken into account. The additional phosphonate anchor groups

present at the surface are assumed to bind more strongly to the surface, yielding

an even higher stabilization of the polymer at the surface. However, due to the low

content of phosphonates found by XPS surface analysis on steel (contrary to the

polymer adsorbed on titanium oxide), the attachment mechanism of the polymer

remains unclear and a dominant attachment of the carboxylic acid groups onto steel

can be suggested. However, it has to be stated that the adsorption conditions were not

optimized for that polymer. An apolar solvent (n-heptane) was used for adsorption,

in order to mimic the solvation of the polymer in PAO. Even in considering only

the carboxylic acids as active groups, a higher stability is achieved for the polymer

because of its high number of carboxylic acids present at the backbone, which are
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all capable of binding to the surface in a concerted way. The stearic acid, however,

can only bind with one carboxylic acid group, rendering the molecule more prone to

desorption under applied load and shear.

Structural comparison of the additives However, comparing the effect visible

for the stearic acid at the SRR of 20% with that of the polymer additive at the

same SRR, it can be stated that both show approximately the same reduction in

TC. As described above, the polymer consists of C16-side chains deriving from the

octadecene repetition units and contains a much lower grafting density of only 0.04 of

poly(1,2 butylene glycol) side chains, whereas the stearic acid has a C17 -hydrocarbon

chain. Therefore, the hydrocarbon side-chains are approximately the same length.

The comparable reduction in the TC for both stearic acid and polymer at low SRR

could be an indication for the lubrication mechanism of the polymer. Apparently, the

hydrocarbon chains are dominating the boundary lubrication, which could explain

the comparable reduction in TC found for stearic acid and the polymer additive

found at low SRR. The much longer, polyether side-chains are probably not packed

densely enough to enter the brush regime, which would expand much further away

from the surface. However a positive contribution of the polyether side-chains on

the lubrication performance could not be excluded. The better performance of the

polymer additive at higher loads and SRR is therefore mostly attributed to the more

stable adsorption of the polymer to the surface.

An interesting fact is observed when looking at the standard deviations of the mea-

surements. The pure base oils always result in measurements with a lower standard

deviation, whereas the polymer additive in both base oils shows remarkably higher

standard deviations. This could be an indication that the adsorption kinetics of

the additives to the surface is rather slow. Since the application of high loads and

shear forces interacts with the adsorbed monolayer of boundary lubricants, partial
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desorption and disorder of the self-assembly structure could be the resulting conse-

quence. The consequent necessary readsorption and reorganization of the monolayer

film at the surface is a time-dependent phenomenon. The higher standard deviations

observed for the boundary lubricant additives indicate that the readsorption and

reorganization process at the surface is probably slower than the time between two

traction cycles (due to the rotation of the disk and the ball). Therefore, a not per-

fectly reorganized boundary lubricant is present during the traction cycles and thus

resulting in higher local fluctuations in the TC.

5.7 Conclusions

In this chapter the performance of the POMA polymers as oil additive for lubrication

was investigated. The polymer structure as adsorbed on titania was investigated by

means of XPS and the grafting densities calculated. The polymer adsorbed onto

titanium oxide and steel surfaces shows a different phosphorus content. The lower

phosphorus content on the steel surfaces was attributed to a preferential adsorption

of polymer species containing a lower phosphonate grafting density. The polymer

additive was tested in poly(α-olefin) oil in a constant load pin-on-disk tribometer,

showing reduced friction in the boundary regime at slow sliding speeds compared to

the bare oil. Additional oscillating-load measurements with a pin-on-disk apparatus

at 5 mm/s sliding speed resulted in comparable COF for the bare oil and the polymer

additive. However a reduction in wear was observed when comparing the polymer

additive with the pure base-oil. That reduction in wear is an indication for the

formation of a protective layer separating the tribopair and preventing hard asperity

contact. Additionally, the difference in adhesion force was shown by AFM force-

distance curves and explains the lower wear rate by a lower adhesion force between

the contacting asperities.



5.7. Conclusions 197

The polymer additive was further compared using the Mini Traction Machine, where

the applied load, the averaged speed and the slide-roll ratio can be varied indepen-

dently. Here the polymer additive in PAO showed a high reduction in the TC by a

factor 1.5-3.5, depending on the conditions applied. The performance of the poly-

mer additive was then further investigated in a more polar oil, diisotridecyl adipate

(DITA), which is thus facilitates the solubilization of additives. The performance of

the polymer additive in that oil is not as good as with the PAO oil, but still for

all conditions investigated, a reduction in the TC of a factor of approximately 1.5

was observed. Furthermore, the performance of the polymer additive in DITA was

compared to the additive stearic acid. The polymer additive performed equally for

low loads and low traction coefficients, but at higher loads and higher traction coef-

ficients, the polymer still showed a reduction of the TC as compared to pure DITA,

whereas the additive stearic acid performed comparable to the pure oil and lost its

boundary lubrication properties. The performance of the polymer additive in terms

of reduction of the TC compared to the pure oil is not as good as in PAO. As a

hypothesis, the surface activity of the DITA oil is discussed briefly, resulting in a

mixed adsorption of DITA and the additive at the surface. Therefore, a lower effect

of the polymer additive is observed.

Since the polymer contains still contains unreacted side-chains, the performance of

the side-chain alone as an oil additive in PAO was checked in order to ensure that the

observed boundary lubrication effect is deriving from the side-chain or the polymer.

The side-chain as polymer additive showed a performance comparable with pure

PAO oil during pin-on-disk measurements and therefore shows no visible effect on

lubrication - neither as boundary lubricant nor as viscosity enhancer for the base oil.





CHAPTER 6
Conclusion and Outlook

6.1 Conclusion

6.1.1 Synthesis

A new synthetic route towards graft-copolymers that are capable of chemisorbing

onto metal oxide surfaces and forming monomolecular, brush-like adlayers, was de-

veloped within this PhD project. The synthetic approach consisted of the coupling of

the functionalities onto a reactive polymer backbone. These reactive groups were cho-

sen to be maleic anhydride and the surface-active anchor group to be phosphonate.

Grafted PEG chains and poly(1,2-butylene glycol) monobutylether were selected for

the formation of hydrophilic and hydrophobic brushes, respectively.

The synthesis was shown to be efficient and stoichiometric for anhydride ring-opening

via nucleophilic attack with primary amines on the poly(isobutylene-alt-maleic an-

hydride) (PIMA) backbone. Exactly the expected grafting density of the polymer

was achieved, as used during synthesis. However, with higher steric demands due

199
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to a high grafting density in the polyether chains, a slight reduction in the grafting

density was observed, when compared to the ratios used in synthesis.

These highly stoichiometric reactions could not be confirmed using the polymer

poly(octadecene-alt-maleic anhydride) (POMA) for the synthesis of hydrophobic

polymers with grafted poly(1,2-butylene glycol) side-chains. This was ascribed to

the fact that the grafting reaction of the polyether side-chain was not performed

using amine chemistry, but using the much less reactive alcohol group that yields

in much lower grafting ratios. Additionally, the POMA backbone is more sterically

challenging due to the hexadecane side-chains present at each repetition unit. This

hinders the nucleophilic attack especially of polymeric reactants, such as the PBG-

OH and seems to be unfavorable for the synthesis of graft-copolymers.

The ring opening of the anhydride rings results in the formation of free carboxylic

acids at the backbone, rendering the polymers highly amphiphilic. This complicates a

proper workup, purification and bulk characterization of the polymers. A calculation

of the acid-base equilibria of the functionalities for pH 5 in water show that the

polymer backbone is mainly negatively charged due to the deprotonated carboxylic

acids.

6.1.2 Hydrophilic polymers

The hydrophilic polymers were adsorbed onto surfaces. The surface attachment of

the hydrophilic polymers could be proven for titanium oxide and magnesium ox-

ide/yttrium oxide surfaces as model surfaces for different biomedical applications. A

full characterization of the PEG adsorption behavior was performed on titanium ox-

ide surfaces. Due to the amphiphilic nature of the polymers synthesized, micellation

and aggregation of the hydrophilic polymers was observed. This effect was taken as

an explanation for the slower time dependence of the adsorption kinetics, compared
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to classic Langmuir adsorption isotherms. Even considering full diffusion limitation

during adsorption, the time-dependence was found to be slower and attributed to

an additional association-dissociation of the polymer micelles and the consquently

slower diffusion constant of the polymeric micelles to the surface.

The composition of the hydrophilic polymers adsorbed onto titanium oxide surfaces

was proven to be similar to the bulk value. Angular-resolved XPS measurements con-

firmed the proposed self-assembly structure of the polymers at the surface, including

the phosphonate surface anchor directly attached to the surface and the PEG chains

directing away from the surface. The polymer adlayer thickness was characterized

using different in situ and ex situ measurements. The PEG brush showed excellent

swelling in water, which is a prerequisite to render a surface non-fouling, as the

protein resistance experiments show. The influence of the backfiller on the adlayer

formation was investigated. Backfilling with diaminohexane seems to be favorable for

the formation of a dense PEG brush. This preferential effect could be explained by

changing the character of the backbone from purely polyanionic to polycatanionic.

That structural change likely induces conformational changes and more flexibility

to the backbone, mainly due to less electrostatic repulsion between the carboxylic

acids.

The long-term stability of the polymers at the surface was proven to be better than

that of other reference polymers, such as PLL-g-PEG (polyelectrolyte), poly(phos-

phonate)s developed by Dr. V. Zoulalian (pure phosphonate adsorption) and do-

decylphosphate SAMs (single phosphate binding). This improvement was mainly

attributed to the combined effect of phosphonate binding and polyelectrolyte back-

bone, rendering the polymer more stable over a wider range of pH than a polymer

carrying only phosphonate functionalities.
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6.1.3 Hydrophobic polymers

The hydrophobic polymers were adsorbed onto titanium oxide and steel surfaces.

The grafting ratio was calculated from XPS analysis of the polymers at the surface.

Apparently, different species adsorb onto these two surfaces—the surface composition

on titania is close to the composition of the synthesis, showing a phosphorus and

nitrogen peak, whereas on steel no indication of a surface attachment by means of

phosphonates was found. This was explained by preferential adsorption of carboxylic

acid functionalities onto the surface. In both cases, a very low grafting density for

the poly(1,2-butylene glycol) side-chain was calculated from the surface composition.

The polymer was used as a boundary lubricant in PAO and DITA oil and showed a

reduction of the coefficient of friction in the first oil type. This was attributed to the

different polarity of the two base oils and to a possible, slight surface activity of the

DITA oil, resulting in a co-adsorption of both species onto the surface. The polymer

additives showed a reduction in wear during the tribotests, which was confirmed by

force-distance AFM measurements. However, the influence of the low grafting density

of the PBG side-chains could not be separated from the influence of the hexadecane

side-chains present at each repetition unit.

6.2 Outlook

6.2.1 Synthesis

The use of PIMA as a functionalizable backbone opens several possibilities for gener-

ating multi-purpose, thin-film coatings. The advantage of PIMA in respect to POMA

resides in its small steric hindrance, rendering the attachment reaction of side chains

stoichiometric and reliable. The well-known amine chemistry was here used as an
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efficient, stoichiometric and modular reaction towards graft-copolymers, thus allow-

ing the preparation of new polymer generations and the comparison and further

investigations of structural and architectural effects.

In particular, the approach chosen could allow the direct comparison of the binding

efficiency of different surface anchors, e.g. phosphonate vs. silanes or catechols. Due

to the very low reaction temperature (room temperature), the system is a very good

potential approach towards biofunctionalized polymers, e.g. bearing antibodies, pro-

tein sequences or biocides that would not survive synthetic approaches at elevated

temperatures.

One advantage of the polymer system presented within this work is the carboxylic

acids formed. Further functionalization with comparably smaller building blocks is

assumed possible, for example by grafting short hydrocarbon chains in order to en-

hance van der Waals forces, which are important for a good self-assembly at the

surface. A rising steric hindrance and a loss in polymer flexibility however have to

be taken into account. A further possibility is the imidation reaction, where the

carboxylic acids are protected within the 5-membered imide ring formed. Here, the

adsorption performance of the anchor groups could be decoupled from the polyelec-

trolyte interaction with the surface. However, the imidation reaction would induce a

higher stiffness to the polymer backbone.

6.2.2 Hydrophilic polymers

The adsorption of the hydrophilic polymers was proven on the MgO/Y2O3 surfaces.

Due to the unstable surface, characterization and quantification of the biological per-

formance of the polymers is difficult. The investigation of the non-fouling properties

is always involving aqueous solutions and thus influencing the unstable corroding

substrates. The architecture as a polymeric monolayer is probably not sufficient
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to achieve one of the principal goals in this project: a better and more controlled

corrosion performance. A more promising path towards improved corrosion, includ-

ing a surface brush of PEG polymers, could be achieved using an adapted surface-

functionalization approach including the same chemistry as discussed within this

work. Instead of using self-assembly mechanisms to yield polymeric monolayers, the

more direct approach of spin-coating could be used. The reactive backbone could

be spin-coated as a relatively thick layer onto the surface and would be responsible

for both the protection of the surface against water and the functionalization of the

surface with anhydride rings. These anhydride rings accessible at the polymer sur-

face could be used to couple PEG chains via the amine chemistry to the surface,

thus forming a polymer brush. However, this still involves organic solvents for both

processes (spin coating and PEG coupling), and thus still involves changes in the

surface chemistry as discussed within the work presented here. Due to the thick film

of reactive polymer, the surface should be well protected from water and thus tests

using aqueous solutions, e.g. for protein adsorption, would be more easy to perform.

6.2.3 Hydrophobic polymers

The general adsorption capability of the phosphonate chemistry onto MgO surfaces

was proven in this work. The knowledge obtained could be used to develop polymers

interesting for other applications that use magnesium alloys. Nowadays, lightweight

alloys have been introduced into motor construction, especially to achieve fuel econ-

omy. Therefore, in addition to the testing of oil additives on steel surfaces for lubri-

cation, it would be very useful and a unique feature to investigate the behavior of

those hydrophobic oil additives on magnesium-aluminium alloys, too.

For hydrophobic polymers, a new synthetic route using the less sterically hindered

PIMA backbone and PBG with a terminal amine group would lead to much enhanced
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grafting densities and thus to a true formation of a dense surface brush of long, poly-

meric chains. This brush would probably lead to more pronounced reduction of the

coefficient of friction, which then could be compared to the surface brush introduced

only by the hydrocarbon chains present at the POMA backbone. Using identical

grafting densities for the phosphonate surface anchor, a comparative study of the

influence of polymer structure and the length of the side-chains on the boundary

lubrication would be of further interest.

A further study should be denoted to the different polymer structures observed af-

ter adsorption of the polymer onto the steel and titania surfaces. Since almost no

phosphonate groups were observed in the polymer structure adsorbed onto steel,

this effect was assumed to be preferential adsorption and thus connected to a higher

chemical affinity of carboxylic acids to the surface. A comparison of the adsorption

strength and kinetics between carboxylic acids and phosphonates would be of inter-

est. This could be performed by investigating different SAM formation, e.g. of lauric

acid and dodecyl phosphonate (which could be easily synthesized a slightly modified

synthesis protocol of the surface anchor presented in this work). An investigation

of the adsorption kinetics either by performing direct measurements with XPS or

by using model surfaces (iron/iron oxide coated wafers or biosensors), enabling a

broader variety of in situ and ex situ possibilities. The effect of chemical affinity

could be investigated by co-adsorption studies and analysis of the resulting surface

composition.





CHAPTER 7
Materials, Methods and General

Protocols

In this section, all details regarding experimental techniques, instruments, materials,

procedures, protocols and techniques used for this work are described. First, bulk

and surface characterization methods are presented, tribotests reviewed and then

general protocols are summarized.

7.1 Bulk characterization methods

7.1.1 Nuclear Magnetic Resonance (NMR)

Theory

Nuclear magnetic resonance (NMR) occurs when the nuclei of certain atoms are

immersed in a static magnetic field, and exposed to an external oscillating magnetic

field at a certain frequency.

207
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A magnetic field �B0 can induce within an interacting nucleus an elemental magnetic

moment �µ rotating at the frequency ν. The main requirement for its magnetization

is that the nucleus features an overall non-zero magnetic moment, called spin (I).

Normally, all isotopes containing an odd number of protons and/or of neutrons have

a non-zero spin.

The electron cloud around the nucleus is exposed also to the magnetic field. It does

not stay insensitive to �B0 but enters in opposition to it. This opposition depends

on a variety of factors, e.g. the proximity of other atoms (coupling effect, shielding,

attractor groups/atoms, π-conjugate systems, ...), the solvent, the conformation of

the molecule, the temperature, etc. The screen constant (σ) is a corrective param-

eter that quantifies the general influence of the environment on the electron cloud.

Therefore, the nucleus interact with a lower magnetic field:

�B = �B0 · (1− σ)

The addition of the elemental moment �µ of all nuclei having the same environment

results in a global magnetization vector �M , which is collinear with �B and is rotating

at the frequency ν.

�M is in equilibrium with �B. The magnitude of �M depends on the number of nuclei

having the same chemical environment and is thus proportional to the concentration

of that element in the studied sample.

The NMR measurement consists of disturbing the equilibrium of �M and recording its

relaxation into the initial state. Pulsed NMR uses electromagnetic radiation emitted

during a short time at the radio frequency ν1. It generates a new precessing magnetic

field, perpendicular to �B that modifies the behavior of �M . Information on the

positions of �M , recorded as a function of time, are treated by Fourier transformation
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Figure 7.1: Representation of the magnetization vector �M

in order to get a peak spectrum in frequencies and intensities. One specific frequency

is characteristic for a chemical environment and thus related to a defined screening

constant σ. The intensities are proportional to the concentration of the detected

element in the analyzed sample.

Due to spin-spin-coupling, J (in Hz), resulting from an interaction between the mag-

netic moments of nonequivalent nuclei in the proximity, several peaks are obtained.

An interesting property of J is that its value is independent of B0. The consequence

is a division of the single peak normally obtained for a family of nuclei without

any perturbations. This division is controlled by well-defined rules related to the

environment of the nuclei.

The resolution of the measurement is strongly dependent on the magnitude of the

magnetic field �B0, whereas the sensitivity is mainly controlled by the isotopic abun-

dance of the nucleus. It is therefore easier to detect 1H and 19F (isotopic abundance

respectively 99.98% and 100%) than 13C (1.1%) for example. Moreover, to improve

the detection of the elements from the sample, molecules are always dissolved in
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deuterated solvents. 1H − NMR is the most commonly used NMR technique, due

to the abundance of 1H and the simplicity of its nucleus.

As for all spectroscopic methods, in order to be able to make comparisons, a cal-

ibration is required. For 1H-NMR, tetra methyl silane (TMS) is universally used

allowing the determination of a chemical shift (δ ) related to its H peak:

δ =
σTMS − σA

1− σTMS

δ :chemical shift

σTMS: screening constant of 1H in −CH3 from TMS

σA: screening constant of defined 1H of a molecule A

A small σ indicates a high electron density that shields the 1H nuclei. This screening

effect reveals the presence of donor groups or atoms in their vicinity. As δ increases,

the electron density decreases, and the nuclei are therefore less shielded from the mag-

netic field. Consequently, chemical functionalities can be assigned based on chemical

shifts and their concentrations determined from the intensities of the corresponding

peaks.

Experimental procedure

In this project, nuclear magnetic resonance spectra were recorded with a Bruker

(Bruker Co., Billerica, MA, U.S.) 300 or 500 MHz spectrometer with the corre-

sponding solvent signals as internal standards. Chemical shifts are reported in parts

per million (ppm). The following abbreviations are used in the experimental section

for the description of 1H-NMR spectra: singlet (s), doublet (d), triplet (t) multiplet
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(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 sol-

vents were purchased from Merck, Fluka or Acros. All spectra were evaluated with

iNMR.

7.1.2 Elemental Analysis

Theory

The elemental composition of chemical compounds can be investigated by elemental

analysis, which detects the concentration of the elements of interest after decompo-

sition of the initial compound (e.g. combustion) by means of analytical techniques.

C, H and N ratios are determined after dynamic flash combustion of the samples

under an oxygen/helium atmosphere. The generated gases (CO2, H2O, NO2 ) are

then separated by gas chromatography using He as a vector gas and analyzed either

by a thermal conductivity or an infrared detector.

O is determined after dynamic flash combustion of the samples using a catalyst. The

generated elemental gases (CO and CO2) are then analyzed via an infrared detector,

using a (10% H2, 90% N2) mixture as vector gas.

One possibility to determine P traces is by Inductive Coupled Plasma - Atomic Emis-

sion Spectroscopy (ICP-AES). The sample is ionized with a plasma torch and the

resulting excited atoms emit radiation upon returning to the ground state at a wave-

length characteristic of the particular element. The emission intensity depends on

the elemental concentration within the sample and is analyzed using a monochroma-

tor or a polychromator grating. Another technique is to transform the phosphorus

group to an ionic state using a combination of microwaves, heating, pressure and

acid exposures. Thus a complex is formed that can be analyzed quantitatively using

photometric titration.
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Experimental

In this work, for the determination of C, H and N ratios, the device used was a LECO

CHN-900 machine. For O amounts, a LECO RO-478 setup was used. For P traces, an

ICP-AES device (Perkin-Elmer and Thermo-Jarrel) was used and additionally quan-

tified photometrically (as a colored complex) after digestion in a pressure-digestion

device. All elemental analysis was operated by the chemical analysis service of the

chemistry department at ETH.

7.1.3 IR Spectroscopy

Theory

Infrared spectroscopy is a powerful analytical technique. Molecular vibrations and

rotations can be excited by absorption of radiation in the infrared region of the

electromagnetic spectrum. There are two possibilities to measure those vibrations

and rotations of the molecules:

1. directly as absorption bands in the infrared spectrum (IR spectroscopy)

2. indirectly as inelastically (Raman) scattered radiation in the Raman spectrum

(Raman spectroscopy)

in the following, the focus will be on infrared spectroscopy.

The position of an absorption band in the IR spectrum can be described in units

of the wavelength λ of the absorbed radiation, but the description in reciprocal

wavelength, the so called wavenumber (ν̃ in cm−1) is more commonly used, since it



7.1. Bulk characterization methods 213

is proportional to the frequency ν of the absorbed radiation and therefore also to the

energy ∆E.

ν̃ =
1

λ

The routinely investigated region of an infrared spectrum is between 4000 and 400

cm−1. A lot of functional groups of organic molecules show characteristic vibrations,

which correspond to absorption bands in well-defined regions of the infrared spec-

trum. These vibrations are mainly localized in one functional group of the molecule.

That is why functional groups can be identified by their characteristic absorption

band. In analyzing the entire spectrum, more detailed structural informations can

be obtained.

Normally a simple model derived from classical mechanics is used to describe the

processes that lead to an IR spectrum. The vibrations can be described by con-

sidering the atoms as point masses, joined by an elastic spring. If the equilibrium

distance r0 between the masses is increased, a restoring force F ensures. On release

of the system, it vibrates about the equilibrium distance. According to Hooke’s law

the restoring force F is to a first approximation proportional to the extension ∆r:

F = −k · ∆r with k being the elastic constant of the spring (the bond strength

between the atoms in a molecule).

The vibrational frequency ν is therefore higher, the higher the force constant k

and therefore the stronger the molecular bond. Furthermore, smaller masses of the

vibrating atoms yield higher frequencies ν . This relationship is useful for spectral

interpretations, where qualitative predictions of the absorption frequencies in the IR

spectrum can be drawn.

The application of the mechanical model to diatomic molecules fails to explain certain

phenomena, e.g. dissociation of the molecule upon irradiation with sufficient energy.
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A better description is provided by the anharmonic oscillator with its asymmetric

potential energy curve. Additionally, the vibrational levels are no longer equally

separated and quantum mechanics must be considered, since at a molecular level

energy and its absorption is quantized.

There are only discrete allowable energy levels and therefore vibrational levels. The

vibrational state with the quantum number n = 0 is called the ground state and

has a non-zero energy. The excitation of a vibration corresponds to the absorption

of a quantum of light by the molecule, thus raising it from a vibrational level with

a quantum number n to a higher level. The energy difference between the two

levels must be equal to the energy of the light quantum (resonance condition). The

separation between adjacent levels becomes smaller as n becomes larger, until finally

a dissociation limit is reached. The lowest transition possible from ground state is

called the base transition, excitations from the ground state to higher energy levels

yield overtone absorption with higher frequency (double frequency for first overtone,

...), but the probability of these transitions declines very sharply with increasing n.

Additionally, the appearance and intensity of absorption bands depend on the dipole

moment of the molecule–infrared light is only absorbed when the dipole moment

interacts with the electrical vector of the light. Simplified, the dipole moment of

the molecule at one extremity of the vibration must be different from that at the

other extremity. Due to these selection rules, for a totally symmetric molecule with

a center of symmetry, all vibrations which are symmetrical with respect to the centre

of symmetry are IR inactive (forbidden), since they produce no change in the dipole

moment.
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IR spectrometer

Two different spectrometers are currently in use. The traditional grating or prism

instruments, operating with a beam splitter on the double-beam principle, have

been largely replaced by the more powerful Fourier transform (FT)-IR spectrome-

ters. The basic principle of FT-IR spectrometers is the simultaneous collection of

data at all frequencies in the IR spectrum, thus eliminating the time required for

scanning through the different frequencies. It is achieved by using an interferometer

to convert the intense, multifrequency IR radiation, which is constant with time, into

an interferogram, which is not a function of frequency, but of time. Afterwards, the

interferogram is converted back from the time domain to the frequency domain via

Fourier transformation.

Experimental procedure

The different polymers were analyzed either in the solid state, diluted in dry KBr pel-

lets, or in liquid form confined between two KBr pellets, using Fourier Transformation

IR spectroscopy either on a Nicolet 5700 (Thermo Fischer Scientific, Loughborough,

GB) FT-IR or on a Bruker IFS 66v (Bruker Co., Billerica, MA, U.S.) FT-IR spec-

trometer. Data acquisition and treatment was performed with OPUS software in the

case of the Bruker spectrometer or with OMNIC software in the case of the Nicolet

spectrometer.

7.1.4 Light scattering

From dynamic light scattering (DLS) and static light scattering (SLS) measurements,

many useful parameters can be derived, e.g. particle size (radius of gyration Rg and

hydrodynamic radius Rh) and size distribution, second viral coefficient determining
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the interaction of the polymers with the solvent, the molecular weight (in using

dn/dc for the appropriate solvent) and dynamic values, such as the translational

and rotational diffusion coefficient. For that reason, light-scattering methods were

performed, to investigate the aggregation behavior of the hydrophilic polymers at

different concentrations in aqueous solution and different organic solvents. Especially

the Rg, Rh, the translational diffusion coefficient D and the molecular weight in Mw

were in the focus of interest.

Rayleigh Scattering

Rayleigh scattering is elastic scattering of light by particles. The size of the scattering

particle has thus to be much smaller than the wavelength of the light. The scattering

depends on the wavelength and on the particle size and can be described by the

formula

I = I0
1 + cos2(θ)

2L2
· (2π

λ
)4(

n2 − 1
n2 − 2

)2(
d

2
)6

with L the distance to the particle, θ is the scattering angle, n is the refractive index

of the particle, and d is the diameter of the particle.

Static light scattering

The light scattering in static light scattering is following the general formula

I(q) = Kc ·MwP (q)S(q)

with K the optical constant, K = 4π2n2(dn/dc)2/(NAλ4
0), c the concentration of the

polymer in g/cm3, P (q) the particle form factor, S(q) is the particle structure factor

(equals 1 for an ideal sphere) and q is the wave vector q = (4πn/λ0) · sin(θ/2).
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Figure 7.2: Exemplary Zimm plot, from which radius of gyratio (Rg ) and the molec-
ular mass (Mw) can be derived from static light scattering

The absolute Rayleigh ratio R, the excess intensity of scattered light corrected with

the instrument constant is expressed as

Kc

R(q)
=

1

Mw · P (q)
+ 2 · A2c

with A2 the second viral coefficient and P(q) the particle form factor. P (q) depends

on the dimensions of the particle and is related to the radius of gyration Rg by the

Guinier approximation

P (q) = 1− 1

3
q2�R2

g�+ ....

Combining these equations results in a linear function

Kc

R(q)
=

1

Mw
(1 +

q2

3
R2

g) + 2Acc

while the slope of the curve relates to R2
g/3 , the molecular weight can be derived

from the axis intercept, with the concentration extrapolated to c → 0 . This plot is

then called Zimm plot and one example is shown in Fig. 7.2
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Dynamic light scattering

Dynamic light scattering (DLS) gives insight into dynamic properties of the particles

by means of single scattering events. Rayleigh scattering occurs in every directions.

With a monochromatic laser-light source, time-dependent fluctuations of the laser

intensity at a given angle are observed. These fluctuations are based on the Brownian

motion of the particles in solution, leading to constructive or destructive interference

of the scattered light. The dynamic information of the particles is derived from an

autocorrelation of the intensity trace recorded during the experiment.

The second-order autocorrelation function of the scattered light intensity g(2)(q, τ)

can be described as

g(2)(q, t) =
�I(t)I(t+ τ)�

�I(t)�2

and is related to the first order, normalized field autocorrelation function g(1)(q, τ)

by

g(2)(q, τ) = B · (1 + β · |g(1)(q, τ)|2)

where B is the base line and and β is a constant relating to the coherence of detection

and depends on the alignment and geometry of the laser system used. The measured

correlation functions can be analyzed using a cumulant method to obtain the average

decay rates Γ

ln |g(1)(t, q)| = −Γt+
µ2

2!
t2 − µ3

3!
t3 + .....

with µi the i-th cumulant. µ2/Γ2 gives the normalized dispersion of the distribution

of Γ. If the fluctuation of the scattering light intensity is due to the translational
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diffusion of the polymer chains, the decay rate can be calculated in the form

Γ/q2 = D0(1 + kdc+ ....)

with D0 being the translational diffusion coefficient at infinite dilution and kd a

constant for the effect of polymer concentration. The hydrodynamic radius Rh is

related to D0 by the Stokes-Einstein equation

Rh =
kBT

6πηD0

with kB the Boltzmann’s constant and η the viscosity of the solvent.

Experimental

Light scattering (LS) was performed on a 3D DLS spectrometer (LS instruments,

Fribourg, Switzerland) at 25°C with He–Ne Laser emitting a polarized light beam of

wavelength of 632.8 nm. The aperture was set before the experiment to obtain the

maximum intensity to the detector. Toluene, as a strong and known light scatterer,

was used to measure the absolute light scaling reference and the respective pure

solvents were used for solvent-intensity calculations. The dynamic light scattering

measurements were performed at a fixed angle of 90° for 180s. Static light scattering

measurements were performed at angles ranging from 40° to 120°.

1 ml of polymer solutions in the range of 5 mg/l to 0.05 mg/l, thermostated for 15min

before the SLS and DLS measurements. The refractive index increments (dn/dc) was

measured as shown in Sect. A.3.
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7.2 Surface Characterization Techniques

7.2.1 Variable-Angle Spectroscopic Ellipsometry

Theory

Variable-Angle Spectroscopic Ellipsometry (VASE) is an optical analysis technique.

Its working principle is based on the polarization change of elliptically polarized light

upon reflection from a planar, reflective surface. It is an indirect method, providing

information that allows the evaluation of physical properties of the material (i.e.

layer thickness) or the determination of the optical properties (refractive indices).

An incident elliptically polarized wave is reflected from a surface with another polar-

ization. The extent of change in polarization depends on the optical properties of the

material, namely on the dielectric constant � of a material, which itself relates to the

complex refractive index N = n+ ik. VASE measures two ellipsometric parameters:

∆, which is the phase shift of the reflected light (values range from 0 to 360°) and Ψ,

which is the change in amplitude upon reflection (values range from 0 to 90°). Both

angles are related to the total reflection coefficients Rp and Rs and the complex ratio

ρ

ρ =
Rp

Rs
= tanΨei∆

Optical properties and thicknesses of surfaces can be determined by modeling this

amplitude (Ψ) and phase change (∆). If the measurements are performed at one

angle of incidence and with a single wavelength, only two unknowns, the real and

the imaginary part of the complex refractive index, can be acquired. However often

the focus of investigation is on the properties of layered structures with each layer
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having a different complex refractive index and a certain thickness. The use of

white light allows a multitude of Ψ and ∆ values to be obtained as as function

of wavelength λ, thus enabling the derivation of many unknowns in multilayered

structures by application of regression analysis.

Ψ and ∆ also exhibit different sensitivities on the angle of incidence of the light

beam. This means that their values may vary substantially for a slight change in

thickness at one specific angle, while the same change in thickness would only cause

very little change at another angle.

The use of multiple angles increases the sensitivity of the measurement, thus making

the fitting procedure more reliable. However, for the theoretical determination and

modeling, the refractive indices n must be known. The modeling procedure includes

a model of several layers, each having defined refractive index parameters n and k and

a certain thickness. The model is then fitted to the measured data with a regression

analysis. The parameters n and k may be extracted from a database for standard

materials, however for unknown materials these values also need to be modeled.

As an approximation the Cauchy model is often used for the visible wavelength range,

especially for insulators, such as oxides or polymeric adlayers.

n(λ) = An +
Bn

λ2
+

Cn

λ4

The parameters used in this model are all specific Cauchy coefficients. The thickness

is hence determined by fitting of the experimental curves to the model equations.

Instrument

Ellipsometric data was measured in air by a variable-angle spectroscopic ellipsometer

(M-2000F, Woollam Co., Inc., Lincoln, Nebraska, USA), whose principle is shown in



222 Materials, Methods and General Protocols

Sample

Light S
ourceDetector

PolarizerCom
pensator

A
na

ly
ze

r

Figure 7.3: Scheme of the M-2000 FTM spectroscopic ellipsometer

Fig. 7.3. Light source is a Xe arc discharge lamp that emits unpolarized light. Polar-

izer and analyzer are fixed. The rotating compensator (retarder, quarter-wave plate),

introduces a phase shift and thus transforms the linearly polarized light into an el-

liptically polarized one. Upon reflection from the sample, the polarization changes

and gets polarized again by an analyzer. The resulting light is a linearly polarized

beam of oscillating amplitude. These differences in intensity over time are recorded

by the detector and further used to reconstruct the shape of the ellipse. Different

angles of incidence can be used. For one wavelength and one incident angle, one

polarization is created. As a function of time (depending on the speed of rotation

of the compensator), different ellipses are created, modified after their reflection on

the surface and polarized by the analyzer.

Experimental procedure

The measurements of amplitude (Ψ) and phase change (∆) of the polarized light

were conducted in the spectral range of 370-1000 nm at three different angles of

incidence (65, 70 and 75° relative to the surface normal), averaging 50 measurements

at each point and fitting with a multilayer model using the custom SpectraRay

analysis software (VWASE32, Version #5728). For each layer, the optical parameters

were determined using an appropriate model (Oscillator model for TiO2 layer and a
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Cauchy model for organic layers, the underlaying layers of Si (1mm) [270] and SiO2

(2.1 Å) were assumed to be constant for all wafers). The TiO2 layer was fitted before

adsorption, the Cauchy layer after polymer adsorption and additionally after serum

adsorption. For the Cauchy layer, universal values for all polymeric layers were used:

An = 1.45, Bn = 0.01 , Cn = 0. The reported thicknesses represent an average of at

least 3 replicate measurements on 3 different samples.

7.2.2 X-Ray Photoelectron Spectroscopy (XPS)

Theory

X-Ray Photoelectron Spectroscopy (XPS) is a surface-sensitive, ultrahigh vacuum

technique used to determine the chemical composition of surfaces and thin films.

The main principle is based on the collection of specific photoelectrons produced

by exposing the surface to X-rays under ultrahigh-vacuum conditions. X-rays are

emitted from an anode material, usually Mg or Al due to their narrow Mg-Kα and

Al-Kα- x-ray line width with energies of 1253.6 eV and 1468.6 eV, respectively. The

X-ray energy ionizes electrons from the core shells, each with a characteristic binding

energy (EB). If these electrons have acquired sufficient energy to overcome the work

function Φ of the material and are created close to the surface (within the first 10

nm), they can therefore pass the surface with a defined kinetic energy (Ekin) , which

can be measured with an electron analyzer and detector. The electron analyzer is

responsible for separating electrons with different Ekin, whereas the detector counts

the electrons emitted per unit time (counts per second) at the certain kinetic energy

Ekin, which the analyzer selected. (c.f. Fig. 7.4) Not all excited electrons reach the

analyzer with their original Ekin, because of inelastic scattering within the sample.

This inelastic scattering leads to a background, which needs to be subtracted from

the spectrum before analysis. The kinetic energy spectrum can be converted into a
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binding energy (EB) spectrum by relating the kinetic energy of the electrons with

the initial energy of the X-ray source hν:

EB = hν − Ekin − Φ

The work function (Φ) of the instrument can be determined by a calibration with

standard reference samples such as gold, silver and copper. In addition to the pho-

toelectron emission peaks that arise in the energy spectrum, there are also Auger

emission peaks. These Auger electrons are emitted when ionized atoms, after the

occurrence of the emission of a photoelectron, relax: an electron from a higher shell

occupies the free electron site and the created energy is high enough to emit an

electron from the outer shell of the atom.

Elemental identification is performed by comparing the measured binding energy

of the photoelectron emission peak to photoelectron emission peaks from libraries.

Moreover, the experimental binding energies allow not only allow the identification

of the specific elements present in the surface regions, but due to small deviations

in the actual binding energy of electrons deriving from one element (the so called

chemical shifts), information about the chemical environment of the corresponding

atom can be obtained. The peak area IA is proportional to the number of emitted

electrons. The relative elemental composition NA can be determined after correction

of this area with instrument- and element-related parameters:

NA =
IA

σATAλA cos θ

The correction factors are the photoelectric cross-section σA (which is the probabil-

ity that an incident photon will generate a photoelectron from a given sub-shell),

the inelastic mean-free path λA of an electron, the instrument transmission func-

tion TA (the ratio of the number of electrons at a given energy transmitted through
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Figure 7.4: Scheme of an XPS setup. X-rays are emitted from an X-ray gun, impinge
on the sample and initiate the photoelectric effect. The emitted photoelectrons travel
through a lens system and are analyzed with a hemispherical energy analyzer (for
example) prior to detection.

the spectrometer to the number entering the aperture of the analyzer at the same

energy) and the emission angle θ between surface normal and the detector of the

collected electrons. The higher the emission angle, the more surface-sensitive the

analysis (typically 10nm information depth at an emission angle of 0°). In order to

detect the elemental composition or binding states emitted from different depths of

the sample, spectra at different emission angles need to be recorded and compared.

This method is called Angle-Resolved-XPS (AR-XPS) and is especially useful when

layered structures in the nanometer range above a substrate have to be investigated.

With increasing emission angle, the ratio between the signal intensity generated by

the photoelectrons of an element in the top layer and by those originating from an

element in a lower layer or underlying substrate increases. Variation in the cor-
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responding intensity ratio provides information on surfaces with layered structures

including thickness determination.

The advantage of the XPS is the possibility to analyze a huge variety of different

samples, ranging from conducting to insulating samples, especially its surface sensi-

tivity and the possibility to perform quantitative analysis and to detect almost all

elements, except for He and H (which have too low ionization cross-sections to be

detected) make it a powerful tool in surface analysis.

Sigma 2

XPS measurements were conducted using a Sigma2 XPS (Thermo Fischer Scientific

Inc., Loughborough, GB), equipped with an Al/Mg Kα twin source, consisting of

a Mg- (1253.6 eV) and a Al-Kα (1486.6 eV) source. The emitted electrons are

collected by the Alpha 110 hemispherical analyzer, which is mounted at 0° and

the X-ray source at 54° to the surface normal (magic source-analyzer angle) and a

multichannel detector consisting of seven channeltrons is used.

Acquisitions were performed below a pressure of 1·10−5 Pa using a non-monochromated

Mg Kα source (1254eV) operated at 200W. The electron-energy pass analyzer was

operating at 50 and 25 eV for survey and high-resolution detail scans, respectively.

The spot size of the analyzed area is around 400 �m (large-area mode), thus the re-

sults represent a laterally averaged chemical composition. Due to the slightly higher

resolution when using the Mg-Kα source, this source was used preferentially in order

to facilitate peak-fitting.

A standard measurement comprised averages over 9 (P, N, O) or 5 (Ti, C) scans for

each element plus 3 scans for the survey. The dwell time was left at 50 ms at all

times and the energy step-size was set to 0.1 eV/step high resolution detail scans and

1 eV/step for survey scans, resulting in approx. 5min measurement time per spot of
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each element, accumulating to about 30-60 min for a complete elemental scan of one

spot, depending on the substrate investigated.

Theta Probe

High resolution spectra and angle-resolved measurements were conducted using a

Theta Probe (Thermo Fischer Scientific Inc., Loughborough, GB), equipped with

an Al/Mg Kα twin source and a monochromatic Al-Kα source with beam diameters

ranging from 15-400 µm. The emitted electrons are collected with a Radian lens with

60° acceptance angle, ranging from 23 to 83° emission angle. The average emission

angle is 53°, the source-to-analyzer angle is 67.38°. For the full range of emission

angle of 53°, the source-to-analyzer angle ranges from 43.1 to 93.7°. The electrons

are detected on a two-dimensional detector with 112 energy channels and 96 angular

channels. Further equipment is an ion gun and a combined low-energy electron/ion

flood gun for charge compensation and a cooling stage.

All acquisitions were performed in scanned mode below a pressure of 5·10−6 Pa using

the monochromated Al Kα source operated at 100W and a spot size of 400 µm (large

area mode), therefore the results represent a laterally averaged chemical composition.

For measurements in standard, scanned mode, the electron-energy pass analyzer was

operating at 300 and 100 eV for survey and high-resolution detail scans, respectively.

A standard measurement comprised averages over 9 (C, O, Ti, C, O) or 27 (P, N)

scans for each element plus the 3 scans for the survey. The dwell time was at 100 ms

at all times and the resolution was set to 0.1 eV/step (survey 1 eV/step), resulting

in approx. 5-15min measurement time per spot of each element, accumulating to

about 60 min for a complete elemental scan of one spot.

A standard AR-XPS acquisition was performed in snapshot mode with a pass energy

of 124.224 eV, an energy window (energy width) of 12.5 eV and a 250 (C, O, N, Ti)
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or 400 (P) number of frames. The measurement time was set for all spectra to 1s per

frame. 112 Channels of the detector were used for energy resolution and 16 channels

were used for angle resolution.

Data Processing

Peak fitting All XPS spectra were evaluated using CasaXPS (version 2.3.12 and

later, www.casaxps.com). All binding energies are referenced relative to the main

hydrocarbon peak, set at a binding energy at 285.0 eV. The signals were fitted using

Gaussion-Lorentzian functions fixed to 30% and least-squares-fit routines following

Shirley iterative background subtraction. Apparent normalized atomic concentra-

tions were calculated from the respective detail spectra of each element present on

the surface (region over all species) or from the fitted species, using a sensitivity

factor, including published ionization cross sections σ [227], transmission function of

the spectrometer T, inelastic mean free paths (IMFPs) λ calculated using the Gries

model and asymmetry function, assuming a homogeneous surface model.

Sensitivity Factor The sensitivity factor in this work is defined as

Si,M = σ(hν) · Li(γ) · T (Ei) · λi,M · cos(θ)

where σA(h, ν) is the photoionization cross-section [227], LA(γ) the angular asym-

metry factor, T(Ei) the transmission function, λM(EA) the inelastic mean free path

(IMFP) of the electrons in the matrix M, θ the emission angle. The sensitivity fac-

tors calculated for different elements in different compounds are given in Tab. 7.1

for the XPS instruments used. For the Sigma2, the angular asymmetry factor LA(γ)

was not taken into account, because the instrument’s source to analyzer angle of 54°

is operating at the magic angle.
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Instrument C1s O1s N1s P 2p1/2 P 2p3/2 Ti 2p1/2 Ti 2p3/2
Sigma2 1.410 4.017 2.485 0.591 1.159 3.766 7.376

Theta Probe 1.179 3.318 1.921 0.563 1.103 3.225 6.269

Table 7.1: Calculated sensitivity factors for both XPS machines used within this
thesis

Details about the parameters used for calculating the sensitivity factors are described

in the following.

Photoionization Cross-section The photoionization cross-section σA(hν) de-

scribes the probability that an initial photon traversing the material will produce a

specific photoelectron from a defined sub-shell, expressed as an area unit per event.

The standard values calculated by Scofield in 1976 [227] were used for this work,

given in units of the C1s cross-section and depends on the energy of the X-ray source

(hν) and on the sub-shell of the element A.

Angular Asymmetry Function The intensity of photoelectrons deriving from

non-spherical orbitals differs with the angle γ between the source and the analyzer,

which is corrected by the asymmetry function [271]

Li(γ) = 1 +
1

2
β · (3

2
sin2 γ − 1)

The values for the asymmetry value β were calculated based on quantum mechanics

and reported for the different energies for the X-ray source and for the various sub-

shells by Reilmann et al. [271]. β is 2 for all s-orbitals and ranges between 1 and 2

for p-orbitals. γ is the angle between analyzer and x-ray source. For the Sigma2,

γ is 54° and is therefore working at the “magic angle”, where the last term of Li(γ)

get zero and thus Li(γ) equals 1. For the Theta Probe operated in standard mode,

γ is 67.38°, but it is varying in angle-resolved mode, which is summarized in Tab.
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emission angle θ analyzer-source angle γ

24.875 44.5
28.625 47.3
32.375 50.2
36.125 53.2
39.875 56.3
43.625 59.4
7.375 62.6
51.125 65.8
54.875 69
58.625 72.2
62.375 75.5
66.125 78.8
69.875 82.1
73.625 85.4
77.375 88.7
81.125 92.0

Table 7.2: variation of γ in Angle-resolved mode (Theta Probe)

7.2 and can be calculated by taking into account the geometry of the system at each

emission angle θ.

Transmission Function In the constant-energy mode, photoelectrons with a

specific kinetic Energy Ei pass a lens system, which focuses and retards the elec-

trons to the applied pass-energy Ep of the hemispherical analyzer. The number of

transmitted electrons depends not only on the kinetic energy of the electrons, but

is as well a function of the applied settings (lens modes, analyzer operation, X-ray

illumination). Since the detectors are able to measure a range of kinetic energies at

once or for the Theta probe even dependent on the emission angle, the pass ener-

gies can vary slightly and the detector efficiency might be different for the different

conditions. Therefore, for the applied settings, the measured intensities have to be

corrected by the corresponding transmission function in order to get quantitative
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results.

For both XPS instruments the same transmission function was used:

I

Ep
= (

a2

a2 +RR2
)b

RR = Ei/Ep is the retard ratio calculated from the initial kinetic Energy and the Pass

Energy, whereas a and b are fitted parameters. These parameters are determined by

measuring peaks at different BE at different pass energies. In case of the Transmission

function for the Theta Probe sputter-cleaned copper (Cu2p, CuLMM, and Cu3p) at

different pass energies (10, 20, 50, 100, 125, 150, 200, 300, 400 eV) was used. For

the Sigma2 sputter-cleaned Cu (Cu2p, CuLMM, Cu3p) and Ag (Ag3d) were used at

different pass energies (5, 10, 25, 50, 100, 150 eV). The peak areas were corrected for

the pass energy and normalized to the maximum intensity for each kinetic energy,

as shown exemplary for the Cu2p peak:

Icorr,normalized
i,Cu2p =

Ii,Cu2p

EP,i
/maxi(

Ii,Cu2p

EP,i
)

This gives a normalized dataset for each peak, which were plotted in a log-log plot

against the retard ratio. The curve is then fitted with the parameters a and b.

The values obtained for a and b in standard mode are a = 11.8 ± 1.2 and b =

0.37 ± 0.04 for the Theta probe and a = 17.9 ± 2.3 and b = 0.49 ± 0.06 for the

Sigma2.

Inelastic mean-free path The inelastic mean free path (IMFP) describes the

average distance measured along the trajectories a photoelectron travels between two
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inelastic scattering events in a substance and is an important factor towards quan-

titative analysis of XPS and Auger spectra [272]. To calculate the IMFP, the Gries

model [273] was used and calculated by using the Software NIST Standard Refer-

ence Database 71: NIST Electron Inelastic-Mean-Free-Path Database V. 1.1. This

model is simpler than that developed by Tanuma, Powell and Penn [274, 275], but

has shown comparable accuracy in the calculated IMFP values [276]. In comparison

to the TPP -model, where the density, band gap and number of valence electrons as

additional information is needed to calculate the IMFP, only the density and struc-

tural information are needed for the Gries model. Since most of these parameters are

not readily available for synthesized polymers, the Gries model is preferred, because

the error with an incorrect guess of these parameters would lead to high errors in the

resulting, calculated IMFPs for the TPP-model. For all polymers used within this

thesis, the density was assumed to be equal to the bulk density of the grafted side

chains, i.e. 1.22 for PEG. The predictive formula was taken from the known polymer

structure and set to C142H248N3P1O58. It has been checked that only the simplified,

relative stoichiometry of the elements given by the chemical formula is taken into

account for the calculations of the IMFP and not the real chemical formula.

Sample charging The binding values reported in this work were corrected for the

sample charging, by referring all binding energies to the aliphatic carbon C1s signal

at 285 eV.

Angle-resolved XPS Angle-resolved spectra were fitted with the parameter de-

scribed above to obtain peak intensities in dependence of the emission angle. As-

suming a homogeneous compound, the atomic concentrations were calculated in

dependence of the emission angle.
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Figure 7.5: principle setup of the TInAS system and the layered structure of the
TInAS sensor

7.2.3 Transmission Interference Adsorption Sensor (TInAS)

Theory

The Transmission Interference Adsorption sensor (TInAS) setup is a relatively new

optical method for the determination of layer thicknesses on substrates [277, 278].

This includes static measurements, but combined with a flow cell, time-resolved

measurements of molecular adsorption onto surfaces are possible, comparable with

those obtained from other label-free techniques such as surface plasmon resonance

[279], waveguide or evanescent light techniques [280, 281], interferometric systems,

ellipsometry, quartz crystal microbalance, field-effect sensing, acoustic wave guiding

and a host of molecular labeling techniques.

The underlying theory and physics is described in [278]. A stand-alone TInAS flow

cell as described in [277] is used for all investigations. The setup is shown in Fig. 7.5.
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White light is shone through the flow cell containing the flat TInAS sensor, which

consists of a layered structure and therefore acts as an interferometer. A spectrograph

for the readout of the spectrum is placed at the other side of the flow-cell.

The layered structure of the sensor is shown in Fig. 7.5, deposited by Ar-plasma

sputter coatings onto a flat glass substrate. In considering a transparent dielectric

multilayer structure, each layer exhibits a different refractive index. Partial reflec-

tions at these optical interface lead to a superposition of multiple beams, forming

an interference spectrum in both reflection and transmission. These interference

patterns can be used to determine small changes of film thicknesses, e.g. due to

molecular adsorption, given that a sufficiently accurate wavelength calibration and

determination of low interference maxima can be obtained. The shift in the peak

maxima can be referred to a newly formed adsorption layer or change in the layer

thickness. The determination of the adsorbate thickness requires the correct input

of the refractive index nA of the adsorbing material. The resulting effective optical

thickness D can readily be transformed into adsorbed Mass M, per unit area, us-

ing the relationship M = ρ · D, where ρ is the dry density of the adsorbate. Since

adsorbates remain partially solvated after adsorption, the density can be expressed

in terms of the refractive index difference of the adsorbate, nA, and the solvent nC ,

normalized to the concentration dependence of the refractive index in the mixture,

dn/dc [ [277]]:

M =
nA − nC

dn/dc
·D

A reasonable value for protein adsorbates is dn/dc = 0.182 cm3g-1 with refractive

index of 1.44 and a refractive index of the solvent (HEPES2) of 1.33439 [282].
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Experimental procedure

In situ investigation of polymer and protein adsorption were conducted with the

Transmission Interference Adsorption Sensor (TInAS) [277,278] using a non-thermostated

flow cell of around 25�l volume. The interference sensors were coated with a 25nm Al

mirror layer and 3 �m SiO2 spacer layer, and annealed for 2h at 350°C. In a second

step a 6nm TiO2 surface coating was added (all coatings by reactive magnetron sput-

tering at PSI, Villingen, Switzerland). Adsorption measurements were performed at

a sampling rate of ≈ 1 Hz. Prior to each experiment the baseline was measured in

ultrapure (MiliQ-) water. TInAS yields the optical thickness of the organic adlayer,

which can be converted to the thickness D and the adsorbed Mass per unit area

M [277,278].

Since TInAS is an optical method, as is VASE, the refractive index assumed for

all organic adlayers was kept constant of nA = 1.45 during data treatment of both

methods. The dependence of the refractive index with the concentration of polymer

in solution, dn/dc, was determined by a linear fit of the refractive index with varying

polymer concentrations. The value of dn/dc is 0.00140 ml/mg and was shown to be

independent for all investigated polymers. For more detailed information, c.f. Fig.

A.4 in Sect. A.3 on page 303.

For kinetic measurements, 0.5ml of 0.5 mg/ml polymer solution was injected and the

kinetics registered for at least 3 hours, until the drift of the saturation curve was in

the range of the initial drift of the baseline measured in water. For protein-resistance

measurements, a polymer-coated sensor was placed in the flow cell and the initial drift

of the baseline measured in contact to water. After changing to HEPES2 in order

to be in a buffered environment and the acquisition of another baseline, 1 ml of full

human serum was injected. After 20 min incubation it was rinsed thoroughly with

HEPES2 and afterwards with water, registering a final baseline for both solvents.
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After the measurement the drift during the measurement was adjusted by a linear

regression of the drifts measured before and after the measurement and subsequent

subtraction.

7.2.4 Quartz Crystal Microbalance with Dissipation

Monitoring (QCM-D)

Theory

Quartz crystal microbalance with dissipation monitoring (QCM-D) is a gravimetric

based sensing method. The change in resonance frequency and energy dissipation

upon adsorption of material on an oscillating piezoelectric quartz crystal resonator

is the basic working principle [283–285].

The resonance frequency shift ∆f , of a freely oscillating crystal depends strongly

on the adsorbed mass and can be calculated for thin and rigid films by using the

Sauerbrey equation, where the mass change ∆m is directly coupled to the frequency

shift ∆f , the overtone number n and a constant C, which is dependent on the

resonant frequency of the quartz crystal (C=17.7 ngHz−1cm−2 for a 5MHz crystal):

∆m = −C ·∆f

n

In a piezoelectric crystal, only odd harmonics can be excited, therefore n=1, 3, 5,

7, 9, 11, 13, etc. When the adsorbed film is viscoelastic, the Sauerbrey relation

does not hold anymore and is underestimates the mass on the surface. For the

characterization of such films, more advanced models, as for instance the Voigt model

have to be applied [286]. It is possible to obtain viscosity, elasticity and thickness

if the frequency and the dissipation shifts of multiple overtones of the fundamental

resonance of the crystal are measured. The dissipation shift can be used as a measure
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of the softness of a sample by measuring the damping of the crystal oscillations by

energy losses Elost in one period of oscillation and the total energy stored in the

oscillator Estored:

∆D =
Elost

2πEstored

Experimental

For all experiments, a Q-Sense E4 instrument (Q-Sense AB, Västra Frölunda, S)

was used. Quasi-simultaneously, the 3rd, 5th, 7th, 9th, 11th and 13th overtones were

measured with the software QSoft401 (Q-Sense AB, Västra Frölunda, S) and the 5th

was used for comparison. 6nm TiO2 was magnetron sputter coated (PSI, Villingen,

CH) on Au coated, 4.95 MHz QCM-D quartz crystals purchased from Q-Sense.

Before the first use, they were cleaned in an ultrasonic bath (Bandelin, D) in toluene

and isopropanol for 10 min. Before the measurements, the crystals were cleaned

with 2% sodium dodecyl sulfate (SDS, Sigma, Switzerland) and isopropanol in an

ultrasonic bath for 10min and treated in a pre-heated UV-Ozone cleaner for 30 min.

The solutions were pumped into the cells with a high-precision multichannel dis-

penser (IPC Ismatec SA, CH) exchanging 0.8 mL (QCM-D cell volume 40µ L). Mea-

surements were done in batch exchange if not stated otherwise to keep consumption

of solutions low. The flow rate for inserting the polymer solutions was set to 579

µL/min (max. pump speed) and 20 µL for continuous flow experiments.

7.2.5 Optical Profilometry

Theory

To measure the surface topography of a sample, a profilometer can be used for non-

contact optical 3D profiling. There are two main measurement techniques used for
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optical profiling: Confocal profiling and Optical Interferometry [261].

Confocal profilers have been developed to measure the surface height of smooth to

very rough surfaces and provide high-contrast images by elimination of out-of-focus

light. The sample is scanned vertically in steps so that every point on the surface

passes through the focus. The height of the surface at each pixel location is found

by detecting the peak of the narrow axial response. In order to build up the axial

response (i.e. the confocal image) at each vertical step, in-plane raster scanning is

required, since the local areas of the surface are illuminated simultaneously. The

main advantage is the highest lateral resolution that can be achieved by an optical

profilometer.

Interferometric measurements are based on light scattering and reflection at the sur-

face. In an interferometer, a light beam passes through a beam splitter, which directs

the light to both the surface of the sample and a built-in reference mirror. The light

reflected from the surface and the mirror recombines forming a fringe interference

pattern in the detector. There are 2 different profiling modes, namely phase shift in-

terferometric (PSI) profiling and white-light vertical scanning interferometric (VSI)

profiling.

PSI profiling has been developed to measure the surface height of very smooth and

continuous surfaces with sub-nanometer resolution. The sample placed in focus is

scanned vertically in a few steps that are a very precise fraction of the wavelength.

A phase map of the surface is then produced, which is then converted into a corre-

sponding height map.

In VSI profiling, the surface height of smooth to moderately rough surfaces can be

measured. Maximum fringe contrast occurs at the best focus position for each point

on the surface of the sample. The sample is scanned vertically in steps so that every

point on the surface passes the focus. The height of the surface at each pixel location
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is found by detecting the peak of the narrow fringe envelopes.

Experimental procedure

Surface topographic profiles were measured on a Sensofar PLu neox (Sensofar-Tech,

S. L., Terrassa, E) with 50x magnification. For very smooth surface analysis, i.e. sur-

face roughness determination, PSI profiling was used, whereas for structural imag-

ing, i.e. tribological wear tracks, the confocal profiling option was used. The data

was acquired with the shipped SensoScan software and processed with the included

SensoMap software by preparing the analysis procedure once and using the sample

procedure as analysis template (with fixed analysis variables) for subsequent analysis

of the same properties of different samples.

Surface roughness determination was performed with PSI profiling. For analysis,

the measured topography was leveled with plane defined by three surface points and

surface roughness and waviness separated by a Robust Gaussian Filter with 80 µm

Cut-off and cut surface edges (by the value of the cut-off length) to avoid end-effects

of the topography. From the roughness data, height parameters according to ISO

25178 were calculated. Normally, Rq (root mean square height) and Ra (arithmetic

mean height) are stated within this thesis.

Surface profiling was performed by confocal profiling. For analysis, the measured

topography was leveled with a plane defined by three surface points. For profile

extraction, especially for wear track analysis, a line profile, perpendicular to the

tangent of the wear track, was extracted from the middle of the image. From this

cross-section, a mean line defined by the outermost, polished parts of the line profile

was inserted and the area of the hole below (the cross section of the wear track) and

the area above (due to deposition of wear material outside the sliding track) was

measured.
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7.2.6 Neutron Reflectometry

Neutron reflectometry is a relatively new technique [287, 288] for film analysis and

has become intensely used for soft-matter research, such as polymer mixing or to

determine the structure of liquids at surfaces [288]. Neutrons at thermal energies are

used to probe the near-surface structure of materials systems. The two main interac-

tions of neutrons with matter are the strong interaction with the nuclei (scattering)

and the magnetic interaction with existing magnetic moments (magnetic scattering).

Neutrons are incident on a surface at a grazing angle of less than 3°. At these small

angles, the potential for scattering can be approximated by a continuous value and

this value is called the scattering length density (SLD) usually denoted in equations

as ρ. It is a product of the scattering length b of each isotope and that isotope’s

number density N. The key property of neutrons for polymer studies is their large

contrast between 1H and 2H which allows selective labeling by deuteration.

There are three main scattering geometries at grazing incidence shown in Fig. 7.6,

which allow the study of a very wide range of length scales ξ:

• specular reflection (3 nm < ξ < 100 nm): it probes the structure along the

depth in the film

• scattering in the incidence plane or off-specular scattering (600 nm < ξ < 60

µm): it probes surface features at a micrometer scale

• scattering perpendicular to the incidence plane or grazing-incidence small-angle

neutron scattering (3nm < ξ < 100 nm): it probes surface features in the nm-

range.
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Figure 7.6: Scheme of an neutron reflectometry experiment and the different surface-
scattering geometries: specular reflectivity geometry (black line), off-specular scat-
tering plane, corresponding to the incidence plane (light gray) and grazing-incidence
small-angle neutron scattering plane, perpendicular to the incidence plane (dark
gray).

Experimental procedure

The neutron reflectometry measurements were performed at the Japanese Atomic

Energy Agency in Tokai Village (Ibaraki) in Japan at the “MINE” neutron reflec-

tometry facility. A nuclear reactor was used as a beam source, with a beam size of 10

mm width and 30 mm height. The wavelength was set to 8.8 Å−1 with an accuracy of

3%. The optical alignment used in the experiments is presented in Scheme 7.7. The

neutron beam cut by to upstream slits enters the target surface through the silicon

block and is reflected at the surface. In the low-angle range (0.2° ≤ θ ≤ 0.45°), the

width of the slits 1 and 2 were set to 0.224 mm and 0.064 mm and in the high-angle

range (0.45° ≤ θ ≤ 0.9°) to be 0.312 mm and 0.156 mm, respectively. The slit of the

neutron detector, which analyzes the reflected beam, was set to 10 mm in order to

capture all reflected beam regardless of the surface roughness present at the sample.
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Figure 7.7: Optical alignment of the experimental setup used for the experiments at
“MINE”

In the analysis, the steps in θ moved by precision stepping motors was set to 0.01.

The sample was fixed in vertical position.

The target samples were ultra-flat Si blocks with 60nm magnetron sputter coated

TiO2 (PSI, Villingen, CH). Polymers were adsorbed according to the appropriate

protocols stated below (c.f. 7.9.3). The analysis was done in a flow cell with deuter-

ated hexadecane-d34 as solvent.

For analysis and modeling, a simplified polymer model, similar to that of De Gennes

[289] was used, consisting of a homogeneous layer composed of a mixture of poly-

mer and solvent. For all fitting procedures, the software Parratt32 v1.52 Build 211

(Gnu General Public License v2; developed at the Hahn-Meitner-Institut, Berlin,

Germany) fitting software for neutron reflectometry was used.

For the measurements performed at “MINE”, the following procedure was chosen:

In a first step, the bare, titanium oxide sample was measured against air and the

scatter length density ρ , the layer thickness d and the surface roughness of the

titanium oxide layer was calculated by fitting the reflection data with a simple 3-

layer model consisting of a semi-infinite layer of silicon with one layer of titanium

oxide on top, which is in contact to a semi-infinite layer of air.

The polymer-coated samples were measured in contact with the deuterated solvent.

Since the polymer has a scattering length density close to zero, because of the neg-

ative scattering values of 1H, mainly the change in the density of the deuterated
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into account the parameters derived from the first fitting of the titanium oxide layer,
the polymer layer thickness and the scattering length density of the polymer layer
can be derived.
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solvent is measured at the interface. This effect is overlaid by the roughness profile

of the titanium oxide layer and thus the appropriate roughness value is important for

the fit. The polymer-coated samples were fitted with an appropriate 4 layer model,

consisting of a semi-infinite layer of silicon with a layer of titanium oxide on top,

which is in contact to the deuterated solvent. The polymer thickness was calculated

from the broad transition zone between the titanium oxide layer and the bulk solvent

state, which contains the information about the change in the solvent density and

the information about the surface roughness. This transition zone was defined as one

separate layer, having a discrete and constant ρ, meaning a homogeneous layer con-

sisting of a mixture of deuterated solvent and polymer. Since for all other layers, the

surface roughness and scattering parameters were already known, for that polymer

layer a one-layer model was used, taking the same surface roughness value as it was

determined for the pure titanium oxide layer. This assumes a homogeneous layer of

polymer on top of the titanium oxide, following smoothly the surface roughness as

specified by the titanium oxide surface. Therefore, the polymer-layer thickness was

assumed to be uniformly constant. The ratio between polymer and solvent in the

polymer layer was calculated in using the fitted scatter length density ρ and compar-

ing it to the pure scatter length density of the pure solvent (deuterated hexadecane:

6.8 · 10−6Å). The fit procedure is summarized in Fig. 7.8

7.2.7 Atomic force microscopy (AFM)

Theory

Atomic force microscopy (AFM) is a-high resolution surface topography probing in-

strument that provides a nanoscale 3D profile of a conducting or non-conducting

surface [290,291]. It takes advantage of the interaction of a surface with a sharpened

tip. It measures the forces exerted by a probe (radius <10 nm) attached to a can-
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tilever when the probe is a short distance away (0-10 nm probe-sample separation).

It is a scanning technique where the image (x, y) is built up line by line with a slow

and a fast scanning axis. The deflection of the cantilever is determined by means

of a laser, which illuminates the back of the cantilever when it is measuring the

surface. The tip or the sample is mounted on a piezoelectric scanner, which keeps

the deflection or oscillation (depending on the measurement mode applied) constant

using a feedback loop.

There are three primary modes of AFM imaging:

• contact mode: the probe is brought in contact with the surface and the can-

tilever is kept at a constant deflection (sensing of repulsive contact force)

• non-contact mode: the tip interacts only by attractive forces (Van der Waals

forces, capillary forces, chemical bonding, electrostatic forces) with the sur-

face. During the measurement, the cantilever is kept at a constant deflection

(according to Hooke’s law F = −k · x). For higher accuracy, the cantilever is

normally oscillated constantly at its resonant frequency with a certain free am-

plitude, which changes due to the attractive forces when the tip is approaching

the surface. During the Measurement, the oscillation of the cantilever is kept

constant.

• intermittent contact or tapping mode: the cantilever is vibrated in oscillating

mode closer to the surface, that the oscillating cantilever at the bottom of its

travel just barely hits (“taps”) the surface of the sample.

A schematic diagram of an AFM is shown in Fig. 7.9. Quantitative information can

be obtained when the scanner and the tip are properly calibrated. The tip geometry

plays an important role when interpreting images, because some artifacts, such as

double peaks or blurred images, may be caused by a blunt, broken or contaminated
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Figure 7.9: Schematic diagram of an AFM

tip. A colloidal probe with a spherical particle attached to the cantilever can be used

when a well-defined and stable contact geometry is needed during the measurement.

Interactions between the tip and the surface can be determined by performing force-

distance measurements. In this mode, the deflection of the cantilever in relation

to the traveled distance is measured. Because it is not possible to measure abso-

lute separations with the AFM, an appropriate calibration has to be found for the

transformation of raw deflection-distance curves in force-separation curves. For the

transformation the algorithm reported by Senden [292] is used to transform deflection

versus displacement curves with known cantilever spring constant into force-versus-

separation curves. These transformed curves are referred to as force-distance curves

in the following.
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Experimental procedure

For imaging and force-distance measurements, an Asylum MFP-3D (Asylum Re-

search, Santa Barbara, CA, USA) was used. The cantilevers were cleaned by in-

cubation in Cobas cleaner (Roche, Basel, CH), water and isopropanol and treated

in a pre-heated UV-Ozone cleaner for 30min. The spring constants k of individual

cantilevers were calibrated based on the thermal noise spectrum using the Asylum

software [293]. For experiments conducted in air, the samples were directly imaged

either using contact mode or tapping mode. For experiments conducted in liquid,

after addition of the liquid to the Petri dish, the AFM head was lowered into the

liquid and allowed to thermally equilibrate for 30min before scanning.

Force measurement were carried out using the Atomic force microscope (Asylum

research, MFP-D). Silica microsphere (EKA chemicals AB, Kromasil®)) were glued

to a tipless cantilever (Micromasch, Tallinn, Estonia) with Norland optical glue using

a home-built micromanipulator and used as a colloidal probe AFM. The diameter of

the sphere used in this study was 20 µm. The normal calibration of the cantilevers

was carried out by the thermal-noise method before attachment of the colloidal sphere

and the spring constants was found to be k = 0.58N/m.

7.3 Tribological tests

7.3.1 Pin-on-disk Tribometer

Constant load tribometer

The pin-on-disk tribometer (CSM Instruments SA, Peseux, CH) employed in this

thesis represents a macroscopic technique to measure the sliding friction for sphere-

on-plane configurations. The characteristic parts of the instrumental setup are illus-
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Figure 7.10: The central parts of a pin-on-disk setup (left) and the top view of the
rotating disk with the relevant forces indicated (right). Interfacial friction forces
between pin and disk are detected by the lateral deflection of a strain gauge in the
measuring arm. [294]

trated in Fig. 7.10. The measurement arm bearing the pin is loaded by dead weights

in order to apply a normal force (N) and is brought into contact to the disk, which

is fixed inside a cup holder. The holder is driven by a motor and the disk inside the

cup holder is rotated at a certain velocity. The interfacial friction forces generated

upon contact between the pin and the rotating disk are determined via the lateral

deflection of the measuring arm, which is equipped with a strain gauge [294].

The available sliding speed ranges typically from 10 mm/s to 0.01 mm/s and therefore

allows the investigation of different lubrication regimes ranging from fluid film to

boundary lubrication [294].

Experimental procedure

Before the experiment, both the polished steel surface as described in 5.4 and the

steel ball were cleaned by ultrasonication for 3 x 10 min in isopropanol and plasma-

treated for 2min. All parts used for the experiment were first cleaned with Cobas

cleaner (Roche, Basel, CH) under tap water and then rinsed with deionized water.
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Later they were ultrasonicated in petrolether (technical grade) and ethanol (p.a.)

and finally dried under a nitrogen stream. At the end of the experiment, the oil

present on disks and ball surfaces was removed by ultrasonication with petrolether

and ethanol (p.a.). The reference oil used for lubrication was poly(α-olefin), PAO-166

(Nexbase 2006, Neste Oil N.V., Beringen, Belgium).

Before the start of the measurements, the ball was run in at 5 N load. For the

tribological experiments, the load applied was always 1N and for each sliding speed

a new track on the disk was used, with a minimum distance between the tracks of

0.5mm. The speeds applied were 1, 0.75, 0.5, 0.25, 0.1, 0.05, 0.025 and 0.01 cm/s.

To investigate the effect of a probable hysteresis, the speed was first reduced from

high speeds towards low speeds, subsequently followed by a second measurement

with increasing speeds.

Oscillating Load Tribometer

All oscillating load tribotests were performed in a ball-on-disk arrangement using

the CETR UMT-2 tribometer (Center for Tribology, Campbell CA, USA) as shown

in Fig. 7.11.

The contact was always pure sliding without any rolling of the ball. The disk is

mounted on a sample holder inside a cup that is filled with 6 mL of oil, so that

both the ball and the disc are fully immersed in the lubricant oil during the test.

The carriage of the tribometer can be moved up and down in the z-direction, while

a horizontal slider allows movement along the x-axis. A rotational drive turns the

disk. All motors are under computer control and the positions are determined with

an encoder and sent back to the computer. The ball is pressed on the disk via a spring

and the y/z-load cell measures the resulting friction force and load. The computer
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compares the measured load with the nominal load and corrects the applied load by

moving the carriage up or down.

There are two load cells with different force ranges, one for forces up to 5 N and

another for forces up to 20 N. Only the 20N load cell was used for the tribological

tests. The load cell was regularly calibrated using a dead weight.

The tribotests are programmed in test procedures. In such a procedure, a sequence

of experiments can be programmed by setting the load, speed, radius and time for

each experiment. In addition, the load can be cycled several times over one turn

(linear increase and decrease of the load in dependence on the encoders (x, z and

rotation) and the time is recorded during an experiment.

Prior to an experiment, the planarity of the disk was checked in order to have constant

conditions all over the disk to avoid varying frictional behavior depending on the

angular position on the disk. A stylus was pressed down on the sample with 100 mN

load for one lap of the turning disk. The z-values of the carriage during this turn

determine the planarity of the sample. By placing aluminum foil between the sample

holder and the rotational drive, the planarity was adjusted until it was better than

15 µm on a radius of 7 mm.

Experimental procedure

Before the experiment, both, the polished steel surface as described in 5.4 and the

steel ball were cleaned by ultrasonication for 3 x 10 min in isopropanol and plasma-

treated for 2min. All parts used for the experiment were first cleaned with Cobas

cleaner (Roche, Basel, CH) under tap water and then rinsed with deionized water.

Later they were ultrasonically cleaned in petrolether (technical grade) and ethanol

(p.a.) and finally dried under a nitrogen stream. At the end of the experiment, the

oil present on disks and ball surfaces was removed by ultrasonication with petrolether
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Figure 7.11: Schematic of a CETR tribometer. The tribometer consists of the car-
riage, on which the upper sample holder is mounted and the sample table bearing
the lower sample holder. The carriage can be moved up and down with the motor
1 (M1) and has a two dimensional load cell mounted on the vertical slider, driven
by motor 2 (M2). The upper sample holder is connected to the load cell by a spring
with a spring constant k1. The lower sample holder is mounted on the sample table,
which is driven by the rotational drive (M3). All three motors are equipped with
encoders, which monitor the position of the respective direction of movement. The
load cell is capable of measuring the load in two dimensions (x- and z-axis). The
z-axis is perpendicular to the sample plate and the x-axis is tangential to the ro-
tational direction. During a tribotest, the normal load can be programmed and is
maintained by a feedback loop . The normal load is measured continuously and is
adjusted by moving the carriage up or down with motor M1. [294]

an ethanol (p.a.). The reference oil used for lubrication was poly(α-olefin), PAO-166

(Nexbase 2006, Neste Oil N.V., Beringen, Belgium).

The oscillating test was performed to test both, the coefficient of friction and the

wear behavior at different loads. Prior to the actual test, a running-in of the ball in

PAO was performed with a load of 10N at an outer radius for half an hour, in order

to achieve a well-defined flat-flat contact. During the actual test, the load was cycled

two times per turn from 1 to 10 N according to the scheme of Fig. 7.12. In order

to produce measurable wear during the applied turns, non-hardened disks (100Cr6)

were used together with a hardened 100Cr6 steel ball of 4 mm diameter. Normally,

2 cycles were acquired per disk, one with the PAO reference, one with PBG and
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Figure 7.12: Wear track in dependence of the angular position on the disc

additive at a speed of 5 mm/s [294].

During a tribological experiment, the friction force, the load, the position of the

encoders (x, z and rotation) and the time were written into a data file, which was

converted into an ASCII file by the Viewer.exe program (Center of Tribology, Camp-

bell CA, USA). The ASCII file was read and processed with Matlab 2010a software

(The MathWorks, Inc, Natick, MA, USA). The procedure was developed by Dr. R.

Heuberger [294]. From the tribological data, the average friction coefficient of all

data points, the friction coefficients for several loads in dependence of the number

of turns, and the friction coefficients for a certain number of turns in dependence on

the applied load were calculated, including the standard deviations [294].

In order to investigate the wear tracks on the tribostressed disks, the surface to-

pography was measured by optical profilometry (c.f. 7.2.5) at certain points with a

predefined angular position from which the applied load could be derived. The wear

rate r was calculated by using the crossection area of the wear track by the following

formula:
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r =
Vtotal

ltotal
=

A · li
n · li

=
A

n

with Vtotal the total volume of the wear track and ltotal the total sliding length of the

tribotest, li the circumference of the wear track, n the number of cycles and A the

cross section of the wear track.

In oscillating load tests, the load is cycled two times from the minimum value to the

maximum value. For each load, corresponding values were averaged to get the wear.

7.3.2 Mini Traction Machine

Instrument

The Mini Traction Machine (MTM, PCS Instruments, London, UK) is a ball-on-disc

test rig, where a ball and a disc were independently driven by motors so that the

overall entrainment speed U = (U1 + U2)/2 and the slide-roll ratio (SRR) can be

controlled. The SRR is defined as

SRR =
2 · |U2 − U1|
U2 + U1

· 100

A scheme of an MTM is shown in Fig. 7.13. The test specimens used are a 19.05mm

(3/4 inch) steel ball and a 46 mm diameter steel disc, which were received from the

manufacturer in a highly polished condition. The ball is loaded against the face of the

disc and the ball and disc are driven independently to create a mixed rolling/sliding

contact. The frictional force between the ball and disc is measured by a stiff force

transducer mounted perpendicular to, and in contact with the ball shaft. These were

translated to traction coefficient (TC) values by µ = FL/L, where FL is the friction

force and L is the applied load. Additional sensors measure the applied load and the

lubricant temperature.



254 Materials, Methods and General Protocols

M1
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M3

Figure 7.13: Scheme of a Mini Traction Machine (MTM). To vary the slide roll ratio
(SRR), Motor M1 rotates the disk with a different speed than M2 drives the rotation
of the ball. M3 varies the normal load. The Traction Force (TC) is measured normal
to the shaft.

Experimental procedure

Before the experiments, the polished steel surface and the steel ball were cleaned by

ultrasonication in toluene, acetone and ethanol. The reference oil used for lubrication

was PAO-166 (Nexbase 2006, Neste Oil N.V., Beringen, Belgium) or diisotridecyladi-

pate (DITA). A standard experiment consisted of the variation of different speeds

(e.g. 1000, 800, 600, 400, 200, 100, 80, 60, 40, 20, 10, 8, 6, 4, 2 mm/s) at one fixed

SRR (20, 40 or 80%). The applied load was 7N or 14N. To investigate the effect of a

probable hysteresis, the speed was first reduced from high speeds towards low speeds

subsequently followed by a second measurement with increasing speeds.
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7.4 Corrosion tests

7.4.1 Electrochemical Impedance Spectroscopy (EIS)

Theory

Electrochemical impedance spectroscopy (EIS) is an electrochemical technique used

for studying corrosion phenomena and measures the dielectric properties of a medium

as a function of frequency. It is based on the interaction of an external field with the

electric dipole moment of the sample, often expressed by permittivity [295,296].

It is commonly agreed that corrosion measurements can be conducted in a steady

state, but also in a non-steady manner. The underlying principle of EIS is based on

the corroding interface placed in a steady state, in this case with a small voltage ap-

plied. The induced current response is rather linear. Current response to the voltage

perturbations is often measured over a range of frequencies, which allow a differ-

entiation between the corrosion processes characterized by different reaction rates.

Contrary to polarization techniques, little interference and shadowing of the corro-

sion parameters occurs normally, leading to a more reliable image of the occurring

processes.

Since the EIS method applies perturbations with a well-defined frequency , the elec-

trochemical circuit can be analyzed by amplified circuit analysis. In contrast to the

direct current methods, the respective relation between current and voltage is de-

scribed by the impedance in AC circuits. When the input signal is the voltage, then

the current response is measured. Impedance takes under account the possible phase

shifts between voltage and current and therefore, input and output signals differ in

phase. An important feature of electrochemical impedance spectroscopy is that the

excitations of the system are rather small (in the range of 10mV), so that the cell’s

response is considered pseudo-linear. Linearity in this case means that the frequency
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of the response does not change, only the phase shift φ may occur. Such shift can

be represented as

Et = E0 · sin(ωt)

It = I0 · sin(ωt+ φ)

In amplified current circuits an analogous expression to the Ohm’s law exists, that

defines the impedance as:

Z =
Et

It
= Z0 ·

sin(ωt)

sin(ωt+ φ)

The impedance can thus be expressed in terms of its magnitude Z0 and a phase shift

φ. Analysis of the amplified circuits can be started on the circuit composed of the

pure resistance R only Ohm’s law always holds true and the phase shift is equal to

zero for the entire frequency domain. It is convenient to represent the voltage as a

rotating vector, called a phasor, which actual value can be read out as a projection

on the x-axis. Relation between the phasors is given as E = I ·R .

When a pure capacitance is analyzed starting from the simple relation of the voltage

with charge, it is possible to calculate the expected phase shift as showed below:

q = C · E

I =
dq

dt
= C · dE

dt
= C · E · sin(ωt)

dt

I = ω · C · E · cos(ωt)
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I =
E

XC
· sin(ωt+ π/2)

with XC = 1
ω·C the capacitive resistance, here the relation between the AC resistance

is dependent on the frequency. Moreover, the phase shift is defined as π/2 with

the current leading the voltage. In this case a phasor representation is convenient

to be expanded to a plane, what is even easier with complex number notation.

Components at the x-axis are real (Re) and components on the y-axis are considered

to be imaginary (Im) and values of the latter must be multiplied by j =
√
−1.

Therefore, the phasor is defined as

E = −jXCI

Circuits composed of capacitance and resistance circuits in series are described by

the following relation

E = ER + EC

E = I · (R− j ·XC)

E = I · Z

This defines the impedance as dependent on the frequency as:

Z(ω) = R− j

ωC
= ZRe − j ·R

Bode and Nyquist Plots are the most popular ways of representing the EIS data. The

Bode Plot is a representation of the impedance modulus on the ordinate axis versus
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Figure 7.14: Randles circuit representing the standard electrochemical cell. Cdl is
the double layer capacitance, Rct the charge-transfer impedance, Rs the solution
resistance and ZW the Wartburg impedance.

frequency on the abscissa axis. The plot is usually in form of a double logarithmic

representation, log(|Z|) vs. log(ω). The Nyquist Plot is a representation of a real

part and imaginary part of the impedance on the x- and y-axis, respectively.

For the resistance and capacitance in series, a Nyquist Plot is a straight line, perpen-

dicular to the ZRe-axis at a fixed value, since the real part is independent of ω. In

the case of capacitance and resistance coupled parallel, the curve of such RC circuit

shows a semi-circular shape.

The model equivalent of an electrochemical circuit is represented in Fig. 7.14, which

is called the Randles circuit, where the resistance of an electrolyte is inserted in

series with a parallel RC segment, consisting of the double-layer capacitance and the

general impedance of the charge-transfer resistance and the Wartburg Impedance,

which is a measure of mass transfer, i.e. ionic dissolution of a material.

For surfaces, degrading in a corrosive environment, different mechanisms can be

detected with the EIS measurements:

• Active dissolution: a well-behaved semi-circular arc on the Z vs. Z plot with

Z=0 at ω = 0. Sometimes both real and imaginary parts may attain positive

values while inductive behavior occurs. Inductance is sometimes referred to as

negative capacitance, either due to the action of adsorbed intermediates or due
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to passivation phenomena.

• Pitting corrosion: pitting corrosion of equivalent circuits developed to describe

a pitting corrosion at a passive surface.

• Mass-transport-controlled situations: energy is dissipated by the moving charged

species by a periodic perturbation giving a rise to the resistance and reactance

measured by EIS.

Experimental

EIS experiments were performed at the corrosion department at EMPA Dübendorf.

For the experiments, a three-electrode set-up was used. The Pt reference electrode

was placed in a Lugin capillary with a ceramic filter diminishing the ion exchange

and providing a stable environment in the vicinity of the reference electrode. The tip

of the Lugin capillary was facing the working electrode (test sample) from a distance

of approx. 1.5 cm. In order to extinguish the artifact effects related to capacitive

character of ceramic filter present, additional Pt. wire was coupled at the outside in

the vicinity of the end of the capillary. This is an important element, when reliable

results in the high frequency domain are needed.

In order to investigate the phenomena present at the sample-solution interface, the

working electrode (investigated surface) was outside a chamber filled with solution.

Contact was achieved through a defined, 1 cm2 area defined by the circular window in

the chamber, sealed with an o-ring. The backside of the tested sample was polished

on 200 and 600 SiC-grinding paper in order to remove the oxide layer and to provide

a good metal-metal contact with the attached wires. A saturated calomel electrode

present in the chamber was spaced roughly 4-5 cm away from the analyzed surface.

The first step of the experiment is the programming of the applied voltage and

frequencies over time in form of a procedure for the connected computer. This allows
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the sample to be kept in the solution as short a time as possible before the start of

the experiment. FRA AutoDesk software was used to control the experimental cell.

The frequency range was always set from 105 kHz to 10−2 kHz. The perturbation

introduced into the system was equal to 1 mV.

When filling the measurement chamber with solution, it was always checked that

the whole sample surface is covered with solution without any bubbles sitting at the

surface and that all electrodes are immersed in the solution. In case of bubbles at

the working electrode, these were removed by liquid perturbations introduced with

a clean glass pipette.

When the electrochemical cell is enabled, the open circuit potential (OCP) is always

measured before the start of an experiment. An OCP below of -2.5V indicates some

systematic errors in the system.

7.5 Cell tests

Celll cultures were performed with 3T3 mouse fibroblasts. Cells were taken out

of liquid nitrogen and cultured in α-MEM supplemented with 10% FCS (fetal calf

serum). All cultures were kept at 37° in a humidified atmosphere of 5% CO2 and

95% air. When the bottom of the culture flask was covered with a monolayer of

cells, enzymes were used to detach them. After centrifugation, viable cells were

counted in a hemacytometer and inoculated at 3 · 103 cells/ml in a 24-well plate

containing the TiO2 samples. After 7 days in the incubator, live-dead staining was

performed. Live cells have intracellular esterases that convert nonfluorescent, cell-

permeable calcein acetoxymethyl (calcein AM). Cleaved calcein is retained within

cells and shows a green fluorescence. Dead cells have damaged membranes. The

ethidium homodimer-1 (EthD-1) enters damaged cells and is fluorescent when bound
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to nucleic acids. EthD-1 produces a bright red fluorescence.

The cells were washed with PBS, fixed in 4% paraformaldehyde in PBS for ten

minutes and subsequently washed with PBS. The number of cells on the sample

was counted on random pictures taken with a Zeiss Observer D1 microscope with

illumination X-Cite 120 XL.

7.6 Chemicals and Solvents for Surface

Modification

All commercially available chemicals were purchased from Fluka (Fluka Chemie AG,

CH), Sigma-Aldrich (Sigma-Aldrich, Buchs, CH), Merck (Merck, Darmstadt, D) or

Acros (Acros Organics, VWR International, Inc, West Chester, PA, US) and used

without further purification. Ultra pure water (MQ-water: Milli-Q Gradient A 10,

Millipore, CH), equipped with a an Elix 3 (three step purification process) and

a ultraviolet lamp for photo-oxidation was always used. The resistivity and total

organic carbon (TOC) were in the range of 18.2 MΩcm and <5 ppb, respectively.

Nitrogen gas (N 5, purity >99.999%) was purchased from PanGas, Dagmarsellen,

CH.

7.7 Buffers

Buffers are crucial for biological applications, where the pH of the system has to

be fixed to biological environment. Buffers are differing widely in their composi-

tion, starting from totally inorganic buffers such as phosphonate buffers to fully

organic buffers, such as HEPES (N-2-Hydroxyethylpiperazine-N’-2-Ethanesulfonic

Acid). The advantage of some organic buffers is that there are no components in in
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Table 7.3: Ion concentrations of PBS, SBF and HEPES-2 [mmol/l]

Ions PBS SBF-27 HEPES-2
Na+ 153 127 152
K+ 3 4 -/-

Mg2+ -/- 1 -/-
Ca2+ -/- 2.5 -/-
Cl- 140 105 150

HCO3
- -/- 27 -/-

HPO4
2- 8 -/- -/-

H2PO4
- 2 1 -/-

SO4
2- -/- 1 -/-

HEPES -/- -/- 10
TRIS -/- 77 -/-

the buffer solution that could adsorb or react with an oxide surface, unlike e.g. phos-

phates. In this thesis, different buffers were used for different applications: HEPES-2

was used for testing the non-fouling properties of the polymers as described in 7.9.4,

SBF (simulated body fluid) and PBS (phosphate buffered solution) were used for

corrosion testing of magnesium alloy surfaces, as described in Sect.4.2. All buffers

are prepared without the addition of the toxic biocide NaN3 . For that reason the

solutions were prepared freshly on a regular basis as indicated in the protocols.

Table shows the ion concentrations of PBS, SBF and HEPES-2 as described in the

following Tab. 7.3.

7.7.1 PBS

There are many possible recipes that can be used to prepare PBS buffer, depending

mainly on the molarity of phosphate and total ionic strength needed. In this work,

a phosphate concentration of 10 mM and a total ionic strength of 150 mM was used,

prepared by addition of 8 mmol sodium hydrogen phosphate (Na2HPO4 x 7H2O,
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A.C.S., Aldrich, Milwaukee, WI, USA), 2 mmol potassium dihydrogen phosphate

(KH2PO4, puriss. p.a., Fluka, CH), 3 mmol potassium chloride (KCl, puriss. p.a.,

Fluka, CH) and 137 mmol sodium chloride (NaCl, puriss. p.a., Fluka, CH) to 1l

of MQ-water. The buffers were adjusted to pH 7.4 with 0.1M NaOH or HCl and

filtered through a 0.2 micron filter. For in vitro assays the buffer was autoclaved in

water steam at 120°C for 2 h.

7.7.2 SBF-27

SBF simulates the ion composition of human blood, but does not contain any proteins

or blood cells. The calculated amounts (ml) of concentrated solutions listed in Tab.

7.4 were added in the sequence KCl, NaCl, NaHCO3, MgSO4 x 7 H2O, CaCl2, (TRIS

+ HCl) and KH2PO4 into 700ml of MiliQ water to prevent precipitation of calcium

phosphates or other salts by minimization of the changes in pH during preparation.

All stock solutions were prepared in dissolving the appropriate salt in MilliQ-water.

TRIS+HCl solution was prepared by dissolving 121.16 g of TRIS (tris-hydroxymethyl

aminomethan) in 650ml MilliQ water. During stirring the pH was adjusted to 7.6-7.7

at 25°C by adding conc. HCl. The clear solution of TRIS and HCl was quantitatively

transferred into a 1000ml-flask and filled up with MilliQ-water.

The SBF buffer was freshly prepared from stock solution and used for no longer than

1 week. The stock solutions were stored for several months, the TRIS+HCl stock

solution was prepared freshly each time.

7.7.3 HEPES-2

HEPES-2 buffer was prepared by dissolution of 8.766g NaCl and 2.383g 4-(2-hydroxyethyl) piperazine-

1-ethane sulfonic acid (HEPES, Fluka Chemie AG, CH), 0.688 ml NaOH (6M) in
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Table 7.4: Preparation of 1 l SBF buffer from stock solutions

Substance concentration of Volume of stock solution
stock solution [g/l] for 1 liter of SBF [ml]

KCl 59.64 5
NaCl 116.88 50

NaHCO3 45.37 50
MgSO4 x 7 H2O 49.30 5
CaCl2 x 2 H2O 9.81 25

TRIS+HCl see text 50
KH2PO4 27.22 5

1L MilliQ-water. The resulting, stirred solution is then adjusted to a pH of 7.4 us-

ing aqueous HCl or NaOH solution. The solution contains a salt concentration of

160mM, whereas 150mM are derived from the NaCl addition. The solutions were

stored in a fridge and kept no longer than 1 month.

7.8 Substrates

Different types of substrates were used within this thesis. The choice depended

mainly on the application and on the instrumental setup of the planned investiga-

tions:

Titanium dioxide is a widely used implant material. Furthermore, due to its opti-

cal properties this material is used for further characterization and comparison

of the polymers adsorbed to the surface with ellipsometry.

WE43 magnesium alloy is a newly developed implant alloy, which degrades within

months after implantation.

100Cr6 Steel is a model alloy for all applications using steel as a construction ma-

terial. In this thesis the main focus for this materials is mainly for tribological
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applications, such as in motors.

These substrates are explained in the appropriate chapters, namely chapter 3 for

titania surfaces, chapter 4 for magnesia surfaces and chapter 5 for steel surfaces.

All surfaces were cleaned as described in the section 7.9.2 before any further use.

7.9 General Protocols

7.9.1 Glassware and tools cleaning

All glassware used for surface functionalization and surface cleaning were first cleaned

with Piranha solution (3:7 (v/v) 30% H2O2 : 96% H2SO) and subsequently rinsing

to neutral pH of the rinsing MQ-water and dried in an ventilated oven at 130°C. To

ensure the cleanliness of the glassware, the dried glassware was wrapped in aluminum

foil for storage.

7.9.2 Substrate cleaning before adsorption

Before adsorption of the surface-active compounds, the surfaces were cleaned by

means of ultrasonication in a highly clean (Piranha cleaned) PTFE container. The

samples were fixed to a vertical position to remove all kind of small (dust) particles by

suspension and thus avoiding redeposition by gravitational forces. For further clean-

ing, Oxygen plasma (Harrick Scientific Corp., model PDC-002) treatment for 3min

or UV-Ozone (Boekel Industries, Inc, model 135500) treatment for 30min were used

to remove all kind of organic contaminations from the surfaces [211]. To minimize

the recontamination of the surface after the last cleaning step (UV-Ozone cleaning

or Oxygen Plasma Cleaning), the samples were placed and handled afterwards un-

der a laminar flow-box (Skan USA-180). The protocol is highly dependent on the
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substrate and on the experiment performed. If nothing else is stated, the following

standard cleaning methods were used.

Titanium oxide

For already pre-cleaned TiO2 samples (3x10 min ultrasonication in Toluene and i-

propanol after sputter-coating, as described in 3.3), the final cleaning procedure

before adsorption was fixed for all experiments to 3x10min ultrasonication in iso-

propanol and subsequent UV-Ozone cleaning for 30min. This protocol was used

for all kind of TiO2 cleaning, including the cleaning of TiO2 coated biosensors, e.g.

TInAS (c.f. 7.2.3).

Magnesium oxide

For magnesium oxide samples, a similar approach is used, but due to the less in-

vestigated substrate, no standard protocol can be given for the cleaning procedure.

Typically the cleaning steps are comparable with the cleaning steps used for TiO2

substrates, but neither the solvent for ultrasonication (3x10min) nor the use of which

type of surface cleaning (UV-ozone for 30min vs. Oxygen plasma for 2min) were fixed

within this research and were varied depending on the experiment. Further details

on the solvent used and the cleaning process will always be stated in the results part

in chapter 4.

Steel

The polished samples were ultrasonicated in isopropanol to suspend probably still

remaining diamond polishing particles, dried with nitrogen gas and treated for 3min

in oxygen plasma.
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Table 7.5: Standard adsorption parameters for the different polymers and SAMs
molecules used

Surface active compound solvent conc. adsorption

[mg/ml] time [h]

dodecyl phosphate water / org. solvent 0.15 48
12-hydroxy dodecyl phosphate water / org. solvent 0.15 48

hydrophilic poly(alkylphosphonate)s water / org. solvent 0.5 20
hydrophobic poly(alkylphosphonate)s org. solvent 0.5 - 2 20

7.9.3 Adsorption of amphiphilic adlayers

The cleaned substrates were directly immersed into a solution of the appropriate

surface-active compound for 20h at room temperature. Concentration and solvent are

depending on the polymer, SAM molecule and the experiment. Table 7.5 summarizes

the standard adsorption parameters for the different surface-active molecules used.

Preparation of solutions

The solutions containing the surface-active compound were always prepared by weigh-

ing a rough amount of polymer and addition of a recalculated volume of the used

solvent (water or organic solvent). In order to assure a good dissolution, the solu-

tion was sonicated. In case of subsequent experiments in aqueous solution, a bigger

initial volume was prepared and aliquots of the samples were taken and stored in the

freezer.

Adsorption protocol

All adsorption steps were prepared and performed in a laminar flow-box (Skan USA-

180) . The samples were placed tilted in glass vials with the surface of interest

directing towards the bottom of the vial to avoid gravitational effects by deposition
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of possibly precipitated polymer onto the surface. The immersed samples were stored

covered and wrapped in aluminum foil in the dark. The adsorption time and the

solvents used for each polymer are summarized in 7.5. After adsorption, the samples

were immersed for 15 min in the appropriate solvent used for adsorption, rinsed

thoroughly with the same solvent and dried with nitrogen gas (N 5).

7.9.4 Adsorption of serum to metal oxide surfaces

Before exposure to reconstituted lyophilized human serum (150 µl Precinorm U Con-

trol Serum dissolved in MQ water, Roche Diagnostics, Switzerland), the polymer-

coated samples were immersed for 5min in 1 mL HEPES 2 buffer for rehydration of

PEG chains under physiological conditions. After 20min exposure to 200 µL serum

(filtered with a 20 µm filter), 1 mL HEPES 2 was added to the serum solution to

dilute the concentration. The substrates were removed from the well and extensively

rinsed with MQ water and subsequently dried under a stream of nitrogen and an-

alyzed by surface characterization methods, mostly by VASE or XPS. The ability

of the polymer coating to render the surfaces protein resistant was calculated from

ellipsometry data, using the increase of adlayer thickness after serum adsorption. For

certain cases these results were compared to values calculated from XPS data using

the difference of nitrogen atomic percentage before and after the serum test.
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APPENDIX A
Appendix

A.1 GPC spectrum of the polymer backbone
PIMA

Figure A.1: GPC spectrum of the polymer backbone poly(isobutylene-alt-maleic
anhydride) (PIMA) resulting in a polydispersity of 2.38 with values for Mn=11500
and Mw=27500

299





A.2. NMR spectra of the polymers synthesized 301

A.2 NMR spectra of the polymers synthesized

Here, the 1H− and 31P -NMR spectra of the polymers synthesized and used are
summarized. The polymers of the Family PIMA(0.3:0.3, XX) are summarized in
Fig.
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Figure A.2: NMR spectra of the polymers (a) PIMA(0.3:0.3, DAH) and (b)
PIMA(0.3,0.3, EA)
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Figure A.3: NMR spectra of the polymers (a) PIMA(0.40:0.45,BA), (b)
PIMA(0.40:0.45,EA), (c) PIMA(0.40,0.45, DAH)
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Figure A.4: Exemplary concentration dependence of the PEG-ylated polymers in
water and methanol. For different polymers similar dn/dc values are obtained and
is mainly dependent on the solvent, the slope b of the curve is the value dn/dc.

A.3 Concentration dependence of refractive index
of the polymer

The concentration dependence of the refractive index of the polymer was measured
with an Atago RX-5000CX (ATAGO CO. LTD, Tokyo) refractometer. A dilution
series of the polymer in the solvent of interest was measured. Attention was drawn
to the point that a good cleaning of the refractometer cell was assured after each
concentration, i.e. in measuring from pure solvent to higher concentrations. After
each data point the pure solvent was measured again in order to double-check a
consistent value for the refractive index of the solvent, indicating a good rinsing
procedure.

The concentration dependence of the polymer was investigated in water and methanol.
These values are further used for the modeling of the TInAS data explained in Sect.
7.2.3 and for some calculations deriving from the SLS and DLS measurements as
explained in Sect. 7.1.4.

The concentration dependence was obtained by a linear fit of the data points obtained
at different concentrations, exemplary fits for water and methanol are shown in Fig.
A.4.

The slope of the fit, is the value of dn/dc, it is found to be 1.40 ·10−4±1 ·10−6 ml/mg
for water and 1.79 · 10−4 ± 1 · 10−6 ml/mg for methanol. The differences between
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different polymers were within the error of the fit and therefore only one average
value is taken for all PEG-ylated polymers.
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(a) Ca2p XPS peak (b) small Nd3d XPS peak, fitted
with one peak and two different
background substractions shown.
black line indicates a linear back-
ground substraction which fits well
the rising background, whereas the
dashed line indicates background
substraction with the Shirley al-
grorith, which is not usable for
these small peaks.

Figure A.5: Minor XPS peaks of bare, heat-treated WE43. The main peaks are
shown in Fig. on page 136

A.4 XPS peak analysis of heat-treated WE43

A.4.1 Bare WE43

In Fig. on the current page all XPS detail spectra of the bare WE43 with the
appropriate peak fitting are shown. The main contributions are shown in the main
discussion in Fig. on page 136, here the trace element and smaller peaks are shown
additionally. Furthermore, the different background substractions (linear vs. Shirley
algorithm) are shown.

A.4.2 WE43 Surface Cleaning

In Tag. A.1, The surface composition of the heat-treated WE43 samples is shown af-
ter different cleaning procedures. A more detailed discussion of the cleaning protocol
development is given on page ??.
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Table A.1: Summary of the main composition (at-%) of the different cleaning tests
(excluded elements in traces: Nd, Ca, Na)

Cleaning C1s
(Carbonate)

C1s (Hydro-
carbon)

Mg2s Y3d (total) O1s

Reference 22 ± 8 10 ± 3 7 ± 3 0.5 ± 0.2 58 ± 7
Ozone 18 5 9 0.5 65
Plasma 15 4 8 0.5 72
Acetone 15 32 5 0.3 47

Acetone +
UV

20 3 8 0.5 67

Acetone +
Plasma

14 9 8 0.6 67

Ethanol 17 13 10 0.8 56
Ethanol +

UV
18 3 10 0.7 63

Ethanol +
Plasma

13 3 9 0.7 71

2-Propanol 16 15 10 0.8 56
2-Propanol

+ UV
19 3 9 0.6 69

2-Propanol
+ Plasma

16 3 7 0.6 71

conc. NaOH 19 10 17 1.5 52
NaOH +

UV
5.5 2 16 11 64

NaOH +
Plasma

5 4 17 11 63
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A.4.3 DDPO4 Surface Functionalization

XPS analysis of DDPO4 on titanium oxide was used as reference system in order to
reproduce the fitting used in [84]. The P2p peak was fitted as a single doublet with
P 2p3/2 at 133.9± 0.1 eV and a binding-energy difference of 0.85 eV with the P 2p1/2
peak and a fixed-area ratio of 2:1. Only one chemical species was fitted into the
Ti2p peak at a B.E. of 458.6± 0.1 eV for the Ti 2p3/2 peak. The main contribution
of the C1s signal is the aliphatic signal with a B.E. of 285 eV. A shoulder at higher
B.E. of 286.8 ± 0.1 eV originates from the CH2-group directly connected to the
phosphate. The oxygen peak was fitted with a main contribution of the titanium
oxide at 530.2±0.1 eV and two minor species deriving from the SAMs overlayer: the
contributions of Ti-OH, Ti-O-P and P-OH, which are assumed to have very similar
B.E. are fitted in one peak at B.E. difference of 2.3 eV to the oxide peak. The
contributions deriving from the P=O are fitted relative to the to the oxide peak at
a B.E. difference of 0.7 eV.

The appropriate spectra are shown and discussed in Fig. 4.10 on page 147.
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