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Ralf Posner, Monika Santa, Haybat Itani, Dr. Patrick Keil und Eber-
hard Heinen danke ich für viel Kritik; sie haben mir mit ihrem Fachwissen
und ihren vielen Ideen immer wieder den nötigen Aufschwung gegeben.
’Danke’ sage ich aber auch für den Ausgleich zur wissenschaftlichen Ar-
beit in Form von Sport und zahlreichen Ausflügen.
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Ferner gilt mein Dank Frau Köyer, Frau Dr. Krebs und Herrn Meurer
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Kurzfassung

Die vorliegende Arbeit befasst sich mit dem Korrosionsschutz technisch re-
levanter Oberflächen durch neuartig kombinierte Produktionsverfahren, die
in der Wirtschaft eine hohe Nachhaltigkeit aufweisen. Am Anfang steht eine
Konzeptentwicklung der plasmabasierten Konditionierung der chemischen und
elektronischen Struktur von Passivschichten und der Untersuchung des Ein-
flusses einer plasmamodifizierten Oxidschicht auf die Adsorption, Selbstorgani-
sation und Adhäsion von organischen Haftvermittlern. Hierbei kann erstmals
durch den Einsatz der Quartzkristallmikrowägung (QCM) für das System Oc-
tadecylphosphonsäure (ODPA) / Aluminiumoxid eine zehnfache Beschleuni-
gung der Adsorptionsgeschwingigkeit aufgrund der Plasmamodifikation direkt
nachgewiesen werden. Um ein größeres Spektrum an Forschungmöglichkeiten
zu erhalten, werden die zu untersuchenden Modellsysteme erweitert auf Alu-
miniumoxid-Einkristalle mit verschiedenen Oberflächenorientierungen einer-
seits, andererseits auf Zinkaluminium-Legierungen, die ihre Anwendung als
Stahlüberzug in vielen Bereichen haben. Dabei werden vor allem die Bil-
dung und Langzeitstabilität der als Self-Assembled Monolayer (SAM) adsor-
bierten ODPA auf den verschiedenen oxidbedeckten Aluminiumoberflächen
fokussiert. Sowohl bei der Entstehung als auch bei der Stabilität der ODPA
Monolayer zeigen sich klare Unterschiede auf den verschiedenen Oberflächen;
viele können durch die Weiterentwicklung der bestehenden Bindungsmodelle
für die Wechselwirkung zwischen ODPA und Aluminiumoxid verstanden wer-
den. Bei der Bildung einer ODPA Monolage, die als Haftvermittler auf den
gewählten Stahlüberzügen HDG, Galfan und Galvalume fungieren kann, kann
gezeigt werden, dass ein Aluminiumgehalt < 0.5% (HDG) zur Bildung einer
Fällungsschicht und nicht mehr zur Selbstorganisation der ODPA auf der
Oberfläche führt. Die Stabilität der Bindung zwischen ODPA und Aluminium-
oxid im wässrigen Medium wird hauptsächlich von drei Faktoren beeinflusst,
der Grenzflächen-Wechselwirkung, der freien Adsorptionsenergie im Vergle-
ich zu Wasser und der atomaren Geometrie der Oberfläche. Schließlich wird
durch den Einsatz einkristalliner Modellsysteme der Brückenschlag in die mod-
erne Quantenmechanik geschafft. Für das System Phosphonsäure, adsorbiert
als SAM auf Aluminiumoxid, werden die bestehenden Modelle aufgegriffen,
zudem wird das Spektrum durch die Arbeit auf Einkristallen und einen theo-
retischen Ansatz erweitert. Für die Zukunft kann nur eine Kombination aus
Grundlagenforschung, sowohl experimentell als auch theoretisch, und direk-
ten Anbindungsversuchen mit der Industrie der Schlüssel zu fundamentalem
Verständnis und ausreichendem Fortschritt sein.
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Abstract

The dissertation mainly deals with the protection of corrosion by novel combi-
nation of production processes which have a high sustainability in the econo-
my. Topics like effects of the plasma modification on the adsorption kinetics of
adhesion promoters, investigations on the adhesion promoters as corrosion in-
hibitors, and the influence of the surface chemistry on the stability of adsorbed
adhesion promoters are brought into focus. It is shown, that plasma modifica-
tion can influence the electronic and geometric parameters of the passive layers
and thereby prevent corrosion, as well as the adsorption process of the adhe-
sion promoter. The quartz crystal microweighing (QCM) is applied for the first
time as a method for the determination of adsorption kinetics of organophos-
phonic acids on aluminum. Investigations of the adhesion promoters adsorbed
on passive layers lead to the conclusion, that a further adsorption of water can
be reduced but the diffusion itself to the passive layer cannot be hindered. The
variation of surfaces and alloy composition has shown that adhesion promoters
have to be adapted to the parameters of subject system to reach certain stabil-
ity. The stability of the resulting bonding is mainly based on three competing
influences, namely interfacial bonding types, adsorption free energies in compe-
tition with water and the involved adsorption geometries. By the introduction
of new single crystalline model systems a gap between the modern theory and
experimental data can be bridged. For water-rich conditions the formation
of the adsorbing water is predicted by density functional theory (DFT) and
proven by temperature programmed desorption (TPD) spectroscopy. In one
can say that phosphonic acids are the most promising candidates as adhesion
promoters for aluminum and alloys that form up oxide covered aluminum sur-
faces. Furthermore, the plasma modification is an efficient process for cleaning
and changing the surface parameters in electronic and geometric way, which
facilitates the possibility to tailor the surface chemistry. For the future, only
a combination of basics research on the one hand, and direct cooperation with
industry on the other hand, can be the key for fundamental comprehension
and adequate progress.
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1. Introduction

This work is organized into four main parts. First an overview of the
relevant literature followed by the motivation is given (chapter 1). In
the second part the theoretical fundamentals (chapter 2) as well as the
experimental setups (chapter 3) will be reviewed. The third part (chapter
4 - 8) summarizes and discusses the main results of this work, which is
followed by a final discussion of the overall idea and an outlook (part
four, chapter 9).

1.1. General Review on the State of Research

Low temperature plasma processes at reduced or atmospheric pressure
are of high interest for the adjustment of surface chemistry on metals and
polymers. In an extremely short period of time, the material surface can
be changed in its chemical composition [1] [2]. Grundmeier et al. illus-
trated how oxide covered iron and zinc can be modified in their surface
chemistry and oxide thickness [3] [4]. However, for most technical appli-
cations the time required to form a functional monolayer is crucial for
the applicability in a process chain, the most challenging being continu-
ous lines for aluminum sheet surface technology. Adsorption times of few
tens of seconds would allow the integration of self-assembly processes in
these high speed technologies. Till now the study of the kinetics of self-
assembled monolayers (SAMs) on industrial relevant material was not
in the focus of the investigations. Most monolayers were formed within
hours of immersion in solution.
In recent years, especially the development of ZnAl containing coatings
was in the focus of interest [5] [6] [7] [8] [9]. Worsley and employees
showed that by changing the cooling temperature a change in the mi-
crostructure and hence a change to the corrosion stability follows. Ana-
lytical studies on the surface structure of the passive layer, however, were
not carried out.
In a few years, molecular bonding agent systems such as bi-functional
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1. Introduction

organophosphonate developed to marketability. Organophosphonate par-
ticularly were developed on aluminum alloys as alternative to chromate
conversions, since the chemical bonding of phosphonic acid to the alu-
minum surface is extraordinarily stable. Thus there are also a few works
that deal with the optimization of the oxide or hydroxide structure on
metal surfaces prior to the application of these systems employ adhesion
promoter molecules [10]. Initial approaches to simulate the interfacial
bonds, however, indicate that based on the decrease of the surface den-
sity of hydroxides or even the structure of the adhesion promoter molecule
an optimization of liability may be possible.
The corrosion resistance and the adhesion of organic coatings on oxide
covered aluminum is of high importance and is mainly determined by
the alloy composition, the surface chemistry of the alloy and the compo-
sition of the organic coating. To substitute surface technologies such as
anodizing or conversion chemistry, adhesion promoting, ultra-thin films
or even monomolecular layers like SAMs of organophosphonic acids have
been investigated as new advanced interfacial layers for polymer coated
aluminum alloys [11]. Although the adhesion and interfacial corrosion
protection of these adsorbed monolayers proved to be excellent even in
comparison to thicker conversion films, the barrier properties and the
influence of water on the interface between the adsorbed organosphos-
phonic acid and the oxide covered substrate were not evaluated in detail.
The interaction of water with solid surfaces is fundamental to research
in various fields ranging from atmospheric chemistry to corrosion and
heterogenous catalysis. Despite substantial research, precise informa-
tion on the water geometry at the atomic level often seems elusive, for
the ubiquitous liquid phase [212] as well as for many cases of substrate-
supported thin water films and clusters prepared in the laboratory [214]
[217] [220]. Experimentally, most studies propose water dissociation on
the Al-terminated Al2O3(0001) surface. This was concluded from high-
resolution electron-energy-loss spectroscopy (HREELS) studies [221] as
well as thermal desorption experiments [222] [223]. X-ray photoemission
experiments [224] were interpreted to indicate water dissociation in par-
ticular at surface defect sites. Early ultraviolet photoelectron spectra, on
the other hand, seem to indicate molecular adsorption of water at room
temperature [225]. Also the mobility of the adsorbed molecules on the
Al2O3(0001) surface seems to be a somewhat open question. In [223] a
low mobility of the hydroxyl groups at the surface was stated, in contrast

2



1. Introduction

to the interpretation of dynamic scanning force microscopy images of the
water exposed Al2O3(0001) surface [226]. Theoretically, most ab initio
studies agree on the stability of the dissociative vs the molecular adsorp-
tion [227, 228, 229] while one cluster study [230] found little difference
between the energies of molecular and dissociative adsorption of water.

1.2. Motivation

The generation of aluminum and aluminum alloy coatings on steel is one
of the most commercially important processing techniques used to protect
steel components exposed to corrosive environments. From a technolog-
ical standpoint, the principles of galvanizing have remained unchanged
since this coating came into use over 200 years ago. However, because of
new applications in the automotive, aerospace and construction industry,
a considerable amount of research has recently occurred on all aspects of
the galvanizing process and on new types of coatings.
One objective of this dissertation consists of understanding the low tem-
perature plasma based modification of the chemical and electronic struc-
ture of passive layers on ZnAl alloy surfaces and using the influence of a
modified oxide on the adsorption, and self-organization of organic molec-
ular adhesion promoters. Based on ZnAl alloys layer concepts for direct
the connection of metal oxides and organic coatings will be developed.
The correlation between the structure of the metal alloy layer terminat-
ing oxide and the resulting adhesion and corrosion resistance will be in
the foreground.
The dissertation will focus on exploring the interaction between Al, Zn,
surface oxides and adsorbed organic monolayers as well as on possible
conditioning of passive layers through modification of manufacturing con-
ditions in the hot dip arrangements, or PVD (physical vapor deposition)
place. In the production of alloy layers natively growing ultra-thin oxide
layers should be conditioned through plasma processes, which do not lead
to chemically polymerization but a conversion of the oxide layer and the
amendment of its thickness. The plasma modification has the following
aims:

(1): Inhibition of electron transfer processes by influencing the semi-
conducting properties of the oxide.
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1. Introduction

(2): Setting the Fermi level in the oxide to reduce the driving force for
cathodic delamination.

(3): Generate a certain density of OH groups on the oxide surface for
linking organic adhesion promoters.
Afterwards, a covalently connecting organic phase should be achieved by
adsorption. On the plasma modified oxide and hydroxide passive layers
molecular bonding agents should be adsorbed in the next step. Accord-
ing to the literature organophosphonic acids are promising candidates
[11] [12] [13] [14]. These components can be mixed to coating systems
and guarantee an adhesion to the substrate by interfacial enrichment.
Through the use of environmentally friendly plasma technology in com-
bination with the procedure of self-organization of bi-functional organic
molecules from the polymer phase one can achieve combined systems with
outstanding characteristics and avoid environmental pollution caused by
wastewater. Moreover, the molecular interfacial structuring is a very
material efficient way of production, as ultra-thin oxide layers from the
alloy grow and only monolayers of the adhesion promoter polymer/metal
phase boundary are needed.
For a better understanding of the involved processes and mechanisms
model systems were identified and used. Thus, studies on the aluminum
oxide will start on single crystalline surfaces. Because of their pure-
ness, a well-known bulk structure and many other good properties, the
sapphire single crystal samples with differerent surface orientations are
a well suited model system for the aluminum oxide. They offer the
possibility for new research approaches, like density functional theory
(DFT) calculations, compared with the results of atomic force microscope
(AFM) and diffuse reflectance infrared fourier transform spectroscopy
(DRITFS). The new knowledge can be partially transferred to polycrys-
talline bulk samples and be improved. Industrial nature of a sample
or PVD produced ones demand a different treatment because the oxide
covered aluminum surface is amorphous. Interesting research approaches
will be done by polarization modulation infrared reflection absorption
spectroscopy (PM-IRRAS), quartz crystal microweighing (QCM), and
cross-sections. Techniques, like x-ray photoelectron spectroscopy (XPS)
or Time-of-Flight secondary ion mass spectroscopy (ToF-SIMS), are able
to deal with both single crystalline samples on the one hand and amor-
phous oxides. In the end, the combination of both approaches will give
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a deeper understanding of the investigated fields.
The presented research starts in chapter 4 introducing results about the
adsorption kinetics. Tailoring of oxide chemistry on aluminum by means
of low pressure water and argon plasma surface modification was per-
formed to influence the kinetics of the self-organization process of ODPA
monolayers. The plasma induced surface chemistry was studied by in-situ
IRRAS. Ex-situ IRRAS and was applied for the analysis of the adsorbed
SAMs.
In chapter 5 water barrier properties of self-assembled ODPA monolayers
on low temperature plasma modified oxide covered aluminum oxide sur-
faces are analysed by means of in-situ FT-IRRAS in combination with
QCM, ex-situ PM-IRRAS, and water contact angle measurements.
In chapter 6 analytical studies about the formation of ODPA and stability
in competition with water on four distinct different aluminum oxide sur-
faces - single crystalline Al2O3(0001) and Al2O3(1−102) surfaces, native
grown amorphous oxide covered aluminum and PV deposited amorphous
aluminum oxide are presented. The adsorbed SAMs were investigated us-
ing an AFM, static contact angle of water, PM-IRRAS and DRIFTS.
Formation and stability of ODPA have been studied in chapter 7 on ZnAl
alloy coatings with contents of aluminum between 0.5% and 55%. The
alloys and the native grown oxide films were characterized by XPS, PM-
IRRAS and ToF-SIMS. These methods indicate a strong dependency of
formation and stability of ODPA from the surface chemistry.
The final chapter 8 will bridge the gap between experiments and the-
ory. A systematic and comprehensive analysis of the adsorption of water
monomers, small water clusters and water thin films on �−Al2O3(0001)
surfaces on the basis of density functional theory calculations is per-
formed. In addition, temperature programmed desorption (TPD) is per-
formed.
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2.1. Surface Chemistry of Single Crystalline
Aluminum Oxide

2.1.1. �− Al2O3(0001)

Corundum in the bulk phase Al2O3 has a rhombohedral symmetry and
the atomic positions are usually given in terms of a hexagonal unit cell.
This unit cell can be seen as a sequence of 12 aluminum layers, which
are translational equivalent to each other, and six oxygen layers, with
the oxygen ions in positions close to those of a hexagonal closed packed
(hcp) lattice. For the six oxygen layers, alternate layers are translational
equivalent, and sequential layers are equivalent only after a translation
and mirroring through a plane perpendicular to the surface. Any of these
18 layers may serve as surface termination, and each of these surfaces has
p3 symmetry, i.e., threefold rotational axis through the aluminum ions
and no mirror planes (see figure 2.1).
Since such surface contaminants can significantly alter the reactivity of
this surface, the actual understanding of the � − Al2O3(0001) surface -
arguably the simplest of the alumina surfaces - even under UHV condi-
tions, cannot be regarded as complete.
The �−Al2O3(0001) surface has been extensively studied by both theo-

retical and experimental methods. Although early results were inconsis-
tent, more recent theoretical [15] and experimental studies [16] [17] [18]
indicate that the most stable surface is Al-terminated, with Al cations on
octahedral sites (see figure 2.1). There is a discrepancy, however, between
the theoretical estimate of surface Al cation relaxation of 70− 80 % [15],
and that determined by GIXRD [16], detailed LEED [17] and ion scat-
tering studies [18], which is < 60 %, although the LEED studies reported
an anomalously large vibrational amplitude for the surface cations.
The �−Al2O3(0001) surface undergoes a series of reconstructions upon
annealing above 1400 K. The most stable structure, observed after an-
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Figure 2.1.: Top and side view of the Al2O3(0001) surface.

nealing to 1623 K, is a (
√

31 ×
√

31) ± 9 ∘ reconstruction. GIXRD [16]
has been used to investigate several of these phases, and atomic resolu-
tion AFM images [22] [23] have been reported. The reconstructed surface
becomes enriched in Al. The GIXRD data indicate that the outermost
Al layer is disordered at the boundaries between surface domains, with
evidence suggesting the second Al layer to be considerably more ordered
than the outermost layer. Non-contact AFM atomic resolution imaging
of the (

√
31×
√

31)± 9∘ reconstruction reveals a grid of rhombic unit cells,
with a high degree of order at the center of each unit cell, and disordered
regions at the boundaries between unit cells [22] [23]. The AFM data
are in agreement with the GIXRD data, particularly with regard to the
existence of disordered regions at the boundaries of domains which are
well ordered in the center of an Al-rich surface. The disordered areas are
preferential sites for reaction upon exposures to H2O/H2 environments
at P > 10−4 Pa . The nature of this chemical reaction was not deter-
mined, but the rough topography of the affected area led the authors
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to suggest the onset of hydroxide formation [22]. The high temperature
reconstruction is one complication in investigating the reactivity of �-
phase alumina surfaces. Another is the fact that it is sometimes diffi-
cult to determine whether the surface is actually atomically clean. The
polychromatic X-ray sources fail to completely resolve the OH− versus
O2− portions of the O1s photoemission spectrum [24] [25] [26]. So it is
possible that surfaces presumed to be clean in fact contained a signif-
icant concentration surface hydroxyl groups. There are inconsistencies
within the literature regarding various aspects of the reactivity of the
� − Al2O3(0001) surface [25], and the possible presence of undetected
surface hydroxyl groups or other impurities may be a cause of this confu-
sion. Heating to 1400 K is not sufficient to produce an atomically clean
surface [28], while heating to higher temperatures can induce a surface
reconstruction.

2.1.2. �− Al2O3(1− 102)

The �−Al2O3(1−102) surface is considered an important model surface
for naturally abundant alumina hydroxide phases, and therefore is of
considerable interest in geochemistry and environmental chemistry stu-
dies. This surface has been investigated by AES, LEED, EELS and XPS
[30]. The interaction of this surface with H2O under UHV conditions
has been studied using LEED, EELS and TPD [31]. The nucleation of
gold on this surface has been investigated by RHEED and AFM [32].
This surface has also been researched by GIXRD after cleaning in UHV
and exposed to H2O at partial pressures ranging from UHV to ambient
conditions [33].

Two types of LEED patterns are observed, a (1 × 1) and a (2 × 1)
reconstruction [30] [31]. There is some controversy concerning the exact
nature both the (1×1) surface and the (2×1) reconstruction. A rigorous
cycle of Ar-ion sputtering and annealing in UHV results in the formation
of the (2×1) surface, which is not removed by exposure to H2O at 300 K
under UHV conditions, but is removed by electron bombardment of the
OH layer, leaving the (1 × 1) [31]. This would suggest that the (1 × 1)
surface is O-terminated, in agreement with the bulk terminated structure
(see figure 2.2). Surfaces prepared by extensive annealing in air and in
partial pressures of O2 also yielded a (1 × 1) LEED pattern [33]. In a
separate study [32], annealing to 1100 K in UHV produced a (1 × 1)
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Figure 2.2.: Top and side view of the Al2O3(1− 102) surface.

surface, and subsequent annealing to 2000 K resulted in the (2 × 1)
reconstruction. These results are consistent with a (2×1) reconstruction
being produced by O removal from the (1×1) surface, although the (2×1)
phase can also be produced at lower temperatures in UHV [31]. GIXRD
studies [33] report two possible (1 × 1) O-terminated relaxed structures
with equally good fits to the data. The structure with zero Al occupancy
of the second layer, however, has more reasonable Al−O bond distances.

9



2. Fundamentals

2.2. Surface Chemistry of Aluminum and
Alloys

2.2.1. Native Grown Aluminum Oxide Films

Native oxide aluminum grows according to the Cabrera-Mott mechanism
[43]. The mechanism proposes the setting up of a strong electric field
across the initial oxide layer due to the contact potential difference be-
tween the metal at the metal-oxide interface and the adsorbed O2 at the
oxide-gas interface (see figure 2.3). According to Mott it was this strong
electric field that assisted the metal ions in moving through the oxide via
interstitial sites and forming the oxide at the oxide-gas interface.

Figure 2.3.: Showing the mechanism by which ions leave a metal and
pass through oxide layer, according to [43].

In case of plasma modification adsorbed oxygen and hydroxide ions pro-
duced by electron-impact induced chemistry at the interface between the
oxide and the plasma volume, induce a strong electric field across the ox-
ide layer that drives ionic migration through the film. Depending on the
specific mobilities of the species, either Al3+ ions move towards the oxide
surface or oxygen ions towards the metal/oxide interface. The transport
of electrons is considered to be independent of the ionic motion and fast
in comparison to the ion transport [139].
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2.2.2. ZnAl Alloy Coatings

ZnAl Alloy coatings are mainly used to improve the corrosion resistance
of steel by two methods, barrier protection and galvanic protection. In
barrier protection, the coating, which separates the steel from the cor-
rosion environment, will first corrode before the corrosive environment
reaches the steel. In galvanic protection, the coating is less noble to iron
at ambient conditions, and will sacrificially corrode to protect the sub-
strate steel, even if some of the steel is exposed as cut edges or scratches
in the coating. Typical processing methods used in producing ZnAl al-
loy coatings include hot-dip galvanizing (HDG), thermal spraying and
electrodeposition. These fundamentals will be limited to HDG, i.e. the
immersion of a steel strip in a liquid bath of ZnAl alloys, by batch or
continuous processing. The continuous process is more advantageous for
coiled products such as sheet, wire and tube, whereas the batch process
is normally used for bulk products [27].
Considerable work has been reported about ZnAl alloy coating properties
and has recently been reviewed [36]. The important properties that con-
cern the use of ZnAl alloy coatings are primarily corrosion resistance and
adhesion. However, it should be noted that the corrosion resistance of
any coating can drastically change depending upon the specific corrosion
environment and whether the coating is welded, contains a paint system
or is deformed, and the extent to which galvanic protection is required
for nearby uncoated areas [37].

Zn-0.5%-Al (HDG)

Aluminum is probably the most important alloying element added to the
HDG bath, with different levels required in order to produce different
properties in the bath [34]. Levels of 0.005 − 0.02 wt % are added to
brighten the initial coating surface. The effect is related to the forma-
tion of a continuous aluminum oxide layer on the coating surface that
inhibits further oxidation by acting as a protective barrier. This effect is
also responsible for the reduced atmospheric oxidation of the zinc bath.
HDG is the most prominent procedure to coat flat steel with a protective
zinc alloy coating. During the galvanizing process, the steel strip moves
through hot zinc melt containing small additional amounts of aluminum.
The latter process leads to the formation of a very thin FeAl-alloy layer at
the interface between steel and the metal alloy coating, thus preventing
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the formation of brittle FeZn-alloys. The addition of aluminum to the
zinc melt also leads to the formation of a native aluminum rich oxyhy-
droxide passive layer on the surface during cooling of the liquid zinc alloy
coating. Such Al-surface enrichments have been detected and reported
in various papers [39].

Zn-5%-Al (Galfan)

Galfan is a Zn + 5% Al alloy coating, which is near the eutectic point in
the ZnAl equilibrium phase diagram [50]. Two compositions have been
reported based on additions to the eutectic composition: small compo-
sition metal additions containing lanthanum and cerium contents up to
about 0.5 % [35] and additions of 0.5 % magnesium [36]. These ad-
ditions are made to improve the wettability and fluidity of the molten
bath without affecting the corrosion resistance of the coating [35]. The
microstructure of Galfan is characterized by a two-phase structure, a
zinc-rich proeutectic phase surrounded by an eutectic phase consisting of
aluminum and zinc. However, the microstructure can be varied depend-
ing upon cooling rate [38].

Zn-55%-Al (Galvalume)

Galvalume is a Zn + 55% Al alloy coating containing about 1.6% Si
added for the purpose of preventing an exothermic reaction at the coat-
ing overlay substrate steel interface [48]. During the coating process an
interfacial FeAlZn intermetallic alloy layer forms at the interface between
the steel substrate and the overlay coating [49]. The surface of the Gal-
valume coating contains characteristic spangles that consist of aluminum
dendrites with a clearly measurable dendrite arm spacing (DAS). In cross-
sections (which will be discussed more detailed later), three features of
the coating are defined: The coating contains aluminum dendrites, Zn-
rich interdendritic regions and a fine dispersion of Si particles. The Al
dendrites were reported to contain approximately 18 wt % Zn and up to
1.8 wt % Si which is in good agreement with the ZnAl phase diagram
[50].
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2.3. Self-Assembled Monolayer Formation

2.3.1. General Overview

All surface treatments based on conversion have in common that they
form up a closed macroscopic oxide or hydroxide film, which usually has
amorphous characteristics and protects the surface as a barrier from ag-
gressive ions. The adhesion of polymer coatings on such surfaces will
be caused mainly by the morphology of the layers and van der Waals
interactions. A chemical linking of the polymer layer to the conversion
layer was postulated only one time in the case of zirkonium oxide [64].

Figure 2.4.: Self-assembly of amphiphilic adsorbates onto a solid sur-
face.

A more novel concept of surface treatment is the chemical modification
of surfaces by ultra-thin films of organic compounds. These attempts are
made by the adsorption of surface-active substances, a functionalization
of the surface to reach the modified substrate properties. Novel applica-
tions for such ultra-thin layers are in the areas of sensor technology, optics
and the corrosion protection. These are extreme cases in order to modify
a surface with only a single molecule capable of an organic substance. In
figure 2.4 the principle of such a coating is shown schematically. During
the adsorption the headgroups of the molecules interact with the surface.
Through interaction of the carbon frameworks of the single molecules an
orderly, densely packed structure will form, which is characterized by the
angle between the molecular axes and the surface normals. A second
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functional group, in which in the simplest case a methyl group, in the
end determines the properties of the modified surface.

2.3.2. Mechanisms and Kinetics of Self-Assembled
Monolayers Formation

The concept of molecular bonding agents is substrate-specific and has to
be continued in a way that the outward-pointing end of the molecules
will be able to build up covalent chemical bonds to subsequently ap-
plied coatings to stabilize the adhesion promoter molecules directly to
the phase boundary between metal and polymer layer. Monomolecular
layers of surface-active molecules in principle can be generated in two
ways. In the Langmuir-Blodgett technique, the surface-active molecules
are in a special apparatus on a liquid surface [65]. The substrate to be
coated is then pulled out of the liquid through the liquid film, which will
form highly ordered layers in the end. The method is far too expensive
to be used for complex structures to be coated and this way in industry.
The second process leading to monomolecular layers can be obtained
as self-organization (see figure 2.5). This is generally the spontaneous
adsorption of surface-active substances on metal and oxide covered sub-
strates mostly from organic solutions and leading to a highly ordered
structure. In practice, SAMs can be achieved by simple immersion of
the substrate in a solution of surface-active substance. In contrast to the
Langmuir-Blodgett technique the procedure is only applied to molecules
whose functional headgroups have a very high affinity to the substrate
surface, and hence to the spontaneous adsorption capacity. Furthermore
the process of the self-organization in terms of a uniform orientation of
all molecules on the surface is usually only possible for a minimum length
of about four carbon units in the alkyl chain. A typical molecule capable
of self-assembling has a polar headgroup and an alkyl chain (ODPA).
During the chemisorption of the headgroups on a metal surface, the ad-
sorption energy is the driving force for a full coverage on the surface.
The adsorption consists in the displacement of solvent molecules from
the surface. With increasing coverage, the long chain molecules form a
more dense pack together. They have, however, still enough agility be-
tween their relative positions to change slightly. In this way, over time a
highly ordered crystalline pack can be build up.
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Figure 2.5.: Illustration of the self organization process, according to
[40].
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2.3.3. Self-Assembled Monolayers on Metal Surfaces

The study of SAMs on metal surfaces is undoubtedly in the modification
of gold surfaces with thiols most advanced. An even incomplete overview
of the immense number of publications on this topic would be beyond
the scope of this work. Both the efforts to characterize the molecular
structure of the SAMs as well as all attempts by the chemical modifi-
cation of metal surface by suitable functional end groups on the phase
boundary between film and ambient atmosphere with all the related ap-
plications in sensors and nonlinear optics started on this field [66] [67]
[68]. But only few works deal with this issue from the viewpoint of corro-
sion protection and surface treatment of metals. One work of Rohwerder
and de Weldige noted that with the self-organization of thiols on gold
electrodes as a function of potential employees and, in particular defect
structures of the films and the electrochemical, the reduction of oxygen is
changing [69]. Furthermore the behavior of the modified surfaces oxygen
reduction was investigated [69]. The work aimed to gain insights into
the applications of thiols on iron surfaces. In addition to gold surfaces,
the self-organization of thiols also on copper and silver is known. Here,
possible applications of thiols are the corrosion protection, especially in
the field of microelectronics [70]. Films of the thiols inhibit the oxygen
reduction on copper surfaces considerably. It was shown that the kinet-
ics of oxygen reduction varies with the chain length of the connections
[48]. Industrially already used are thiols for corrosion protection on sil-
ver contacts in electronic components during transportation and storage,
especially in marine areas.

2.3.4. Self-Assembled Monolayers on Oxide Covered
Surfaces

The state of research in the field of ultrathin organic compounds on oxide
covered surfaces such as aluminum or zinc is far from being as advanced as
in the case of the metals. This is mainly due to the difficulty of preparing
a defined substrate surface, which does not change in its chemical com-
position and microstructure during the adsorption and thus permits the
formation of an ordered molecular structure and its spectroscopic cha-
racterization. Most are located on the surface of metals or alloys, oxide
layers, which are in the treatment solution, either dissolve or coagulate
and thus disturb the process of self-assembly. Unlike the adsorption on
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metals, one SAM on an oxide covered metal can slow down the corrosion
processes but usually not completely suppress it. An application of such
coatings for surface treatment is therefore only in conjunction with an
additional polymer coating.
The extremely high bond strength of the iron-sulfur binding provided
the motivation for the study of thiols on iron surfaces. Since the accessi-
bility of the thiols an iron oxide surface required in the work of Volmer
and Reinartz [71] that the native oxide layer was removed by cathodic
polarization by several times and exchange in the electrolyte containing
the thiols as an organic phase were adsorbed. In this way they got multi-
layers, which in aqueous solutions showed a protective effect, but in alco-
holic solutions were not resistant. The protective effect here is not based
on a stable monolayer, but on the barrier properties of a macroscopic hy-
drophobic thiols. In-situ studies in UHV on extremely thin metallic iron
on thiols showed that although the stability of the oxide surface towards
the oxidation by the presence of thiols actually increased, the protective
effect extends. However, it was by far not sufficient to generate in air
stable monomolecular films. The connection of organic molecules and
the ordering of ultrathin films are possible on oxide surfaces, however,
are other functional groups as required for adsorption on metal oxide
surfaces.
One of the major classes of layer formation on oxide covered surfaces
often already been studied is the alkoxysilane [72]. They differ from
the other surface-active compounds by the fact that when applied from
organic solutions initially by hydrolysis the corresponding silanol which
must be formed will react with the surface hydroxide in a condensation
reaction can enter into each other simultaneously. A polymeric network
on the surface of the metal can be built up this way. Their wide ap-
plication in practice, however, failed mainly due to the need for their
application in organic media, the difficulty of controlling the hydrolysis
under industrial conditions and the high cost of chemicals used.
The possible applications of SAMs on aluminum or aluminum alloy sur-
faces as described in the present work have so far hardly been studied.
Most works dealing with the molecular structure of thin aluminum films
to employ were on flat surfaces from the gas phase or deposited on alu-
minum single crystals carried out. Allara and Nuzzo [39] studied the
adsorption behavior of carboxylic acids to oxidized aluminum surfaces
with the aid of IR spectroscopy and provided a detailed analysis of spec-
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troscopic data on thickness and structure of the formed films. They
investigated carboxylic acids with a chain length of C12 to C22 and pro-
posed a structure for the SAMs, where the headgroup is in anionic form
and the backbone has all-trans conformation of methylene units and a
tilt of 12 ∘ to the surface normals.
Also for the adsorption of phosphonic acids on aluminum oxide an ionic
interactions is proposed [54] [55] [56]. Ramsi and Templeton investi-
gated the interaction of phosphonic acid with aluminum oxide surfaces
in such systems with the help of IETS [73]. In addition, several works,
which deal specifically with the surface treatment used phosphonic acid
in combination with aluminum materials from the viewpoint of corrosion
protection.
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2.4. Adhesion Promoting Organophosphonic
Acids

An adhesion promoter is applied to a substrate to improve the adhesion
of a coating to the substrate (see figure 2.6). There are many reasons for
delamination such as low adhesion due to incompatible surfaces, surface
contamination, and void formation during curing.

Figure 2.6.: The zone called interphase is mainly determined by the
interactions between the subtrate and the coating. These
interactions can be enhanced in many cases by introducing
an adhesion promoter.

In this study self-organizing phosphonic acid molecules were investigated
on aluminum oxide surfaces to improve the adhesion.

2.4.1. Binding to the Oxide Surface

With regard to the use of molecules as self-assembled monolayers, pri-
marily aliphatic molecules with 12 to 18 methyl groups were investigated.
The headgroups were varied, initially in the field of well-researched sys-
tems, such as thiols, carboxylic acids and silanes. Additionally func-
tional groups were selected, from which an interaction with aluminum
was reported already. In most cases phosphonic acids, but also amine
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molecules were used for adhesion promotion. All adhesion promoter can-
didates have been subjected to a flotation experiment. In a first step,
all molecules should adsorb on a powder of aluminum by solution self-
assembly. Subsequently, the powder and solutions were separated by
filtration. If the powder now has a complete and stable hydrophobic
shell of the molecules, it was able to float on water. The number of float-
ing powder grains and the time to until they dive as a selection criterion
was investigated. It was found that phosphonic acid has the best char-
acteristics for aluminum.

Figure 2.7.: Binding models developed in the literature.

Maege et al. [54] were the first to bring up the acid-base binding model
for the phosphonic acid/aluminum oxide interface in the year 1998 (left
side). The driving force was the formation of a surface salt. This ap-
proach was further investigated and developed by Gawalt et al. (center)
[55] and Hoque et al. (right side) [56] to an mono- and bidentate bind-
ing model (see figure 2.7). According to Gawalt et al. the phosphonate
group stretchings in the IR indicate a bidentate coordination mode of
the phosphonate to the surface.

2.4.2. Coupling Reactions at the Interface
Self-Assembled Monolayer/Polymer

The stability of a coating/adhesion promoter/oxide interface is decisively
determined by the type of attractive forces between functional groups of
coating and oxide surface as well as between coating and adhesion pro-
moter. If organic molecules adhere via hydrogen bonds, an incorporation

20



2. Fundamentals

of water to the organic/oxide interface leads to wet de-adhesion. The
substrate/coating interface stability can be increased by donor/acceptor
attraction of the Brönsted or Lewis type due to their higher binding
energy. If the polymeric top coat structure does not permit such in-
teraction, an adhesion promoting molecule can improve the adherence.
Aminopropylphosphonic acid (APPA) for example is mixed to epoxy-
amine coatings, enriches at the polymer/oxide interface during harden-
ing and increases the adhesion force between organic layer and substrate.
For a defined interface structure and in terms of economical use it is tried
to reduce the amount of adhesion promoter to a single monolayer, which
should also specifically bond to the coating [57]. Pahnke et al. presented
a technique to specifically connect a benzophenone derivative to a hy-
drocarbon chain on the one hand and adhering it by a phosphonic acid
anchor to an aluminum surface on the other hand [58]. For industrial
applications a promising corrosion protective system involves the choice
of a suitable substrate material, a compatible adhesion promoter and
tailored coating. Besides the stability of the monolayer/oxide interface
a highly stable monolayer/top coat interface is important, but was not
specifically investigated so far.

21



2. Fundamentals

2.5. Ab initio Simulations

Atoms and molecules, and the solids and in this work which are considerd
systems, are many-particle systems, which require a quantum mechanical
description. However, for many-particle systems, no analytical solutions
of the Schrödinger equation can be found. This chapter will begin with
some approximations and methods described by the free parameters (ab
initio) calculations in this work.

2.5.1. The Schrödinger Equation

The Schrödinger equation describes the wavefunction of a particle [59]:{
−ℎ2

8�2m
∇2 + V

}
Ψ (r⃗, t) =

iℎ

2�

∂Ψ (r⃗, t)
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(2.1)

In this equation, Ψ is the wavefunction, m is the mass of the particle,
ℎ is Planck’s constant, and V is the potential field in which the particle
is moving. The operator ∇ is equivalent to partial differentiation with
respect to x, y and z componets:
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∂
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î+

∂
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∂
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The product of Ψ with its complex conjugate Ψ∗ is interpreted as the
propability distribution of the particle. The Schrödinger equation for a
collection of particles like a molecule is very similar. In this case, Ψ would
be a function of the coordinates of all the particles in the system as well as
t. The energy and many other properties of the particle can be obtained
by solving the Schrödinger equation for Ψ, subject to the appropriate
boundary conditions. Many different wavefunctions are solutions to it,
corresponding to different stationary states of the system. If V is not
a function of time, the Schrödinger equation can be simplified using the
mathematical technique known as separation of variables. If we write the
wavefunction as the product of a spatial function and a time function:

Ψ (r⃗, t) = Ψ (r⃗) � (t) (2.3)

and then substitute these two new functions into equation (2.1), we will
obtain two equations, one of which depends on the position of the particle
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independent of the time and the other of which is a function of time alone.
For the problems in which we are interested, this separation is valid, and
we focus entirely on the familiar time independent Schrödinger equation:

EΨ (r⃗) = HΨ (r⃗) (2.4)

where E is energy of the particle, and H is the Hamiltonian operator,
equal to:

H =
−ℎ2

8�2m
∇2 + V (2.5)

The various solutions to equation (2.4) correspond to different stationary
states of the particle or molecule. The one with the lowest energy is called
the ground state. Equation (2.4) is a non-relativistic description of the
system which is not valid when the velocities of particles approach the
speed of light. Thus, it does not give an accurate description of the core
electrons in large nuclei.

2.5.2. The Molecular Hamiltonian

For a molecular system, Ψ is a function of the positions of the electrons
and the nuclei within the molecule, which we will designate as r and
R, respectivly. These symbols are a shorthand for the set of component
vectors decribing the position of each particle. We will use subscribted
versions of them to denote the vector corresponding to a particular elec-
tron or nucleus: r and R. Note that electrons are treated individually,
while each nucleus is treated as an aggregate; the component nucleons
are not treated individually.
The Hamiltonian is made up of kinetic and potentional energy terms:

H = T + V (2.6)

The kinetic energy is summation of ∇2 over all the particles in the
molecule:

T = −−ℎ
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The potenial energy component is the Coulomb repulsion between each
pair of charged entities (treating each atomic nucleus as a single charged
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mass):

V =
1
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where Δrjk is the distance between the two particles, and ej and ek are
the charges on the particles j and k. For an electron, the charge is −e,
while for a nucleus the charge is Z × e, where Z is the atomic number
for that atom.
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The first term corresponds to electron-nuclear attraction, the second to
electron-electron repulsion, and the third to nuclear-nuclear repulsion.

2.5.3. The Born-Oppenheimer Approximation

The Born-Oppenheimer approximation is the first of several approxima-
tions used to simplify the solution of the Schrödinger equation [60]. It
simplifies the general molecular problem by separating nuclear and elec-
tronic motions. This approximation is reasonable since the mass of a
typical nucleus is thousands of times greater than that of an electron.
The nuclei move very slow with respect to the electrons, and the elec-
trons react essentially instantaneously to changes in nuclear positions.
Thus, the electron distribution within a molecular system depends on
the positions of the nuclei, and not on their velocities. Put another way,
the nuclei look fixed to the electrons, and electronic motion can be de-
scribed as occuring in a field of fixed nuclei. The full Hamiltonian for the
molecular system can be written as:

H = T elec (r⃗) + T nucl
(
R⃗
)

(2.10)

+V nucl−elec
(
R⃗, r⃗

)
+ V elec−elec (r⃗) + V nucl

(
R⃗
)

The Born-Oppenheimer approximation allows the two parts of the prob-
lem to be solved independently, so we can construct an electronic Hamil-
tonian which neglects the kinetic energy term for the nuclei:
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Helec = −1

2

elec∑
i

(
∂2

∂x2i
+

∂2

∂y2i
+

∂2

∂z2i

)
(2.11)

−
elec∑
i

nucl∑
I

⎛⎝ ZI∣∣∣R⃗I − r⃗i
∣∣∣
⎞⎠ +

elec∑
i

elec∑
j<i

(
1

∣r⃗i − r⃗j∣

)
+

nucl∑
I

nucl∑
J<I

⎛⎝ ZIZJ∣∣∣R⃗I − R⃗J

∣∣∣
⎞⎠

This Hamiltonian is used in the Schrödinger equation describing the mo-
tion of electrons in the field of fixed nuclei:

HelecΨelec
(
r⃗, R⃗

)
= Eeff

(
R⃗
)

Ψelec
(
r⃗, R⃗

)
(2.12)

Solving this equation for the electronic wavefunction will produce the
effective nuclear potential function. It depends on the nuclear coordinates
of the system and describes the potential energy surface (PES) of the
system. For a given set of nuclear coordinates, this corresponds to the
total energy predicted by a sinlge point energy calculation, although
such calculations, of course, do not solve this equation exactly. One
possibly approximation method used to solve it will be discussed in the
next section of this introduction. Accordingly, Eeff is also used as the
effective potential for the nuclear Hamiltonian:

Hnucl = T nucl
(
R⃗
)

+ Eeff
(
R⃗
)

(2.13)

This Hamiltonian is used in the Schrödinger equation for nuclear motion,
describing the vibrational, rotational and translational states of the nu-
clei. Solving the nuclear Schrödinger equation is necessary for predicting
the vibrational spectra of molecules.

2.5.4. Density Functional Theory

Density Functional Theory (DFT) methods ultimately derive from quan-
tum mechanics research from the 1920’s, especially the Thomas-Fermi-
Dirac model, and from Slater’s fundamental work in quantum chemistry
in the 1950’s [63]. The DFT approach is based upon a strategy of mod-
eling electron correlation via general functionals of the electron density.
Such methods owe their modern origins to the Hohenberg-Kohn theorem,
published in 1964, which demonstrated the existence of a unique func-
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tional which determines the ground state energy and density exactly [61].
The theorem does not provide the form of this functional, however. Fol-
lowing on the work of Kohn and Sham [62], the approximate functionals
employed by current DFT methods partition the electronic energy into
several terms:

E = ET + EV + EJ + EXC (2.14)

where ET is the kinetic energy term arising from the motion of the elec-
trons, EV includes terms decribing the potential energy of the nuclear-
electron attraction and of the repulsion between pairs of nuclei, EJ is the
electron-electron repulsion term, and EXC is the exchange-correlation
term and includes the remaining part of the electron-electron interac-
tions. Beyond the Born-Oppenheimer approximation and the density
functional theory further simplifications can be introduced to the total
energy calculations. The most important ones are the pseudopotential
theory to model the electron-ion interactions, supercells to model systems
with non-periodic geometries, and iterative minimization techniques to
relax the electronic coordinates. The essential concepts will be reviewed
very briefly.

2.5.5. Pseudopotential Theory

The pseudopotential theory allows one to replace the strong electron ion
potential with a much weaker potential - called pseudopotential - that
describes all the salient features of a valence electron moving through
the solid, including relativistic effects [59]. Thus the original solid is now
replaced by pseudo valence electrons and pseudo ion cores. These pseudo
electrons experience exactly the same potential outside the core region
as the original electrons but have a much weaker potential inside the
core region. The fact that the potential is weaker is crucial, however,
because it makes the solution of the Schrödinger equation much simpler
by allowing expansion of the wave functions in a relatively small set of
plane waves. Use of plane waves as basis functions makes the accurate
and systematic study of complex, low-symmetry configurations of atoms
much more tractable.
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2.5.6. Supercell Approximation

The supercell approximation allows one to deal with non-periodic con-
figurations of atoms within the framework of Bloch’s theorem [59]. One
simply constructs a large unit cell containing the configuration in ques-
tion and repeats it periodically throughout space (see figure 2.8). By
studying the properties of these system for larger and larger unit cells,
one can gauge the importance of the induced periodicity and systemati-
cally filter it out.

Figure 2.8.: Schematic illustration of a supercell geometry. On the left
hand a bulk solid is illustrated. In the middle one can see
a model for a surface of a bulk solid and on the right hand
a geometry for a molecule is shown. The supercell is the
area enclosed by the dashed lines; according to [74].

2.5.7. Iterative Minimization

New iterative diagonalization approaches can be used to minimize the
total energy functional [59]. These are much more efficient than the
traditional diagonalization methods. New methods allow expedient cal-
culation of ionic forces and total energies and significally raise the level
of modern total energy calculations. The procedure requires an initial
guess for the electronic charge density, from which the Hartree potential
and the exchange-correlation potential can be calculated. The Hamilto-
nian matrices for each of the k points included in the calculation must
be constructed and diagonalized to obtain the Kohn-Sham eigenstates.
These eigenstates will normally generate a different charge density from
the one originally used to construct the electronic potentials, and hence a
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new set of Hamiltonian matrices must be constructed using the new elec-
tronic potentials. The eigenstates of the new Hamiltonians are obtained,
and the process is repeated until the solutions are self-consistent.
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In this section the details of all used experimental and theoretical tools
are given. For each technique the used experimental setup is described
and possible sources of errors will be commented.

3.1. Chemicals and Materials

If not indicated elsewise, all chemicals were of p.a. grade (analytical
reagent grade) and were used as supplied without any further purifica-
tion. The following chemicals and materials were used within this work:
Supplier VWR-International: 85 % H3PO4, 30 % water-based H2O2 so-
lution, 27 % water-based NH3 solution, Ethanol absolute. Supplier
Alfa Aesar: 99 % Octadecylphosphonic acid (ODPA). Other suppli-
ers: > 99.99 % Gold (Goodfellow), > 99.99 % Aluminum (Goodfellow),
> 99.99% Chrom (Goodfellow), HDG (Dortmunder Oberflächencentrum,
(DOC)), Galfan (DOC), Galvalume (DOC), Al2O3(0001) (Mateck) and
Al2O3(1− 102) (Mateck).

3.2. Fourier Transform Infrared Spectroscopy

A continuous light source emits infrared radiation, which is weakened by
the sample frequency-dependent (corresponding to the excited molecular
vibrations). The rest of the incoming radiation is registered in a detector
and electronically converted into an IR-spectrum.

3.2.1. Polarization Modulation Infrared Reflection
Absorption Spectroscopy

In the infrared investigation of thin films and monolayers on metal sur-
faces it is well known that at high angles of incidence, near the grazing
angle, enhanced absorbance of the reflected p-polarized light are achieved.

29



3. Experimental

In contrast, nearly no absorbance is observed with s-polarized light. This
disparity in absorbance intensities offers the possibility to obtain the dif-
ferential reflectance spectrum of the surface species ΔR/R by polariza-
tion modulation. It is important to have only polarization intensitive

Figure 3.1.: Optical setup block diagram for PM-IRRAS measure-
ments.

elements behind the sample (see figure 3.1), since any instrumental po-
larization differences will appear in the PM-IRRAS spectrum. To obtain
the differential spectrum, the detector signal is processed by a specialized
electronics that generates the average and the difference interferogram
required for the PM-IRRAS spectrum. These two signals are digitized
simultaneously with the A/D converter of the FT-IR spectrometer.
If ZnSe is stressed by compression or stretching, the material becomes
birefringent. That means different linear polarizations of light have
slightly different speeds of light when passing through the material. The
stress amplitude can be selected so that the photoelastic modulator
(PEM) acts like a ’half-wave’ plate. That means the plane of linear
polarized light is rotated by 90 ∘, after passing through the PEM crystal.
The stress, applied to the PEM crystal, is sinusoidally modulated. Thus,
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the state of polarization is modulated, too. The effective polarization
modulation frequency of the light is twice the mechanical oscillation fre-
quency of the PEM crystal. The (PEM) modulates the infrared beam by
rotating the polarization of the light sinusoidally at the frequency of the
birefringence modulation introduced mechanically in a ZnSe crystal [76]
[77]. If a monochromatic incident infrared beam that is linearly polarized
45 ∘ to the strain axis is passed through the modulator, the intensity of
output light is given by:

I(t) = [Ip + Is + (Ip − Is) ⋅ cos(Φ0 ⋅ cos( ⋅ t))] /2 (3.1)

Ip: polarization of the light beam prior to the PEM, experimentally set
to p-polarized light, i.e. polarized so that the electric field is parallel to
the plane of incidence.
Is: s-polarized light, i.e. polarized so that the electric field is perpendic-
ular to the plane of incidence.
cos( ⋅ t): modulation frequence of the PEM
Φ0: constant that depends linearly on the amplitude of mechanical mod-
ulation of the PEM

This modulation is found as a high frequency modulation on the classical
interferogram, detected at the detector element. These two frequencies,
interferometer and PEM modulation, are separated by the dedicated elec-
tronics. The low frequency signal is the average interferogram IA :

IA(�) = (Ip + Is)/2 (3.2)

The high frequency signal, typically 100 kHz modulation signal which
is demodulated by an external lock-in amplifier and send back to the
electronics, represents the difference interferogram ID :

ID(�) = (Ip − Is)/2 (3.3)

After the Fourier Transformation, the average and the difference spectra
are calculated:

IA(!) = (Ip + Is)/2 (3.4)

ID(!) = (Ip − Is)/2 (3.5)
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The differential reflectance spectrum is defined as:

ΔR/R = [ID(!)/IA(!)] (3.6)

Because of the different reflectivity of s- and p-polarized infrared radi-
ation at a metal surface the differential spectrum is multiplied by the
Bessel function, i.e. a background is obtained:

ΔR/R = J2(�0) ⋅ ID/IA (3.7)

The amplitude of the mechanical excitation of the PEM crystal defines
the points of the zero crossings of the Bessel function. The appropri-
ate setting for the amplitude depends on the experiment, i.e. on the
wavelength region of interest.

3.2.2. Spectra Refinement

1.) The software calculates the raw PM-IRRAS curve:

ΔR/R(raw) = [ID/IA] (3.8)

2.) The amplification factor of the lock-in amplifier has to be removed:

ΔR/R = (ΔR/R(raw))/fA (3.9)

3.) Removal of the background:
The background curve ΔR/R(back) can be fitted by a polynominal algo-
rithm or it can be obtained by the measurement of a clean metal sub-
strate. However, the differential reflectivity spectrum is ratioed against
the normalized background curve to result in the normalized differential
reflectivity spectrum.

ΔR/R(norm) = (ΔR/R) /([ΔR/R(back)] ⋅Rmax) (3.10)

In comparison to the infrared transmission spectroscopy, especially the
investigation of ultrathin (< 5 nm) layers is not described adequate by
macroscope dielectric constants. During measurements this leads to a
shift and change of the full width at half maximum of the peaks.
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Figure 3.2.: Differential reflectance spectrum of [12-(4-Benzophenone)-
dodecyl] phosphonic acid monolayer on oxide covered alu-
minum. Spectral features of the sample and Bessel function
background.

3.2.3. Diffuse Reflectance Infrared Fourier Transform
Spectroscopy

With the help of DRIFTS rough powder or solid state samples can be
examined directly, without further sample preparation. The diffuse ra-
diation is reflected by a reflecting ball again and focused in the detector
bulk. The radiation is then detected, integrated and electronically con-
verted into an IR-spectrum.
The DRIFTS offers some advantages over the IRRAS. First, it allows
the investigation of strongly scattering or absorbing samples. Second,
it provides high signal intensity, since the spectral information of many
particles is used. Therefore, even low intensity bands are measured. The
most important advantage, however, is that no sample preparation is
required, why powder or even single crystals of metal oxides can be mea-
sured directly. In comparison to the PM-IRRAS, the DRIFTS does not
suffer from optical shifts because of ultrathin layers.
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Figure 3.3.: Differential reflectance spectrum of [12-(4-Benzophenone)-
dodecyl] phosphonic acid monolayer on oxide covered alu-
minum. Spectral features of the sample after removal of
the background.

3.3. Quartz Crystal Microweighing

If a layer is applied on a quartz crystal excited to shear vibrations, then
the resonance frequency of the quartz crystal changes due to an enlarge-
ment of the swinging mass. Since frequency change of swinging quartz
can be measured very exactly, a very sensitive measuring method re-
sults for the weighing of thin layers. Mass allocations of the layer and
frequency change are each other proportional. The proportionality con-
stant can be calculated from the resonance frequency of the swinging
quartz crystal, so that a calibration is void during the layer weighing
with QCM. The accuracy of the QCM is primarily limited by the tem-
perature dependence of the quartz resonance frequency [82].

3.3.1. Quartz Crystal Microweighing in Gas-Phase

The quartz crystal microbalance is an extremely sensitive sensor capable
of measuring mass changes in the ng/cm2 range with a wide dynamic
range extending into the g/cm2 range. Sauerbrey was the first to rec-
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ognize the potential usefulness of the technology and demonstrate the
extremely sensitive nature of these piezoelectric devices towards mass
changes at the surface of the QCM electrodes [86]. The results of his work
are embodied in the Sauerbrey equation, which relates the mass change
per unit area at the QCM electrode surface to the observed change in
oscillation frequency of the crystal:

Δf = −Cf ⋅Δm (3.11)

Δf : observed frequency change in Hz
Cf : sensitivity factor of the crystal in Hz/ (ng ⋅ cm2)
(0.056 Hz/ (ng ⋅ cm2) for a 5 MHz crystal @ 20 ∘C)
(0.081 Hz/ (ng ⋅ cm2) for a 6 MHz crystal @ 20 ∘C)
(0.181 Hz/ (ng ⋅ cm2) for a 9 MHz crystal @ 20 ∘C)
Δm: change in mass per unit area, in g/cm2

The minimum detectable mass change is typically a few ng/cm2 and limi-
ted by the noise specifications of the crystal oscillator and the resolution
of the equipment used to measure frequency shifts. The Sauerbrey equa-
tion relies on a sensitivity factor, Cf , which is a fundamental property
of the QCM crystal. Thus, in theory, the QCM mass sensor does not
require calibration. This ability to calculate the mass sensitivity from
first principles is obviously a very attractive feature of these devices.
However, it is very important to notice, that the Sauerbrey equation is
only strictly applicable to uniform, thin-film deposits originating from
a low pressure (i.e. vacuum) gas environment [78] [79]. Thick deposits
and operation in liquid environments or in contact with lossy films, re-
lies on the use of more complex equations relating the frequency shifts
to mass loading, and often requires calibration of the setup for accurate
results. Several articles have been published on simple ways to calibrate
the mass sensitivity of QCMs for electrochemical applications [81] and
for vacuum thin-film deposition processes [84], and some useful calibra-
tion guidelines are also described herein. Many studies have shown that
the crystal’s sensitivity is approximately Gaussian. The maximum sensi-
tivity is in the center of the crystal and it tapers off towards the edge of
the active area [85] [86]. The mass sensitivity distribution has also been
shown to become slightly more confined to the electrode region as the
mass loading is increased.
The temperature coefficient of quartz crystals is normally specified in
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units of parts per million per degree of temperature change. A one part
per million change in frequency of the sensing crystal corresponds to an
indicated thickness change of approximately 7.4 Å for a material with a
density of 1.0 g/cm3. For aluminum with a density of 2.7 g/cm3, this
is equivalent to approximately 2.7 Å. This intrinsic dependence of res-
onance frequency of a sensor crystal on temperature is generally small
in experiments in gas phase when operating at or near its ”turn-around-
point”. The ”turn-around-point” is where the temperature coefficient of
the crystal is zero.
The Quartz Crystals utilised for all experiments were standard AT-cut,
1-inch diameter crystals for use in liquid applications. The AT-cut quartz
is chosen for its superior mechanical and piezoelectric properties, and the
angle of cut can be adjusted to obtain a zero temperature coefficient at a
desired operating temperature. The 1-inch diameter was chosen to allow
enough distance between the active area of the crystal and the mounting
o-ring. This improves the overall stability of the crystal by reducing the
frequency changes due to mounting stress. The Maxtek’s 1-inch crystal
electrode patterns configuration enables both electrical contacts to be
made on the backside of the crystal allowing measurement in conductive
liquids. The oversized front electrode (1/2 inch in diameter as opposed
to the 1/4 inch diameter rear electrode) was chosen to ensure a more
consistence deposition across the active area of the crystal. The exposed
area of the front electrode is 0.212 inch (137 mm2), but the active os-
cillation region (displacement area) is limited to the overlapping area of
the front and rear electrodes (0.053 inch or 34.19 mm2).

3.3.2. Quartz Crystal Microweighing in Liquids

In the following experiments the crystal holder is in direct contact with
the sensor crystal and the experiment environment. Thus, care must be
taken to ensure its cleanliness eliminating any contaminants that may
react with the crystal or the experiment media. QCMs have been used
as gas-phase mass detectors with lossless films for many years. However,
recently their applications have been extended to liquids and with vis-
coelastic deposits. In these cases, both frequency and series resonance
resistance of the quartz crystal are important to completely characterize
the material and/or the liquid in contact with the crystal electrode. The
development of QCM systems for use in liquids opened a new world of
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Figure 3.4.: QCM-holder for liquid media.[87]

applications, including electrochemistry and micro-rheology. More re-
cent developments have focused on tailoring electrode surface chemistry
(i.e. specialized polymer coatings) so that these devices can be applied as
discriminating mass detectors for many applications including: specific
gas detection, environmental monitoring, biosensing and basic surface
molecule interaction studies. When the QCM comes in contact with a
liquid, there is a decrease in frequency that is dependent upon the vis-
cosity and density of the liquid. Kanazawa’s solution for the change in
resonant frequency of the crystal due to liquid loading is shown in the
following equation

Δf = −f
3
2
q

√
�L ⋅ �L
� ⋅ �q ⋅ �q

. (3.12)

Liquid loading also dampens the resonant oscillation of the crystal caus-
ing an increase in series resonance resistance, R, of the crystal. Δf and
ΔR measurements are both routinely used as independent indicators of
mass loading and viscosity at the crystal-liquid interface of the QCM res-
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Figure 3.5.: Change in resonant frequency of the crystal due to liquid
loading.

onator during chemical and electrochemical depositions in solution. For
example, moving the crystal from air to pure water @ 20∘C, Kanazawa’s
equation predicts a decrease in f of 714 Hz, respectively. This value is in
agreement with the results observed with an QCM using a 5 MHz, 1-inch
diameter, polished, gold coated mounted on a Maxtek Crystal Holder (see
figure 3.5). Note that pure water @ 20∘C has a density of 998.2 kg/m3,
and a viscosity of 1.002 @ 10−3 N/m2. Excellent agreements between
the frequency equations and the experimental results have been proved,
making the QCM an excellent tool for the evaluation of fluid proper-
ties. Application examples include in-situ monitoring of lubricant and
petroleum properties. The tight correspondence between theory and the
QCM is clearly illustrated in figure 3.5, respectively. Note that some
of the discrepancy in the frequency curve could arise from an error in
estimating the active electrode area.
Studies have shown that electrode surface roughness can cause large ap-
parent mass loadings due to the liquid that is trapped within pores at the
crystal surface. Maxtek’s crystals are optically polished to 50 Å average
surface roughness to minimize this effect. Polished crystals are required
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to obtain good agreement between theory and measurement during liq-
uid immersion experiments. Polished crystals are also required to obtain
measurements reproducibility from crystal to crystal.

3.4. Contact Angle Measurements

Contact angle measurements were made to demonstrate the relationship
between the properties and chemistry of a surface. Wettability (ability
of a fluid to cover a surface) varies with both the completeness of the
monolayer and its degree of order. Wettability also varies with the po-
larity of the monolayer surface functional groups.

Figure 3.6.: Schematic draw of a liquid/solid interface with the contact
angle �.

To determine the surface free energy of the monolayers by measuring
contact angles as a function of surface tension, a measurement of a series
of liquids is necessary. The Young equation gives the following relation

sg = sl + lgcos� (3.13)

where  is the surface tension which can be thought of as the energy
required to create a unit area of an interface. If the energy required
to create the solid-liquid (sl) interface is greater than that required for
creation of a solid-gas (sg) interface, then the contact angle � will be
lower than 90 ∘. In other words, the liquid will spread over the surface
to maximize the solid-liquid interfacial area (see figure 3.6).
The surface energy as well as dispersive and polar fractions of the surface
free energy were determined from the static contact angles of water,
formamide and di-iodomethane following the approach of Owens [88]

39



3. Experimental

assuming that the total free energy at a surface can be considered as
a sum of contributions.

3.5. Thermal Desorption Spectroscopy

Temperature-programmed desorption (TPD) techniques are well suited
methods for the determination of kinetic and thermodynamic parameters
of desorption processes or decomposition reactions. A sample is heated
with a temperature program �(t) = dT/dt (with the temperature T
usually being a linear function of the time t) and the partial pressures
of atoms and molecules evolving from the sample are measured, e.g. by
mass spectrometry. When experiments are performed using well-defined
surfaces of single crystalline samples in a continuously pumped UHV
chamber (see figure 3.7) then this experimental technique is often also
referred to as thermal desorption spectroscopy (TDS).
TPD is an UHV based technique for the determination of the adsorption
parameters of a system: the number of different adsorption states with
one particular adsorbate, the adsorbed mass on the surface, the order of
the desorption reaction and their activation energy. The initial step of
surface processes is the adsorption creating a chemical bond, which can
be expressed in a chemical equilibrium as

S + A
Ea⇀↽
Ed

(SA)ads (3.14)

where S is the surface site of the adsorption, A is the adsorbing atom or
molecule and (SA)ads is the adsorbate. Taking dissociative adsorption
(molecules: A-A and A-B) into account the adsorption equilibrium is
reached if

2S + A2

Ea⇀↽
Ed

(SA)ads (3.15)

2S + AB
Ea⇀↽
Ed

(SA)ads + (SA)ads (3.16)

S1 + S2 + AB
Ea⇀↽
Ed

(S1A)ads + (S2B)ads (3.17)

where S1 and S2 are different surface sites of the adsorption. With the
reactions (3.14) to (3.17) indicated are the activation energy of the ad-
sorption Ea and the activation energy of the desorption Ed. When a
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Figure 3.7.: On the left hand the complete UHV chamber and on the
right hand the manipulator, the conus leading to the QMS,
the AES and the head of the dosing system can be seen.
This experimental configuration allows adsorption, ther-
mal desorption in-situ, and furthermore the confirmation
of the surface state by AES.

particle approaches to the surface and is finally adsorbed, the following
condition is applied:

∣Ed∣ = ∣Eads∣+ ∣Ea∣ (3.18)

This equation can be simplified for the case of non-activated adsorption
to

∣Ed∣ = ∣Eads∣ (3.19)

with Eads being the adsorption energy. Non dissociative adsorption re-
actions are also not activated; dissociative reactions can be both acti-
vated and not activated. In general adsorption reactions are exothermic.
Adsorption reactions mean a decrease of entropy for gaseous adsorbents.
The total gain of free energy can be calculated from the Gibbs-Helmholtz
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equation for the free standard reaction enthalpy of adsorption

ΔGads = ΔHads −ΔSads ⋅ T (3.20)

where Sads is the entropy difference between the right and the left side of
equation (3.14). The adsorption entropy is negative because the number
of the degrees of freedom is smaller in the adsorbate than in the gas.
Therefore Gads can be only negative if Hads is negative.
For the description of a desorption reaction the surface coverage Θ is used
as a measure for the surface coverage of the adsorbate and the negative
derivative as reaction rate �d

�d = −Θ̇ = −∂Θ

∂t
(3.21)

The desorption reaction of n-th order is described as

Θ̇ = −k0 ⋅Θn (3.22)

where is the n-th exponential of the coverage as function of the time t,
is the variation of coverage with time, k0 is the reaction constant and n
is the order of the desorption reaction. The order n = 1 is assumed for
the non-associative and n = 2 for associative desorption. The reaction
constant is given by the Arrhenius equation

k0 = kd ⋅ exp
(
− Ed
R ⋅ T

)
(3.23)

where kd is the pre-exponential factor, R is the gas constant and T is
the temperature of the adsorbate. From equations (3.22) and (3.23) we
receive as differential equation for desorption of n-th order

Θ̇ = −kd ⋅Θn ⋅ exp
(
− Ed
R ⋅ T

)
. (3.24)

3.6. Time-of-Flight Secondary Ion Mass
Spectroscopy

A primary ion beam of Ga+ strikes the sample causing the emission of
secondary ions characteristic for the composition of the sample surface.
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The primary beam is a Gallium ion beam emitted by a so-called Liquid
Metal Ion Gun (LMIG). The secondary ions are accelerated and focused
by a lens system (not entirely represented) before reaching the spectro-
meter. The kinetic energy of an ion of mass m and charge z ⋅ e after
acceleration by an extraction voltage V0 is:

Ek =
1

2
mv2 = ∣z∣ ⋅ e ⋅ V0 (3.25)

The spectrometer (or secondary ion optics) is constituted of an electro-
static analyzers and a secondary ion detector (dual micro-channel plate
detector). Since the primary ion beam is pulsed, the time t required for
an ion to hit the detector plate is measured (so-called Time-of-Flight:
ToF). If L0 is the effective length of the spectrometer, t is given by:

t =
L0

v
= L0 ⋅

√
m

2 ⋅ ∣z∣ ⋅ e ⋅ V0
= C ⋅

√
m

∣z∣
(3.26)

So, the mass separation (resolution) is given by the separation of the
times of flight between sample and detector for the various secondary
ions. Besides, the arrival position of a secondary ion on the micro-channel
detector plate is correlated to the emission point at the sample surface.
This allows lateral resolution and chemical mapping. Since a given ac-
celeration voltage extracts secondary ions of a given polarity, two acqui-
sitions, one for the positive ions, one for the negative ones, are required
to obtain a complete ionic image of the surface.

3.7. X-ray Photoelectron Spectroscopy

The kinetic energy of electrons extracted from a sample at given photonic
energy is an element specific parameter. The analytical x-ray energy
bilance can be expressed as:

EB = ℎ ⋅ � − Ekin − e� (3.27)

EB = binding energy [eV]
ℎ ⋅ � = photoelectric energy of the x-ray [eV]
Ekin = kinetic enery of the photoelectrons [eV]
e�= electronic work function [eV]

43



3. Experimental

The XPS may be used for the identification of chemical bondings and
the contained elements. It is also a quantitative analyse technique for
the elemental distribution near surface layers (2− 5 nm).
The depth information of the method is limited by the mean free path
of electrons. For a normal metal this length goes from 2 to 5 nm, which
is very small compared to the penetration of the x-rays (1 to 10 �m).
It is clear that only electrons from the material can be measured by the
detector. The intensity contribution decreases with increasing depth ex-
ponentially.
There are two kinds of spectra obtained: Survey and detail spectrum.
The first one serves as global information about the investigated sample
and obtains intensities as function of the binding energies. Measured for
the entire area the existing elements can be detected qualitatively.
For a quantitative analysis of a particular element one can perform detail
spectra. Here, a higher resolution in the binding energy of each element
is given. The XPS method can also include information about the chem-
ical state of an element. A bound element (such as a metal in a metal
oxide) has a different charge distribution in comparison to non bonded
or pure state, with a shift in the XPS binding energy. Thus, for example
different oxidation states can be distinguished [118].

3.8. Scanning Electron Microscopy

The scanning electron microscope (SEM) allows imaging and analyzing
sample surfaces by rastering a surface with a beam of high-energy elec-
trons (usually between 2− 25 keV ) in a grid-like scan-pattern. Varieties
of interactions of the electrons with the surface produce different types
of signals that contain information of the surface topography, chemical
composition and crystalline structure. The interaction of the incoming
electrons with the surface first of all leads to elastic back-scattering of the
electrons. Moreover, incoming electrons can cause other electrons to leave
the sample surface as so-called secondary electrons. The photo electric
emission of electrons from core-levels leads to the emission of characteris-
tic x-rays and auger electrons due to electronic relaxation processes. All
of these types of signals generated by the electron beam can be analyzed
by conventional SEMs. The standard imaging mode, secondary electron
imaging, allows to obtain extremely high-resolution images of the sam-
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ple surfaces revealing details down to nm in size. Also back-scattered
electrons enable an evaluation of the surface topography. Moreover, the
analysis of the diffraction pattern of the back-scattered electrons (Elec-
tron Backscatter Diffraction, EBSD) allows obtaining crystallographic
information from samples with the SEM. The diffraction pattern can e.g.
be used to analyze the orientation of individual grains on polycrystalline
samples. Auger electrons and emitted x-rays are of course sensitive to
the emitting element and can therefore be used for an analysis of the
chemical composition [75].
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4. Application of Quartz Crystal
Microweighing to Adsorption
Kinetics of Self-Assembled
Monolayers

4.1. Introduction

The aim of this work was to investigate the native and plasma modified
oxide covered films of aluminum as a starting point for the adsorption
of different organic monolayers. In the literature, these compounds are
decribed as self-organizing on oxide covered aluminum surfaces. In ad-
dition, they have a protective effect against corrosion on the Al-surface.
They replace conventional micrometer thick conversion layers. Before
starting this work, however, only little knowledge existed about the ki-
netics of adsorption of the Organophosphonate.
Pahnke and Rühe showed the effective coupling of benzophenone func-
tionalized organophosphonates to oxide covered aluminum surfaces which
opens the way of adhesion promotion to organic layers via a photochem-
ical reaction [92]. Wapner and Grundmeier applied aminopropylphos-
phonic acids as short chain adhesion promoting molecules on aluminum
alloy surfaces from dilute aqueous solutions and from a liquid adhesive
film and showed excellent filiform corrosion resistance [93]. It is gener-
ally accepted that surface hydroxyl groups promote the adsorption of the
organophosphonate and that the adhesion of the phosphonate group is
based on an acid-base interaction. The driving force is assumed to be
the formation of a surface salt as already described for long-chain car-
boxylic acids by Allara et al. [94] and recently by van den Brand et
al. [95] [96]. Alexander et al. showed that an aluminum surface under
atmospheric conditions is covered by a thin pseudo-boehmite layer. The
passive film consists of the two main phases −Al2O3 and −Al(O)OH.
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The hydroxide to oxide ratio could be characterized by means of XPS
and appropriate curve fitting [97]. Low temperature plasma processes
at reduced or atmospheric pressure recently are of high interest for the
adjustment of surface chemistry on metals and polymers. In extremely
short times the material surface can be changed in its chemical compo-
sition [1] [2]. Grundmeier et al. illustrated how oxide covered iron and
zinc can be modified with regard to their surface chemistry and oxide
thickness [3] [4]. However, for most technical applications the time re-
quired to form a functional monolayer is crucial for the applicability in a
process chain, the most challenging being continuous lines for aluminum
sheet surface technology. Adsorption times of few tens of seconds would
allow the integration of self-assembly processes even in these high speed
technologies. Up to now the study of the kinetics of adsorption was not
in the focus of the investigations. Most monolayers were formed within
hours of immersion in solution.
In this work, for the first time quartz crytsal microweighing was used
as a method to determine the kinetics of adsorption and the density of
hydroxides on Al-modified surfaces. Moreover, it should be examined to
what extent a modification of the oxides in a glow discharge can influence
the kinetics of adsorption. As a second point of interest the dependence
of the adsorption kinetics of the concentration has been investigated.
This way a novel combined process for Al-materials has been developed.
The aluminum was deposited in the form of a 250 nm thick layer on a
quartz crystal. The adsorption of the monolayers was done from dilute
ethanol solution. With the help of quartz crytsal microweighing a time
resolved in-situ investigation of the layer adsorption was achieved. In-
dividual results were determined by FTIR spectroscopy under grazing
incidence.

4.2. Experimental

4.2.1. Sample Preparation

For the here presented studies the aluminum samples were prepared by
PVD. Aluminum layers were deposited on commercial gold coated quartz
crystals (Maxtek, Ø = 1 inch) for the in-situ IRRAS measurements and
subsequent study of adsorption kinetics of phosphonic acids by a QCM.
Samples were coated with 250 nm aluminum layer (Al 99.99%) using
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electron beam evaporation (Univex 450, Leybold AG). During the evap-
oration the layer thickness was monitored by a QCM (Inficon XTC).
Prior to aluminum film deposition the samples were thoroughly cleaned
in a mixture of hydrogen peroxide and ammonia (1 : 1) for 60 minutes at
80 ∘C, afterwards rinsed with de-ionized water and dried in a nitrogen
stream.

4.2.2. Surface Chemistry

The experimental setup for the plasma modification is shown in figure 4.1
a). The sample is mounted on a holder which can be moved by a stepper
motor along the chamber axis. For a uniform modification of the surface
the sample was moved through the plasma zone at a constant velocity
which determines the time of exposure. More detailed description of the
plasma generation is given by Raacke et al. [98]. The base pressure of the
chamber before flushing with the working gases was ensured to be in the
range of 10−4 mbar. The pressure of the corresponding gas atmosphere
during all plasma modifications was adjusted to 0.3 mbar. Pure gases
were used for the experiments, argon and hydrogen in the quality 5.0 by
Air Liquid, for the water plasma modifications a closed flask with a high
precision valve was filled with ultra pure water. Before using the water
was frozen by dipping in liquid nitrogen and the residual gas content
pumped down. For the adjustment of a defined water vapor atmosphere
in the plasma chamber to 0.3 mbar the water partial pressure was fed by
a fine valve and the pumping system was throttled. The gas composi-

Table 4.1.: Gas phase composition and relevant times of the several
plasma treatments.

Gas composition Partial pressure/mbar Treatment time/s
Ar/H2 0.25/0.05 120
H2O 0.3 120
Ar 0.3 120

tions and relevant times during the different plasma treatments are given
in table 4.1. The experimental setup for the adsorption experiments is
shown in figure 4.1 b). The QCM (Maxtek, RQCM) with a resonance
frequency of 5 MHz is sensitive to mass changes down to nanograms
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Figure 4.1.: Schematic drawing of the experimental setups for a)
plasma treatment and in-situ IRRAS and b) the measure-
ments of the adsorption caused mass change on the surface
by QCM. [10]

(56.49 Hz × cm2 × �g−1). To minimize the QCM frequency drift associ-
ated with thermal fluctuations, the temperature of the solutions during
adsorption was monitored over the complete measurement time and did
not fluctuate more than 0.1 K. All adsorption measurements were per-
formed in a 150 ml glass beaker. Total solution volume in the beaker was
100 ml for each measurement. Stirring was accomplished with a mag-
netic stirrer and a Teflon coated stir bar. The experiments were started
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first in pure ethanol (absolute for analysis, Merck) until the QCM was
running with a stable baseline, without any oscillations or shifts. The
phosphonic-acid (n-octadecylphosphonic acid CH3(CH2)17P (O)(OH)2,
by Alfa Aesar) was then quickly introduced by a syringe. To achieve
final concentrations of 10−4 mol/L, 5× 10−5 mol/L and 10−5 mol/L the
experiment was started with 99 ml of solvent. After equilibration, 1 ml
of the phosphonic acid solution was introduced. The Sauerbrey equation
assumes that an additional mass or film deposited on the crystal has
the same acousto-elastic properties as the quartz [99]. This assumption
results in a sensitivity factor Cf , which is a fundamental property of the
QCM. It is important to note that under these assumptions, the change
in frequency is a function of mass per unit area. Therefore, in theory, the
QCM mass sensor does not require calibration. However, the Sauerbrey
equation is only strictly applicable to uniform, rigid, thin-film deposits.

4.2.3. Surface Analysis

The plasma chamber which is implemented in a FTIR spectrometer
(Digilab, FTS 3000) allows an in-situ analysis of the modified surface
by Fourier transform infrared reflection absorption spectroscopy (FT-
IRRAS). The mid infrared beam is guided by a set of mirrors and trans-
mitted through ZnSe windows onto the sample and reflected under 80 ∘

to a liquid nitrogen cooled mercury cadmium telluride (MCT) detector.
All presented spectra were recorded using a resolution of 4 cm−1 and
originate from a co-addition of 256 single scans. To further enhance the
sensitivity for the surface species and to eliminate the gas phase absorp-
tion of residual water and carbon dioxide in the spectrometer a discrete
polarization modulation was performed [100] [101]. The chemical com-
position of the oxide layer on freshly evaporated aluminum changes on
the time scale of several days [102]. With regard to possible industrial
in-line applications, deposited layers were used for each series of mea-
surements within 24 hours after preparation and stored in an exsiccator
before using.

4.2.4. Determination of the Mass Sensitivity

The QCM enables the detection of smallest mass changes at the surface
of a vibrating quartz by measuring the change of its resonance frequency
fq. This makes the QCM also suitable for the investigation of coating
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processes. In case of very thin or rigid films, the additional applied mass
according to Sauerbrey mass density at the surface mf (measured in
mass per area) is directly proportional to the change of the resonance
frequency fq.

Δf = −C ⋅mf (4.1)

For coatings in solution, the liquid phase directly reduces the resonance
frequency. The proportionality between the change in the resonance
frequency and the additional mass applied to the surface density remains,
so that the measurement of the applied mass density is also possible here.
The advantage of the QCM outside of the UHV range is a much wider
range of chemicals that can now be used in solutions or chemical vapor
deposition (CVD). The wavelength �q of the oscillation in the quartz is
given by

tq = �q/2 (4.2)

because of
�q ⋅ fq = �q (4.3)

it is given
fq ⋅ tq = �q/2 (4.4)

The change in resonance frequency fq due to a change in the crystal
thickness tq is given as

∂fq
fq

= −∂tq
tq

(4.5)

The negative sign tells a decrease in the frequency with an increase of
the thickness required. Equation 4.5 can also be obtained by the mass
and its change.

∂fq
fq

= −∂Mq

Mq

(4.6)

Sauerbrey suggested that, when the growing layer is very thin, the change
of the mass can be seen as a mass change of the crystal itself. This
changes equation 4.6 to

∂fq
fq

= −∂M
Mq

(4.7)
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The mass of a film applied to the quartz crystal is given as Mf and the
frequency after adsorption as fc.

fc − fq
fq

= −Mf

Mq

(4.8)

One can also write
fc − fq
fq

= −mf

mq

(4.9)

For isotropic layers be the mass density can be formulated as a product
of thickness and density

mf = tf ⋅ �f ,mq = tq ⋅ �q (4.10)

Equation (9) now is expressed as

mf = − (fc − fq) �q�q/2f 2
q (4.11)

but is often symplified to

Δf = −C ⋅mf (4.12)

Where Δf is the frequency difference before and after the adsorption and
C is the so-called mass sensitivity constant defined as:

C = 2f 2
q /�q�q (4.13)

The present system has a theoretical mass sensitivity C of

C =
2 ⋅ (5000000s−1)

2

2.650gcm−3 ⋅ 334000cms−1
= 56.49Hz ⋅ cm2 ⋅ �g−1 (4.14)

To verify the mass sensitivity C of the system a chemical deposition of
copper was carried out on the quartz. Thereby the quartz surface is the
working electrode connected to a potentiostat, operatinh galvanostatic.
A gold wir was chosen as a counter electrode. The experiment was carried
out at 15 mA, as the electrolyte is 0.5 M CuSO4 / 0.5 MH2SO4 solution.
According to the Faraday law, the mass of chemical deposited copper can
be identified:

m =
M ⋅ I ⋅ t
z ⋅ F

(4.15)
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In the figure frequency shift vs mass shift 4.2 the slope can be determined.
The surface of the crystal was determined to be 1.23 cm2.

Figure 4.2.: The frequency shift vs mass shift for an electrochemical
copper deposition on a gold coated quartz.

Figure 4.3.: Approximating a fixed surface of the quartz now the mass
sensitivity can be predicted. In the graph it is shown as
frequency shift vs applied mass.

This results in a mass sensitivity C of

C = 41.75 Hz ⋅ cm2 ⋅ �g−1 (4.16)
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The difference between the theoretical and actual calibrated value is es-
sentially determined by the electronics of the product. The comparison
with a better-known system, such as the thiols on gold, now allows con-
clusions about the surface coverage. Under the assumption of an ideal

Figure 4.4.: An ideal (111) hcp surface.

(111) hcp surface one estimate a maximum of adsorption places N on the
basis of the atoms in the hcp surface. In an ideal quartz crystal surface
A of 1cm × 1cm therefore the following number of adsorption places N
exist:

N =
A

r2
√

12
(4.17)

Referring to last equations one can determine a dense packed SAM sys-
tem (M ≈ 300 g/Mol) to cause a frequency shift of about 12 Hz. This

Figure 4.5.: Frequency change of a gold coated quartz due to the ad-
sorption of octadecanethiol as SAM.

was proved in model a experiment with gold covered quartz crystals and
octadecanethiol as SAM (see figure 4.5).
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4.3. Results and Discussion

4.3.1. Plasma Surface Chemistry

To achieve a carbon contamination free surface before the water plasma
modification was performed, each sample was cleaned in an argon/hy-
drogen plasma. Figure 4.6 shows the corresponding infrared reflection
absorption spectra of an aluminum coated quartz crystal surface after
the cleaning step with a treatment time of 120 s. The resulting in-
frared absorption after the modification is related to the signal obtained
from the native surface. The cleaning procedure leads to a removal of

Figure 4.6.: In-situ FT-IRRAS of an oxide covered aluminum surface
after 120 s argon/hydrogen plasma modification with the
surface of the PVD aluminum film as reference. [10]

hydrocarbon contaminations resulting in negative signals in the range
of 2800 − 3000 cm−1 [10] caused by the symmetrical and asymmetrical
stretching vibrations of CH2 and CH3, and in a weak negative signal at
1420 cm−1 caused by the deformation vibrations of CH2 and CH3. The
broad and asymmetrical negative band at 3500 cm−1 is assigned to a
plasma induced remove of adsorbed water from the native oxide layer,
the corresponding peak at 1650 cm−1 is very small (with an expected ra-
tio of 6:1 [95]) and could be overlaid by the broad peak at 1720 cm−1 (see
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figure 4.6). The negative absorption bands at 1720 cm−1, 1590 cm−1 and
1475 cm−1 (see figure 4.6) appear due to a removal of organocarboxy-
lates. The dominant feature of the spectrum is located at 930 cm−1 and
results from a first plasma induced formation of Al2O3 (see positive peak
in figure 4.6). The oxidizing species appear in the plasma due to a resid-
ual amount of water, oxygen, and carbon mono- and dioxide resulting
as well from the vacuum conditions in the chamber (pbase ≈ 10−4 mbar)
as from plasma induced desorption of adsorbates from the sample sur-
face and from the walls of the chamber. Two processes interact here
simultaneously, a formation of surface oxides and hydroxides due to the
residual gases in the plasma volume and an additional transformation
of aluminum hydroxide to aluminum oxide, due to the influence of the
argon plasma. The other aspect will be discussed more detailed later.
Figure 4.7 shows the infrared reflection absorption spectra of an alu-

Figure 4.7.: In-situ FT-IRRAS of an oxide covered Al surface after a
water and subsequently argon plasma modification related
to the background acquired after the cleaning step; the
region of Al − O, Al − OH and H2O vibrations (1800 −
600 cm−1). [10]

minum coated quartz crystal surface after the Ar/H2 plasma cleaning
step and subsequent H2O plasma modification (black line) and after an
additional Ar plasma treatment (grey line). Both spectra were acquired
in-situ immediately after the respective plasma modification and were re-
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lated to a background measured immediately prior to the water plasma
treatment. The interesting regions of the spectrum are expanded to a
larger scale. The region from 2800 cm−1 to 3800 cm−1 includes the vibra-
tion modes of terminal hydroxyls (3700−3800 cm−1), bridging hydroxyls,
hydrogen bridge bonded hydroxyls and water (3200 − 3500 cm−1). The
broad asymmetric absorption band in the spectrum has its maximum at
3500 cm−1. The absence of the corresponding band at 1650 cm−1 for
the water molecules is a hint for the lack of water in the formed film.
An absorption band at 3700− 3800 cm−1 is also absent, which indicates
that the water plasma modification does not increase the density of ter-
minal non-hydrogen bonded hydroxyls compared to the Ar/H2 plasma
cleaned native passive film. For these reasons the measured absorption
band can be assigned to the symmetric and asymmetric vibration modes
of bridging or hydrogen bridge bonded hydroxyls in the formed layer.
The exact wavenumber of these vibration modes depends on the local
chemical environment of the hydroxyls [95]. The second important re-
gion from 600 cm−1 to 1800 cm−1 is shown in figure 4.7). The water
plasma treatment induced absorption bands within these range repre-
sent the vibration modes of AlOOH (1100 cm−1), Al2O3 (950 cm−1) and
OH- adsorbed on Al2O3 [103] [104]. There is a second possible outcome
of the water plasma modification, which was observed under certain con-
ditions. In this case the feature of the FTIR spectrum at 950 cm−1

does not appear and the vibration bands attributed to the hydroxides
are detected only. The authors suppose, that this behavior strongly de-
pends on the thickness of the already air formed oxide film, which can
not be furthermore increased by a plasma treatment. The observations
and results described in the following are independent from the formation
of this additional oxide layer, since the formation of aluminum hydrox-
ides is the crucial process. To check a possible reversibility of the water
plasma induced tailoring of the surface chemistry on oxide covered alu-
minum an additional argon plasma treatment of the modified oxide layer
was performed. This subsequent argon plasma treatment leads to an
increase of the Al2O3 signal in the FTIR spectrum in figure 4.7) while
the intensities of the AlOOH and of the OH-peaks decrease. This can be
explained with a partial transformation of hydroxides into oxides under
argon ion bombardment. This is similar to the observation of Grund-
meier and Stratmann, that an argon plasma treatment of an oxide film
on iron, which was formed by an oxygen plasma, does not change the
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layer thickness but changes significantly the film chemistry [97]. The
influence of the argon ion bombardment on the surface chemistry of alu-
minum was not discussed intensively in the literature until now. It is well
known that an ion bombardment might change the surface chemistry de-
pending on the substrate material e.g. during a sputter process [105].
McCafferty and Wightman used an argon plasma for cleaning of native
aluminum surface from carbon contamination and did not observe any
changes neither in the oxide thickness nor in the OH−/O2−-ratio by XPS
measurements [106]. This discrepancy in the results might be explained
by the differences in the plasma conditions in the experiments.

4.3.2. Adsorption Kinetics of Octadecylphosphonic Acid

IRRAS measurements were done after the phosphonic acid adsorption as
well on native as on plasma pretreated samples. For the IRRAS stud-
ies the adsorption time was varied between 30 s and several hours. As
an example the corresponding characteristic IR absorption bands of the
adsorbed phosphonic acid on water plasma treated passive film on alu-
minum are shown in figure 4.8. In this case the adsorption time was
chosen to be two hours.
Part a) of the spectrum shows the range of 2750 − 3050 cm−1 with the
symmetric and asymmetric stretching vibrations of the CH2 chains with
a CH3 head group. In part b) the range of 700−1600 cm−1 with a broad
line with a centre at 1100 cm−1 is shown, which can be assigned to a
convolution of symmetric and asymmetric stretching bands of the phos-
phonate groups. As already discussed by Maege et al. [91] for long chain
aliphatic phosphonates, salts of the alkylphosphonic acids give charac-
teristic stretching vibrations at 1125−970 cm−1 and at 1000−960 cm−1.
Based on this argument the broad absorption at 1100 cm−1 indicates
that bonding to the aluminum oxi-hydroxide surface occurs via a acid-
base interaction. The position and intensity of all peaks assigned to
the adsorbed organophosphonic acids were proven to be independent of
the adsorption time and the respective plasma pre-treatment of the alu-
minum surface.
To reveal the adsorption kinetics the QCM technique was applied. The
frequency transients caused by adsorption of organophosphonic acids on
different pretreated oxide films on PVD aluminum are shown in figure 4.9.
The adsorption induced resulting frequency change, which was achieved
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Figure 4.8.: FT-IRRAS of an Al surface after 2 ℎ rinsing in an ODPA
solution, (a) range of the hydrocarbon vibrations and (b)
vibration region of the phosphonates. [10]

for long times of immersion on native and plasma treated oxide films
on PVD aluminum surfaces was reproducible and did not vary signifi-
cantly with the initial hydroxide to oxide ratio of the PVD deposited
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film. However, the transients show a remarkable dependence on the

Figure 4.9.: Frequency change of an aluminum coated quartz crystal
due to the adsorption of ODPA 10−4 mol/L on the native
oxide film, on a water plasma modified oxide film and on a
water and subsequently argon plasma treated passive film
on aluminum measured by means of QCM. [10]

plasma treatment. Figure 4.9 shows the frequency changes after addition
of ODPA for all discussed surface modifications. On the native oxide film
on the aluminum surface an initial fast decrease of approximately −2 Hz
with a further slower decay of the frequency down to a limiting value of
−5 Hz takes place. After reaching this plateau value the adsorption was
accepted as complete and the measurement was terminated. In the case
of adsorption on a water plasma modified oxide on aluminum surface the
time required for a frequency change of −5 Hz was significantly shorter
than in the case of the native passive film. The subsequent argon plasma
treatment of a water plasma modified passive film on aluminum resulted
in slower adsorption kinetics comparable with the adsorption kinetics on
the native surface. The fast initial drop of the quartz frequency followed
by a slower decrease in case of native passive film on the aluminum sur-
face suggests either a two step process at different rates or the existence
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of at least two types of adsorption sites with different adsorption ener-
gies. For the H2O-plasma treated surface with high hydroxyl density
already no second regime with slower adsorption kinetics is observed.
This can be explained by the high density of hydroxyl sites dominating
the adsorption kinetics. For less hydroxyl rich surfaces it is likely, that
the non hydroxyl terminated surface areas show slower adsorption kinet-
ics. Especially, the argon plasma treatment creates a comparable clean
surface but as previously mentioned leads to a partial transformation of
the hydroxides to oxides and effectively leads to a decrease of the ad-
sorption rate. These effects show that the assumption of a dependence
of adsorption kinetics of phosphonates on oxide covered aluminum from
the density of hydroxyl functions on the surface is an appropriate way
to explain the observed phenomena on plasma treated passive films on
aluminum. An additional line of experiments were performed to investi-
gate the dependence of concentration on the adsorption kinetics, again
according to the system oxide covered aluminum and ODPA. The cov-

Figure 4.10.: Frequency change of an aluminum coated quartz crystal
due to the adsorption of ODPA with three different con-
centrations, measured by means of QCM.

61



4. Adsorption Kinetics

erage of the QCM electrode surface is expressed as a unitless quantity
Θ, the fraction of available sites that have reacted, or, equivalently, the
fraction of a monolayer (0 ≤ Θ ≤ 1). The Langmuir isotherm dictates
that the rate of surface reaction is given by

dΘ

dt
= ka (1−Θ) c− kdΘ (4.18)

where Θ is the fraction of surface covered, (1−Θ) is the fraction of surface
exposed, c is the concentration, and ka and kd are the association and
dissociation constants, respectively. Integration of equation 4.18 yields
the time course of the monolayer formation

Θ (t) =
c

c+
(
kd
ka

) [1− exp (− (kac+ kd) t)] (4.19)

This result can be simplified by

kobs = ka × c− kd and K =
c

c+
(
kd
ka

) (4.20)

giving
Θ (t) = K [1− exp (− (kobs) t)] (4.21)

Fitting the experimental data gives kobs. Since a plot of kobs vs c for a

Table 4.2.: Fitting values determined from raw data as a function of
ODPA concentration.

ODPA concentration[mol/L] kobs [s−1]
1× 10−4 mol/L 0.546
5× 10−5 mol/L 0.344
1× 10−5 mol/L 0.196

series of concentrations gives a line with a slope of ka, and an intercept
of kd (see figure 4.11).
The values obtained are presented in table 4.2. The data we present in
Table 2 allow the determination of the equilibrium constant, Keq for the
monolayer system.

Keq = ka/kd (4.22)
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Figure 4.11.: Plot of kobs vs c for a series of concentrations.

We can obtain important physical quantities from Keq. The free energy
of adsorption of the monolayer is found directly from the equilibrium
constant data.

ΔGads = −RTlnKeq (4.23)

We show in table 4.3 the free energy and equilibrium constant we have
determined. The data show that desorption plays an important role in

Table 4.3.: Equilibrium constant Keq of the adsorption reaction and free
energy of adsorption ΔGads determined from the experimen-
tal data.

Keq ΔGads [kJ×mol−1]
25920 −24

the formation of the ODPA monolayers, because kd > 0. This is an im-
portant finding in and of itself, because the existence of a nonzero kd for
phosphonic acid SAMs demonstrates that the adsorption surface reaction
in ethanol is reversible, and therefore at any given instant in time, some
fraction of the absorbate sites on the surface is unoccupied.
Since the density of hydroxyl groups dominates the adsorption kinetics
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and as proven by the FTIR-data the chemisorbed molecule is deproto-
nated, a two step mechanism of the adsorption process can be assumed.
The nucleophilic substitution of organophosphonic acids on hydroxide
rich oxide covered aluminum surfaces is initiated by the formation of
hydrogen bonds. The hydroxyl groups of the phosphonic acid interact
with the hydroxylated aluminum oxide surface. This transition state is
followed by a condensation reaction leading to stable acid-base interac-
tions between the phosphonate and the aluminum oxide surface. As an
explanation for the finally equal overall frequency shift after the full com-
pletion of adsorption process it might be assumed that the adsorption
of the phosphonic acid group and the subsequent condensation reaction
lead to the additional formation of hydroxides on the Ar-plasma treated
oxide surface.
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4.4. Conclusions

The water and subsequent argon plasma modification of native oxide cov-
ered aluminum was studied for the first time by in-situ IRRAS. These
measurements showed that a water plasma treatment increases the den-
sity of hydroxides in the oxide surface layer while a subsequent argon
plasma transforms the hydroxides to oxides.
The combination of ex-situ IRRAS with QCM measurements of the ad-
sorption process of ODPA as well on native oxide covered aluminum as
on plasma modified films has shown a strong dependence of the adsorp-
tion kinetics on the density of hydroxyl functions on the oxide covered
aluminum surface. By the increase in the surface hydroxyl density the
adsorption kinetics can be accelerated. Such an acceleration can be ex-
plained by the adsorption of the phosphonic acid via surface hydrogen
bonds prior to the condensation reaction leading to the finally adsorbed
phosphonate.
Furthermore the existence of a nonzero kd for phosphonic acid SAMs
demonstrates that the adsorption surface reaction is reversible. In other
cases this equilibrium will represent a mobility of the SAM on the surface.

4.5. Outlook

The QCM has been introduced as a system being able to investigate SAM
on metal and oxide covered surfaces. Research systems like the QCM,
which have a high resolution of time are precious in the investigation
field of kinetics. Quartzes of the QCM can easily be equipped by new
metals or oxdides with the help of physial or chemical vapor deposition.
This will expand the research possibilites for the QCM in the future.
On problem which has to be adressed is that the actual surfaces on the
quartz crystals can not be grown in a single crystalline way.
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5. Water Adsorption and
Proton Exchange Reactions
on Octadecylphosphonic Acid
Monolayer Covered
Aluminum

5.1. Introduction

The corrosion resistance and the adhesion of organic coatings on oxide
covered aluminum is of high importance and is mainly determined by the
alloy composition, the surface chemistry of the alloy and the composition
of the organic coating. To substitute surface technologies such as ano-
dizing or conversion chemistry, adhesion promoting, ultra-thin films or
even monomolecular layers like self-assembled monolayers of organophos-
phonic acids have been investigated as new advanced interfacial layers
for polymer coated aluminum alloys [109]. Although the adhesion and
interfacial corrosion protection of these adsorbed monolayers proved to
be excellent even in comparison to thicker conversion films, to date the
barrier properties and the influence of water on the interface between
the adsorbed organosphosphonic acid and the oxide covered substrate
was not evaluated in detail. Alexander et al. [115] showed that an alu-
minum surface under atmospheric conditions is covered by a thin pseudo-
boehmite layer. This layer consists of the two main phases −Al2O3 and
-Al(O)OH. The hydroxide to oxide ratio can be characterized by means
of high resolution XPS and appropriate curve fitting. It was observed
that surface hydroxyl groups promote the adsorption of organophospho-
nates and that the adhesion of the phosphonate group is based on an
acid-base interaction. The driving force is assumed to be the formation
of a surface salt as already described for long-chain carboxylic acids by

66



5. Formation and Stability I

Allara et al. [115] and recently by Terryn et al. [116] [117]. In a recent
study Giza et al. [118] employed quartz crystal microweighing to inves-
tigate the effect of the surface hydroxylation on the adsorption rate of
ODPA on aluminum films. It was shown that the adsorption velocity de-
pends on the OH-density of the surface and can be directly influenced by
plasma modification. Wapner et al. [109] applied water soluble amino-
propylphosphonic acids as short chain adhesion promoting molecules on
aluminum alloy surfaces from dilute aqueous solutions and from a liquid
adhesive film and showed excellent filiform corrosion resistance. Maege et
al. [111] investigated the adsorption of amino functionalized long-chain
organo-phosphonic acids on pure aluminum substrates and have shown
an equivalent corrosion protection and an improved adhesion to model
coatings in comparison to chromated surfaces. Pahnke et al. [110] showed
the effective coupling of benzophenone containing organophosphonates to
oxide covered aluminum surfaces which opens the way of adhesion pro-
motion to organic layers via a photochemical reaction. There have been
many spectroscopic, microscopic, and theoretical studies of thin film in-
teractions and molecular configurations at the bulk water/substrate in-
terface [119] [121]. However, the microscopic details of how the water
interacts with a polar surface covered with a hydrophobic monolayer is
still not fully understood. An incorporation of water at the organic/oxide
interface promotes wet de-adhesion of organic layers which are bound to
the surface via van der Waals forces. It is of high interest to under-
stand the origin of the high molecular adhesion forces of hydrophobic
organophosphonate monolayers on oxide covered surfaces which might
be based on the barrier properties for water or the water resistant inter-
facial chemical bond. To analyse the barrier properties of ODPA SAMs
on oxide covered aluminum, a combination of in-situ FTIR-spectroscopy
under grazing incidence and in-situ QCM was applied in the here pre-
sented studies. Water adsorption isotherms were measured by means of
the QCM on oxide covered PVD aluminum films and on adsorbed self-
assembled monolayers of ODPA. After a H2O-plasma modification of the
aluminum surface, the isotope exchange was measured in-situ by means
of time-resolved IRRAS in a D2O containing gas phase. The surface
energies of both prepared states of the samples, bare aluminum oxide
and ODPA self-assembly film covered one, were charaterized by means
of static contact angle measurements.
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5.2. Experimental

5.2.1. Sample Preparation

Aluminum layers were deposited on quartz crystals and on glass by
physical vapour deposition (PVD). Both types of samples were coated
with 250 nm aluminum layer (Al 99.99 %) using electron beam evapora-
tion (Univex 450, Leybold AG). During the evaporation the layer thick-
ness was monitored by a QCM (Inficon XTC). Prior to film deposition
the samples were thoroughly cleaned in a mixture of hydrogen peroxide
(30 %, Merck, Germany) and ammonia (25 %, Merck, Germany) (1:1)
for 60 minutes at 80 ∘C, afterwards rinsed with de-ionized water and
dried in a stream of nitrogen. The chemical composition of the oxide
layer on freshly evaporated aluminum changes on a time scale of several
days [140]. With regard to possible industrial in-line applications de-
posited layers were used within 24 hours after preparation for each series
of measurements. The ODPA monolayers on the aluminum oxide sur-
faces were prepared by solution self-assembly under ambient conditions
and then transferred into high vacuum environment. Substrates were
ultrasonically cleaned in abs. ethanol (> 99.9 %, Merck, Germany) for
10 minutes before immersing into a 1 mM ethanolic solution of ODPA
for 24 ℎ. After rinsing with ethanol the samples were dried in a stream
of nitrogen.

5.2.2. Surface Chemistry

The experimental setup for the plasma treatment, in-situ IRRAS, the
measurements of the water adsorption by QCM and the plasma charac-
terization by OES is shown in figure 5.1. The sample can be mounted
on two different holders which are moved by a stepper motor along the
chamber axis. One of the sample holders is a flat carriage, mainly used for
IRRAS and the other one is capable of hosting quartz crystal resonators
of 10 MHz. For a uniform modification of the surface the sample can
be moved through the plasma zone with a constant velocity which deter-
mines the time of exposure. A more detailed description of the plasma
generation is given elsewhere [123]. The base pressure of the chamber
before flushing with the working gases was ensured to be in the range of
10−4 mbar. The pressure of the corresponding gas atmosphere during all
plasma modifications was adjusted to 0.3 mbar. Pure gases were used for
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Figure 5.1.: Schematic drawing of the experimental setup including
plasma treatment, OES, in-situ IRRAS and in-situ QCM.

the experiments, argon and hydrogen in the quality 5.0 by Air Liquid. A
closed flask with a high precision valve was filled with ultra pure water
and was used for water plasma modifications. The water was frozen by
dipping in liquid nitrogen and the residual gas content was pumped down
before usage. For the adjustment of the water vapor atmosphere in the
plasma chamber at 0.3 mbar, the water partial pressure was used and
the pumping system was throttled.

5.2.3. Surface Analysis

Polarization Modulation Infrared Reflection Absorption
Spectroscopy

PM-IRRAS measurements were performed on a step scan interferometer
(Bruker Vertex 70) at a resolution of 4 cm−1 and 80 ∘ relative to the
substrate surface normal. For p-polarization of the IR light an aluminum
wire grid was used and modulated at 100 kHz with a ZnSe Photo-Elastic-
Modulator (PEM, Bruker PMA-50). Light reflected from the sample was
focused with a ZnSe lens onto a cryogenic mercury cadmium telluride
(MCT) detector. All presented spectra were recorded from 512 single
scans.
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Infrared Reflection Absorption Spectroscopy

The plasma chamber which is implemented in a FTIR spectrometer (Di-
gilab, FTS 3000) allows an in-situ analysis of the modified surface by FT-
IRRAS. The infrared beam is guided by a set of mirrors and transmitted
through ZnSe windows onto the sample. The IR beam is reflected under
80 ∘ to a liquid nitrogen cooled MCT detector. All presented spectra were
recorded using a resolution of 4 cm−1 and originate from a co-addition
of 256 single scans. A discrete polarization modulation was performed
to further enhance the sensitivity for the surface species and to eliminate
the gas phase absorption of residual water and carbon dioxide in the
spectrometer [124] [125].

Quartz Crystal Microbalance

For the in-situ measurement of mass adsorption on the surface a cus-
tom made QCM for crystals with a with a resonance frequency of about
10 MHz was designed and implemented in the in-situ FTIR cell [126].The
QCM with a resonance frequency of 10 MHz is sensitive to mass changes
down to nanograms (sensitivity factor 225.96 Hz × cm2 × �g−1). The
accuracy of the QCM is primarily limited by the temperature dependence
of the quartz resonance frequency.

Optical Emission Spectroscopy

An OES was installed outside the chamber to characterize the plasma
chemistry. By OES it is possible to produce analysis of the plasma com-
position with high accuracy [127]. During the plasma modifications,
the OES collimator (Plasus EmiCon) is directly positioned in front of
a quartz glass window of the plasma chamber.

Static Contact Angle Measurement

The contact angles of water, di-iodomethane and ethylene glycol on the
surfaces were measured by means of the sessile-drop method at three dif-
ferent points using a goniometer (OCA 20, Dataphysics, Germany). For
the determination of the surface energy water, di-iodomethane, and ethy-
lene glycol were used. Their corresponding values of l are summarized in
table 7.1. s and l denote the solid surface energy and the liquid surface
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Table 5.1.: Liquid surface tensions (at 298 K) of the used liquids for
the determination of the substrate surface free energy; The
data are from the database in the software SCA 2.0.

Energy [mJ/m2] water di-iodomethane ethylene glycol
l 72.1 50.0 48.0
dl 19.9 47.4 29.0
lp 52.2 2.6 19.0

tension, respectively. The superscripts d and p refer to the dispersion
force and polar force components, respectively.

5.3. Results and Discussion

5.3.1. Plasma Surface Chemistry on Aluminum

Native oxide aluminum grows according to the Cabrera-Mott mechanism
[138]. Adsorbed oxygen and hydroxide ions produced by electron-impact
induced chemistry at the interface between the oxide and the plasma
volume, induce a strong electric field across the oxide layer that drives
ionic migration through the film. Depending on the specific mobilities
of the species, either Al3+ ions move towards the oxide surface or oxy-
gen ions towards the metal/oxide interface. The transport of electrons
is considered to be independent of the ionic motion and fast in compari-
son to the ion transport [139]. Figure 5.2 shows a PM-IRRAS spectrum
of a native passive film of a PVD aluminum film. The spectrum illus-
trates that the metal surface is covered with an oxyhydroxide film and
adsorbed atmospheric organic contaminations. Known methods for the
organic contaminations removal are etching with piranha solution (conc.
H2SO4/30%H2O2, 3:1), electrochemical potential cycling, UV photoox-
idation, ozonolysis, thermal desorption, and plasma cleaning [135] [136]
[137] [138]. Of these, the first two are wet chemical processes which bear
the danger of contamination by the reagents used and thus are very un-
favorable for most applications. The same may be true for the argon
plasma method but has not been investigated sufficiently yet. As an al-
ternative, water plasma can be used. In contrast to the inert argon, water
plasma is chemically reactive and reacts with the organic contaminations
to form gaseous products during the cleaning process. These fragments
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Figure 5.2.: PM-IRRAS spectrum of a native passive film covered PVD
aluminum film.

were volatile enough to be pumped away by the continuous gas flow.
Therefore, no further cleaning process, such as rinsing, is necessary. This
makes plasma cleaning an attractive method for surface treatment. To
achieve a surface with reduced carbon contamination each sample was ini-
tially cleaned in an argon/hydrogen plasma. This cleaning step leads to a
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Figure 5.3.: Optical emission spectra of a) Ar/H2-Plasma, b) H2O-
Plasma and c) D2O-Plasma.

removal of residual organic contaminations and carbonates or organocar-
boxylates and a decrease of the amount of hydroxides within the native
oxide layer [118]. In figure 5.3 OES of a) Ar/H2-plasma, b) H2O-plasma
and c) D2O-plasma are presented. Spectra of the water plasma are dom-
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Figure 5.4.: (a) In-situ FT-IRRAS of an oxide covered aluminum sur-
face after 120 s Ar/H2-plasma modification with the sur-
face of the as prepared PVD aluminum film (b) In-situ
FT-IRRAS of an oxide covered Al surface after a 120 s
H2O-plasma and (c) a subsequent exposure to a 120 s D2O-
plasma.

inated by a main peak centred at 308 nm belonging to the OH− / OD−

species. At 655 nm and 484 nm, two sharp lines of hydrogen / deu-
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terium, H� and H� D� and D�, can be seen clearly. It is remarkable that
OH− is the most active species of hydrogen in the Ar/H2-plasma, which
is concluded from intensity ratio of the peaks. One reason might be the
pressure region of 10−4 and thus a quite high rest of oxygen and water
in the chamber to react with the hydrogen. Furthermore the OES of the
water plasma shows why it will be able to clean a surface from organic
contaminations without problems. Induced from the plasma voltage the
water is fragmented into its most reactive parts.
In figure 5.4 the in-situ IRRAS data of an aluminum coated quartz crys-
tal surface after the Ar/H2-plasma are shown. In accordance with the
PM-IRRAS data the difference spectrum shows the removal of hydroxyls
and organic contaminations. The in-situ IRRAS data after a subsequent
water plasma treatment are presented in figure 5.4 b). Moreover, the
spectrum after the exposure of the H2O plasma treated surface to a D2O
plasma is shown in figure 5.4 c) for comparison. After the H2O plasma
the surface is enriched in hydroxyl groups as indicated by the positive
peaks 1100 cm−1. The proton exchange reaction is clearly reflected by
the decrease in the OH-peak between 3000 and 3600 and the increase
in the peak intensity between 2000 and 2700 cm−1. The spectral region
between 3700 and 3800 cm−1 includes the vibration modes of terminal
hydroxyls, bridging hydroxyls, hydrogen bonded hydroxyls and water
(3200-3500 cm−1). The broad asymmetric absorption band in the spec-
trum a) has its maximum at 3500 cm−1. The missing H2O deformation
peaks at 1500 cm−1 indicate that the surface is almost free of adsorbed
water layers on top of the hydroxide surface layer. The finger print region
between 600 cm−1 and 1400 cm−1 shows that the hydroxyls of AlOOH
layer are exchanged with OD groups.

5.3.2. In-situ Quartz Crystal Microweighing during H2O
and D2O Plasma Treatment of Aluminum Films.

To complement the in-situ FT-IRRAS data for the plasma treatments the
QCM frequency changes were measured simultaneously. In figure 5.5 the
QCM transients during Ar/H2 and H2O plasmas are shown. The Ar/H2-
plasma leads to an increase of the frequency by about 23 Hz proving
the desorption of contaminations and hydroxides. The frequency change
during the plasma-on time can be explained by the electronic conductiv-
ity of the plasma which influences the overall impedance of the quartz.
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Figure 5.5.: QCM-transients during a) Ar/H2-plasma treatment and b)
H2O-plasma treatment of an oxide covered Al-film.

During the H2O-plasma treatment the frequency is shifted negatively by
9 Hz indicating the increase of the oxyhydroxide film thickness in agree-
ment with the in-situ FT-IRRAS data (figure 5.4). Assuming a density
of the oxide of 3.98 g × cm−3 the frequency change would correspond to
an increase of the oxide thickness by 0.29 nm.
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Figure 5.6.: Peak area ratio of the asymmetric stretching vibration
bands of CH2 and CH3 illustrating the time dependence
of the self organization process.

5.3.3. Adsorption of Octadecylphosphonic Acid on the
Oxide Covered Aluminum

The adsorbed ODPA monolayers on oxide covered aluminum were char-
acterized ex-situ by means of PM-IRRAS. In figure 5.6 a) the obtained
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spectra are shown. With increasing time of adsorption, the CH2 bands
decrease while the CH3 bands increase. For a rectangular adsorbed
molecule no intensity would be expected for the CH2 groups because
of the missing transition dipole moment in the direction normal to the
investigated surface. The change of the CH2/CH3 peak area ratio, shown
in figure 5.6 b), demonstrates the development of the self-assembly pro-
cess. The organization process takes several days, the spectra in figure
5.6 b) show that the self-assembly of the film improves with the time of
adsorption and after 72 ℎ the organization process is close to the reach-
able optimum.
A geometrical estimation [130] from these ratios is

ICH2

ICH3

=
n ⋅ 2 ⋅ cos ⋅ (90∘ − �)2

3 ⋅ cos ⋅ (35∘ − �)2
(5.1)

where Ii is the intensity of the according CH valence vibration bands, n
accords to the CH chain length and is the angle between the alkyl chain
axis and the surface normal. After 24 ℎ of adsorption the alkyl chain
has reached an angle of 31∘ with respect to the surface normal. During
the self organization process, solvents surrounding molecules are ousted,
the chains stretch and finally arrange densely packed. The final reached
state is high stable by the strong van der Waals interactions. In rela-
tion to the corrosion it is expected that densely packed films improve the
corrosion protection, as they inhibit for electrolytes to enter the metal
surface effectively.
The PM-IRRAS data of the ODPA monolayer formed on the oxide cov-
ered aluminum surface are shown in two characteristic wavenumber re-
gions. The missing P-O-H stretching vibrations and the presence of the
PO2−

3 stretching mode at 1089 cm−1 in the spectrum indicate the depro-
tonation of the acid and the ionic bond formation between the phospho-
nate group and the Al3+ ions in the surface.
The measurement of the water contact angle is one of the most sensi-
tive techniques to probe the monolayer quality [140] [141]. The surface
energy of the solid substrate can also be estimated by such measure-
ments. The static contact angles of different liquids on the oxide covered
aluminum surface and the ODPA monolayer covered surfaces shown in
table 7.2 were measured as a basis for the calculation of the surface en-
ergy of the respective surface as shown in table 7.3. As described by
Wenzel, the surface energy is generally related to the combined effects of
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surface chemistry and surface topography [142]. However, the deposited
Al-films showed an extremely small roughness so that the topographic
effect was negligible. In the case of the investigated ODPA monolayers,

Table 5.2.: Static contact angles of different liquids on the bare Al2O3

covered surface Al-surface and ODPA monolayers adsorbed
on the oxide covered surface.

Al2O3 ODPA
Water 60.6∘ 119.2∘

di-iodomethane 49.5∘ 97.0∘

ethylene glycole 45.6∘ 94.1∘

the main factors influencing the surface energy are the ordering as well
as the homogeneity of the monolayers. The dense packing of the CH3

group terminated alkyl chain leads to a reduction of the surface energy
to a value of 11.2 mJ/m2 (Table 7.3). This value and the contact angle
of water of about 119 ∘ indicate the formation of a monolayer that com-
pletely covers the surface and exhibits well ordering. The strongly polar
surface of the oxyhydroxide is converted to a completely unpolar surface.

Table 5.3.: Surface energy of Al2O3 and ODPA calculated by the con-
tact angle measurement.

Energy [mJ/m2] Al2O3 ODPA
p 20.3 0.4
d 20.7 10.8
 41.0 11.2

5.3.4. Dependence of the Adsorption Isotherms of D2O
on the Surface Chemistry

Figure 5.7 shows the comparison of the adsorption isotherms of D2O on
ODPA monolayer covered H2O plasma treated aluminum films. Prior to
the measurements, the chamber was purged with dry nitrogen leading to
a measured relative humidity of less than 5 %. After reaching a stable
frequency with no detectable shift over more than 60 minutes the relative
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Figure 5.7.: Illustration of the adsorption isotherms of D2O on a bare
hydroxylated oxide covered aluminum film (white dots)
and such a surface covered with a monolayer of ODPA
(black dots) (left ordinate: frequency change, right ordi-
nate: equivalent monolayers of water assuming a mono-
layer density of 0.32× 1015 water molecules per cm2).

humidity was increased by bubbling a nitrogen gas flow trough three
reservoirs of pure water. The resulting increase in the relative humidity
was recorded directly at the exit of the in-situ cell. Simultaneously,
the frequency change was recorded. It took about 60 minutes until the
relative humidity in the chamber increased to a final value of about 80 %.
In agreement with the literature, we considered one monolayer of water
to cause a frequency change of 6 Hz for 10 MHz quartz crystals [125].
The difference in the induced frequency changes directly reflected the
different amounts of D2O adsorbed on the two surfaces. Both surfaces
showed a BET like adsorption isotherm. However, the ODPA monolayer
significantly reduced the slope of the isotherm and the resulting water
layer thickness at high relative humidities.
For the hydrophilic surface, the isotherm determined from the QCM
follows the typical BET isotherm curve of water. The measured data were
in good agreement with previously reported data for other hydrophilic
surfaces [119] [130]. In figure 5.5 b) three regions can be distinguished.
Up to 25 % r.h. the adsorption isotherm increases rapidly and then
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retards corresponding to a Langmuir like behaviour. Above 25 % r.h.
the multilayer formation starts.
For the hydrophobic ODPA covered surface the Langmuir type region
extends up to relative humidities of 40 %. The reason for the reduced
adsorption of surface water layers are the strongly reduced interaction
energies between water and the methyl terminated aliphatic ODPA layer.
No hydrogen bonds as in the case of the hydroxylated oxide surface can be
formed and pure van der Waals forces influence the monolayer adsorption.

5.3.5. Self-Assembled Monolayer as Isotopic Barrier

In order to study if the reduced interaction of water with the ODPA mod-
ified surface is accompanied by an effective barrier property for water, a
water plasma treated oxide covered aluminum surface and an addition-
ally ODPA monolayer covered surface were subjected to a partial pres-
sure of D2O of 0.3 mbar. The prepared samples were transferred to the
in-situ FT-IRRAS chamber and the D2O partial pressure was adjusted
to 0.3 mbar. By time resolved FT-IRRAS measurements the isotopic
exchange on both surfaces was monitored. In figure 5.8 the comparison
of the development of the intensities of the O-D and O-H vibration are
shown. The triangular hollow data points in figure 5.8 show the evo-
lution of the s(OD) peak at 2550 cm−1 of the bare oxide surface. The
isotopic exchange process comes to saturation within about 3 hours for
the bare oxide covered surface. The ODPA monolayer did not signifi-
cantly inhibit the proton exchange reaction keeping considering that the
exact hydroxyl amount after the adsorption of ODPA on the surface is
not well known. At least no significant delay in the proton exchange was
observed. However, the constant signal of the CH-peak (see figure 5.8)
and the unchanged phosphonate peak form and intensity show that the
water adsorption does not lead to any de-adhesion of the organophos-
phonate monolayer. Only after the plasma etching step the monolayer
is completely removed. Figure 5.9 shows the IRRAS measurement after
D2O plasma treatment and exchange reaction which indeed corresponds
to the last data points of the phosphonate covered oxide in figure 5.8. In
the region of 2750− 3050 cm−1 the negative peaks belongs to symmetric
and asymmetric vibrations of the CH2 chain with CH3 termination due to
the removal of the monolayer. Additionally, the removal of phosphonate
groups are assigned to the broad peak centered at 1100 cm−1 as seen on
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Figure 5.8.: D2O adsorption on bare (a) and ODPA covered (b) alu-
minum surfaces measured by means of time resolved in-
situ IRRAS. In case of the ODPA covered surface a plasma
etching step of 120 s was undertaken to remove the mono-
layer.

figure 5.9. A desorption/adsorption mechanism as possible mechanism
for the isotopic exchange of H2O/D2O in the AlO(OH) surface through
the barrier of a self-assembled monolayer cannot be excluded based of
the constant ODPA infrared signal during the ongoing exchange since
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Figure 5.9.: IRRAS of phosphonate covered surface after treatment
with D2O plasma. Negative peaks belonging to the vi-
brations of the removed hydrocarbon and phosphonates.

the time to measure a spectrum is orders of magnitude larger than the
expected interfacial reactions. Most importantly, although the less than
two nanometer thin well ordered monolayer cannot inhibit the diffusion
of water to the hydrophilic oxide surface no resulting desorption at the
high water activities is observed.

5.4. Conclusions

The combined in-situ FT-IRRAS and QCM measurements allowed the
evaluation of the barrier properties of ODPA monoalyers and the influ-
ence on the water isotherm formation on the ODPA surface. Both aspects
are of high relevance for adhesion phenomena related to organophospho-
nates.
Measurements by means of the QCM revealed the signifcant decrease of
the slope of the water adsorption isotherm on oxide covered aluminum
induced by the adsorbed ODPA monolayer. This behaviour could be
explained by the low surface energy of the well ordered ODPA film and
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the negligible polar component of its surface energy. Ex-situ and in-situ
FT-IRRAS measurements proved the self assembly of the ODPA mono-
layer and the interfacial ionic bond formation between the phosphonate
and Al-ions.
While the water layer can be signficantly reduced the proton exchange
based on a diffusion of water throught he monolayer can not be effectively
inhibited. However, even though an increased water activity is occuring
in the neighborhood of the phosphonate group binding to surface Al-ions
no protonation and no de-adhesion of the monolayer was observed. This
proves that the stability of organophosphonates on Al-oxide surfaces is
based on the high interfacial bond strength in humid environments and
rather not on the barrier properties of the attached alkyl chains.
Much work has been done to get at the binding mechanism at the in-
terfaces of aluminum and phosphonic acids. Interpretation of the actual
presented work clearly has proved the deprotonated state of the ODPA
being adsorped on the aluminum surface. Furthermore water was no
more able to reprotonate the ODPA.

5.5. Outlook

The in-situ working techniques which have been shown up in this chapter
can easily been transfered to other interfaces. The crystals of the QCM
are cheap and can be equipped by PVD techniques with many metal and
oxide surfaces. Thus, kinetics of SAMs will be an interiting working field
for the future any way.
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6. Formation and Stability of
Phosphonic Acid
Self-Assembled Monolayers
on Amorphous and Single
Crystalline Aluminum Oxide
Surfaces in Aqueous Solution

6.1. Introduction

Molecular adhesion forces at interfaces between organic coatings or adhe-
sives and engineering metals are governed by physisorption or chemisorp-
tion of macromolecules or adhesion promoting additives on these passive
film surfaces. In this context an understanding of the surface chemistry
as well as molecular binding mechanisms on a fundamental level is im-
portant for adhesion promotion on oxide covered metal substrates [143]
[144]. As almost all engineering metals are covered by a native oxide film,
especially the combined understanding of the structure of these oxide
films as well as their corresponding interface chemistry in the presence of
macromolecules is of crucial importance for the design of polymer/metal
composites [145] [146] [147]. Aluminum alloys, which are covered by a
passive oxide film, are used in wide range of applications ranging from
the aviation industry, to automotive and construction industry. Adhesive
joining of such alloys and the application of organic coatings for corrosion
protection is of high technological importance [146] [149].
The adsorption of phosphonic acid self-assembled monolayers on alu-
minum oxide surfaces is of substantial interest, because �−!-bifunctional
phosphonate monolayers have been shown to act as adhesion promoting
molecules [146]. The bifunctionality enables the binding of the phospho-
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nic acid or its anion to the oxide surface while the second group (e.g.
amine or epoxy) leads to a chemical binding reaction with the organic
phase of the adhesive or coating. It could be shown that for oxide covered
aluminum alloys organo-phosphonic acids form very stable monolayers on
aluminum alloys covered with an amorphous thin oxide film [147]. Several
recent studies focussed on engineering aspects of the related interfacial
chemistry [148] [149] [150]. It could be shown that the adsorption rate of
ODPA is strongly depending on the OH-density of the surface which can
be influenced by plasma modification [150]. Maege et al. investigated
the adhesion of the different organophosphonates on aluminum alloys
and assumed an acid-base interaction with a tridentate binding [150].
Wapner et al. used short a chain aminopropylphosphonic acid (APPA)
as adhesion promoting molecule on aluminum alloy surfaces and showed
that they can be also used as additives in adhesives [148].
Despite the considerable interest in phosphonic acid based adhesion pro-
moters, only very few investigations have been focussing on a funda-
mental understanding of the chemical binding of phosphonic acids to
aluminum oxide surfaces and their long term stability against desorp-
tion in competition with water. However, one of the most important
step towards an improvement of adhesive technology based on phospho-
nate adhesion promoters is necessarily to deeply understand the binding
mechanisms on different oxide surfaces as well as the kinetics of individual
processes taking place during the self-assembly as well as during ageing
and de-adhesion of phosphonic acid interfacial layers. In this context, the
stability of the formed monoalyers in the presence of high water activi-
ties is of high practical interest for improving wet-adhesion and corrosion
resistance. Water adsorption as such has been studied quite intensively
on the different single crystal aluminum oxide surfaces by theoretical
[151, 152, 153] as well as experimental studies [154] [155].
However, the focus of the here presented study was to improve the knowl-
edge of the binding of organophosphonic acid molecules on aluminum
oxide surfaces by studying a selected series of aluminum oxide surfaces
with distinctly different morphologies and atomic structures. The com-
bined study of two different amorphous surfaces oxide films on aluminum
and gold as well as two different single crystalline Al-oxide surfaces with
respect to the adsorption and desorption of ODPA SAMs allowed a dif-
ferential understanding of the interfacial binding and de-sorption mech-
anisms in aqueous environments.
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6.2. Experimental

6.2.1. Sample Preparation

Four different types of aluminum oxide surfaces were used and coated
with a monolayer of ODPA molecules. All chemical reagents were of
analysis grades and were used without any further purification unless
mentioned else wise in the text. The different sample types were prepared
as follows:

Type 1: Pure aluminum samples (Al 99.99%) were prepared by melting
and casting the metal under argon atmosphere. Afterwards, the samples
were cut into pieces of 10 × 10 × 3 mm3 and the surface was polished
with diamond paste of a corn radius of 1�m and ultrasonically cleaned in
abs. ethanol (> 99.9%, Merck, Germany) for 10 minutes. After rinsing
with ethanol the samples were dried in a stream of nitrogen.

Type 2: Pure aluminum oxide layers were deposited onto Au-coated
(100 nm, with an adhesion promotion layer of 2 nm Cr) silicon wafer
substrates by means of PVD of Al2O3 (Univex 450, Leybold AG). During
the evaporation the layer thickness was monitored by a QCM (Inficon
XTC). Prior to film deposition the samples were thoroughly cleaned in
a mixture of hydrogen peroxide (30%, Merck, Germany) and ammonia
(25%, Merck, Germany) (1 : 1) for 60 minutes at 80 ∘C, afterwards rinsed
with de-ionized (DI) water and dried in a stream of nitrogen. To ensure
a completely oxidated aluminum layer, the samples were further treated
with an oxygen plasma after the deposition.

Type 3-4: Sapphire wafers with the surface orientation (0001) and
(1 − 102) were purchased from Mateck (Mateck GmbH, Germany). Be-
fore annealing the crystals were immersed into 85% phosphoric acid for
1 minute, rinsed with deionized water and dried in a stream of nitrogen.
The sapphire crystals were then annealed in ambient air at 1400 ∘C for
24 ℎ. For the polar surfaces these annealing conditions were shown to
give aluminum terminated Al2O3(0001) surfaces and hydroxide stabilized
surfaces [176] [177]. The annealing procedures were leading to surfaces
with large terraces as evidenced by AFM. Low energy electron diffraction
(LEED) confirmed the atomic scale ordered structure on these surfaces.
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XPS-spectra in figure 6.1 show a comparison of the O1s core-level spectra
at 10∘ takeout angle of the photoelectrons for as-prepared surfaces. Two
species of oxygen - in the form of hydroxide and of oxide - were detected
for all surfaces, showing that all surfaces have a comparable composition
in terms of hydroxide to oxide ratio.
The ODPA monolayers on these four types of aluminum oxide surfaces
were prepared by solution self-assembly under ambient conditions. Sub-
strates were ultrasonically cleaned in abs. ethanol (> 99.9%, Merck,
Germany) for 10 minutes before immersing into a 1 mM ethanolic solu-
tion of ODPA for 24 ℎ. Afterwards the samples were thoroughly rinsed
with ethanol and dried in a stream of nitrogen.

6.2.2. Static Contact Angle Measurements

The static contact angle of water was measured by means of the sessile-
drop method using an OCA 20 goniometer (Dataphysics, Germany). The
reported contact angles were measured at five different locations on each
sample with DI-water and the averaged values are reported.

6.2.3. Atomic Force Microscopy

AFM topography experiments were performed with a JPK NanoWizards
AFM (JPK Instruments AG, Berlin, Germany) in a dry nitrogen atmo-
sphere using a custom-made liquid-cell that allows perfect control of the
environment. The system is equipped with a homemade anti-noise and
-vibration box, which enables perfect conditions for imaging with a very
low noise level. The z-piezo of the AFM was calibrated with a 1-D array of
rectangular SiO2 steps with a height of 18.6 nm (TGZ01 from �-Masch).
The xy-piezos were internally calibrated with integrated capacitive po-
sition sensors. The in-situ images were recorded in constant force and
constant amplitude mode using silicon sensors (CONTR obtained from
NanoWorld, typical tip radius less than 10 nm, k = 0.1− 0.3 N/m). In
constant force mode the force set-point was allowed to be at maximum
2 nN in order to minimize any scanning induced effects. In constant
amplitude mode the amplitude was damped to 90% with respect to the
free amplitude.
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6.2.4. Polarization Modulation Infrared Reflection
Absorption Spectroscopy

PM-IRRAS measurements were performed on a step scan interferometer
(Bruker Vertex 70) at a resolution of 4 cm−1 and 80∘ relative to the sub-
strate surface normal. For p-polarization of the IR light an aluminum
wire grid was used and modulated at 100 kHz with a ZnSe Photo-Elastic-
Modulator (PEM, Bruker PMA-50). Light reflected from the sample
was focused with a ZnSe lens onto a cryogenic mercury cadmium tel-
luride (MCT) detector. All presented spectra were recorded from 512
single scans. As reference a respective clean alumina surfaces was used
as background and subtracted from the sample data.

6.2.5. Diffuse Reflectance Infrared Fourier Transform
Spectroscopy

DRIFT measurements were performed with the Harrick Praying Mantis
measurement cell continuously floated with nitrogen, in a Bruker V70
spectrometer with a deuterated triglycine sulfate (DTGS) detector. As
reference the respective clean sapphire surface was used as background
and substracted from the sample data. The resolution of the presented
data is 4 cm−1 and 512 scans were integrated for each measurement.

6.3. Results

The fundamental approach was to combine analytical studies of the ad-
sorption as well as desorption of ODPA in competition with water on a
series of selected aluminum oxide surfaces, which differ in their atomic
arrangements and electronic structure. This concept allowed a compar-
ative understanding of the interfacial chemistry between the adsorbing
phosphonic acid and the aluminum oxide especially with respect to the
competition with water adsorption on the oxide surface.
Two different amorphous surfaces, which only differed in the supporting
bulk substrate, were studied. One system consisted of a native oxide
film with a thickness of 2− 3 nm [156] as grown as a native passive film
on aluminum under atmospheric conditions. For comparison a 250 nm
thick evaporated amorphous aluminum oxide film was deposited on a
Au-coated silicon wafer surface. As single crystalline substrates, two dif-
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ferent single crystalline sapphire surfaces with a distinctly different local
geometry of the atomic arrangements were used. The polar Al2O3(0001)
surface and the non-polar Al2O3(1 − 102) surface were used [170] [171].
Both surface orientations were already discussed in the literature with
an emphasis on the Al2O3(0001) orientation. The behaviour of adsorbed
ODPA monolayers was analyzed on all these surfaces allowing for a com-
parative understanding of the adsorption and desorption chemistry even
in competition with water.
The formation of the ODPA SAMs was characterized by means of PM-
IRRAS on the amorphous films on metal substrates and DRIFTS on the
single crystalline oxides. The desorption in aqueous solution was com-
paratively investigated by means of AFM, static contact angle measure-
ments as well as DRIFTS and PM-IRRAS measurements. The results
reproducibly revealed several results which can be rationalized in terms
of the distinct differences of the oxide surface structures. In the following
the results on the different surfaces are presented and finally commonly
discussed in terms of a comparative study.

6.3.1. Adsorption of Octadecylphosphonic Acid
Monolayers on Aluminum Oxide Surfaces

In general, mean orientation, packing density and interfacial bond for-
mation of the self assembled monolayer can be analyzed by means of
grazing incidence FTIR spectroscopy. In the present case PM-IRRAS is
suitable for the analysis of ODPA monolayers on aluminum oxide films on
a metal substrate. Therefore, sample type 1 and 2 could be analyzed by
PM-IRRAS. For ODPA monolayers on single crystalline oxide surfaces
diffuse reflectance spectroscopy was performed. This method allows for
the analysis of the interfacial bond formation as well. In contrast to
PM-IRRAS, this technique does not contain information about the ori-
entation of the self-assembled molecules [178]. In the following section
the spectra of ODPA monolayers formed on the four types of substrates
are discussed. Spectra of the adsorbed films were compared to spectra
of the free phosphonic acids measured by means of ATR. The respective
FTIR spectra are presented in figure 6.2. The peak assignments are listed
in table 6.1.
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Figure 6.1.: XPS data analysis focused on the hydroxide to oxide ratio.
For this reason the C1s peak of the aliphatic groups was
shifted to a binding energy of 285 eV . The figure shows the
O1s core level spectra of a native oxide covered aluminum
surface (a), a physical vapor deposited oxide covered alu-
minum surface (b), of a single crystalline Al2O3(0001) sur-
face (c), and of a single crystalline Al2O3(1− 102) surface
(d). The measured O1s transition envelopes several peaks
with different binding energies due to different chemical
environments. The O2−-contribution of the oxide and the
OH−-contribution of the hydroxide appear in the range of
530 − 534 eV . In accordance with the literature an excel-
lent curve fitting was obtained with symmetric components
of equal full width at half-maximum (fwhm).
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Figure 6.2.: a,e) PM-IRRAS data of an ODPA monolayer adsorbed on
oxide covered aluminum in the corresponding wavelength
regions; b,f) show the PM-IRRAS spectrum of an ODPA
monolayer adsorbed on PV deposited aluminum oxide; c,g)
DRIFTS data of ODPA adsorbed on a Al2O3(0001) sin-
gle crystal, corresponding wavelength regions; d,h) show
DRIFTS of monolayer on Al2O3(1 − 102) single crystal
surface.
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PM-IRRAS data of the ODPA monolayer on native-grown, oxide cov-
ered aluminum 6.2, a,e and aluminum oxide on gold substrate 6.2, b,f
clearly show that ODPA could be immobilised as an organophosphonate
self-assembled monolayer on these oxide surfaces. The spectral region
of the CH2 and CH3 stretching vibrations shows, that the peak ratio
A(CH3)/A(CH2) is significantly increased in the adsorbed state in com-
parison to a bulk spectrum of ODPA [149] [150]. This is a clear indication
that the ODPA is not only forming a monolayer but that a self-assembly
process takes place leading to a mean upright orientation of the aliphatic
chain of the ODPA. The mean inclination angle can be derived from the
peak-ratio [162] and was calculated to be 30∘ for ODPA adsorbed on
oxide covered aluminum. The mean orientation moreover indicates that
the packing density is quite high which is confirmed by water contact
angle measurements (see below).
Moreover the phosphonic acid functionality appears to be deprotonated.
In 6.2, d it can be seen, that the peaks of the free acid group (P−OH),
which would appear in the range from 900−980 cm−1 are clearly absent.
For the further discussion the broad phosphonate band with a maximum
at about 1089 cm−1 was considered in more detail. It can be observed,
that the stretching peaks of the P = O group and the PO3-group are
present in the spectrum of all ODPA films adsorbed on amorphous alu-
mina. In combination with the studied stability towards desorption in
aqueous environment, which will be discussed in detail below, one spe-
cific type of binding towards the alumina surfaces is most plausible. We
conclude that the binding on both of the amorphous alumina is mainly
governed by mono- or bi-dentate condensation of the phosphonate onto
the respective oxide surfaces, which is consistent with the disappearance
of the P−OH vibrations and the detected P = O stretching vibrations.
The DRIFT spectra of ODPA adsorbed on Al2O3(0001) and Al2O3(1 −
102) are presented in 6.2, c, g and 6.2, d, h, respectively. First, these spec-
tra clearly indicate the immobilization of the phosphonate. Due to the
physical principle of this scattering method the signal of the CH2/CH3

vibrations within the range from 2800−3000 cm−1 does not contain orien-
tation dependent information. Nevertheless, the matching peak positions
are a clear indicator for the immobilization of an ODPA self-assembled
monolayer on both single crystal surfaces.
However, the spectral region of the phosphonate groups provides detailed
information on the formed interfacial bonds as measured by DRIFTS.

94



6. Formation and Stability II

For the Al2O3(0001) surface the spectrum (6.2, g) indicates an inter-
facial bond formation based on ionic binding between the deprotonated
phosphonic acid group and the Al-ions in the oxide surfaces, based on the
disappearance of the peaks assigned to P−OH as well as P = O stretch-
ing vibrations. Only PO2−

3 stretching vibrations could be detected, which
is consistent with an ionic binding mechanism. In contrast the spectra of
the Al2O3(1 − 102) surface (6.2, h) still show the presence of the asym-
metric P − O vibration as well as weak P = O stretching vibrations,
indicating a similar type of binding as concluded for both amorphous
aluminum oxide films. Based on the presented FTIR-data interfacial
binding appears to be based on a purely ionic mechanism only on the
Al2O3(0001) surface. On the other substrates the binding mechanism
of ODPA is most likely based on a mono or bidentate condensation of
ODPA onto the surfaces at suitable binding position.

6.3.2. Stability of Octadecylphosphonic Acid
Self-Assembled Monolayers on Aluminum Oxide
Surface in an Aqueous Environment

Molecular desorption of the self-assembled monolayers of ODPA was in-
vestigated by means of in-situ AFM, water static contact angle measure-
ments, and FTIR-spectroscopy. In-situ AFM was performed to image
changes of the topography of the ODPA SAM on the respective Al-oxide
surface in an aqeuous solution. The contact angle measurements were
done to provide information on the average surface energy which reflects
the coverage and degree of orientation of the adsorbed ODPA monolay-
ers. FTIR measurements led to information on the amount of adsorbed
ODPA after immersion in aqueous solutions and the degree of orientation
in the case of PM-IRRAS data.

Characterization and Stability by Static Water Contact Angle
Measurements

Contact angle measurements were used to confirm the formation of self-
assembled film on the various substrates. For three types of samples the
static contact angle after preparation of the SAM yielded high contact
angles of 115 − 120∘. Only the polar Al2O3(0001) surface was leading
to a slightly lower value of 108∘. This is consistent with recent observa-
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tion of Brukman et al. [173] who used similar preparation conditions of
the crystal. Another study with differently pretreated crystals (shorter
annealing time) gave lower values, which were assumed to result from
different phases, which co-exist on the crystals [179]. In the present case
the slightly lower value compared to the other substrates could be caused
by a minority phase as well, which can however not be answered conclu-
sively.
The stability of the self-assembled monolayers of ODPA with respect to
competition with water on the studied substrate surfaces was investi-
gated by measuring the contact angle as function of the immersion time
in ultra-pure water. After each immersion step of 10 minutes duration,
the samples were dried in a stream of nitrogen and the static water con-
tact angle was measured characterising the state of the self-assembly film.
The resulting contact angle transients are shown in figure 6.3.

Figure 6.3.: Static contact angle of water for ODPA adsorbed on native
grown Al2O3 (circle), vapor-deposited Al2O3 (triangle),
single-crystalline Al2O3(1 − 102) (diamond) and single-
crystalline Al2O3(0001) (squad).

Obviously, the static water contact angle on the ODPA covered Al2O3(0001)
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surface was observed to quickly decrease with the time of immersion, fi-
nally resulting in a contact angle of 45∘ which was about that for a
bare Al2O3(0001) surface. In contrast, static water contact angle mea-
surements obtained for ODPA covered surfaces of both amorphous ox-
ide films and the Al2O3(1 − 102) orientation showed constant values of
110 − 120∘ over the tested time of immersion, indicating a stable func-
tionalization with hydrophobic ODPA self-assembled monolayers. These
measurements indicated that the hydrophobic ODPA monolayers after
adsorption from ethanol solution form a dense and self-assembled mono-
layer as indicated by the water contact angles of 110∘ and higher. On the
polar Al2O3(0001) surface the decrease of the contact angle indicates the
dissolution of the ODPA monolayer into the aqueous phase or at least
the severe deterioration of the ordered self-assembly film. For all other
analysed surfaces, it was not even possible to decrease the contact angle
by immersion in water and simultaneous exposure to ultrasonic acoustic
irradiation.

Characterization of Octadecylphosphonic Acid Monolayer Stability
by Means of in-situ Atomic Force Microscopy

The in-situ microscopic studies aimed at a more detailed understanding
how the ODPA films desorbed from the Al2O3(0001) surface. In-situ
AFM studies of the ODPA monolayer stability in ultra-pure water per-
fectly imitated the situation of the immersion cycles (see above) and al-
lowed for a nanoscopic investigation of the desorption mechanism or sta-
bility of the ODPA monolayer on the respective substrates. The imaging
was done at room temperature and was always done according to the fol-
lowing protocol: First the surfaces were imaged in a solution of absolute
ethanol, which does not lead to desorption of the self-assembled mono-
layer (the monolayer was formed in this solvent) [160]. Subsequently,
ultra-pure water was introduced into the cell using a syringe pump. This
setup allows for imaging at exactly the same position in different envi-
ronments (the exact details of the setup were described elsewhere [161]).
For the study of the desorption mechanism the water-flow was set to a
constant value of 500 �l/min (cell volume about 500− 700 �l).
The first remarkable finding was, that the self assembled monolayer on
the Al2O3(0001) surface was desorbing immediately after changing from
ethanol to water. One has to keep in mind that the solubility of ODPA is
much higher in ethanol than in water, which shows that the solubility in
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this case does not cause such a desorption process. However, as shown in
the following the low solubility of ODPA in water influence the desorp-
tion path-way. Topographically, the desorption process could obviously
be detected by the formation of islands on the whole surface as can be
seen in figure 6.4, B. Most islands have a height of about 2.3−2.5 nm cor-
responding to the expected height of the self-assembly film. This clearly
indicated residuals of the self-assembly film. Interestingly, some of these
islands are spherical in shape and have a height of exactly two times
the length of an ODPA molecule indicating the formation of micelle-like
structures at the oxide/water interface; with one ODPA-layer binding to
the surface with the phosphonic acid functionality and one physisorbed
ODPA-layer on top with the phosphonic acid pointing into the solu-
tion leading to a hydrophobic alkyl chain-core, as depicted in the model
in figure 4. Moreover, the height histogram in figure 6.4 shows, that
these micelle-like islands are typically about 50 − 60 nm wide. This
proves, that the adsorption of the ODPA in competition with water is
clearly unfavourable on this polar surface, supporting the contact an-
gle measurements. Moreover, the formation of the micelle-like islands,
which stay adsorbed at the interface clearly reflects that ODPA can-
not dissolve easily into water due to the nonpolar character of the alkyl
chain. Hydrophobic interactions between alkyl-chains are consequently
more favourable compared to adsorption of the phosphonic acid function-
ality onto the surface. In competition with water the ODPA molecules
can dissolve into the aqueous phase, however due to the low solubility
they immediately form a second layer on the pre-existing ODPA-SAM
and stay physisorbed. In order to further support this assumption the
dielectric constant of the medium was lowered again by returning to an
ethanol solution. It was observed, that the micelle-like islands disap-
peared after changing to ethanol solution as can be seen in figure 6.3,
B. This clearly reflects the fact that the formed ODPA micelles can be
dissolved easily into ethanol solutions under such non-equilibrium con-
ditions of a continuous flow. In contrast to the in-situ observations on
Al2O3(0001) surfaces all other aluminum oxide surfaces did not show any
formation of micelle-like islands at the interface to the aqueous phase.
No desorption of the ODPA molecules could be observed for any of the
other aluminum oxide surfaces with the AFM as can be seen in figures
6.5 and 6.6 for the other sample types proving the contact angle studies.
Interestingly, ex-situ force-modulated AFM-images of native oxide sur-
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faces on aluminum before and after immersion in water for 10 minutes
showed differences in the topography as well as phase shifts. In figure
6.5, C, D a comparison of AFM topographies for a native aluminum ox-

Figure 6.4.: All images are 1�m2. (A) AFM-topography of a single-
crystalline Al2O3(0001) surface (top) with and (bottom)
without ODPA-SAM (both taken in EtOH). The step-
heights are typically about 1 nm. (Btop) In-situ AFM
topography of ODPA-covered Al2O3(0001) single crystal
surface in water indicates formation of micelle-like ODPA-
bilayer islands at the solid/liquid interface as indicated by
the height histogram and within the model at the lower left
corner. (Bbottom) Consequent in-situ imaging in ethanol
solution revealed that these micelle-like islands can be dis-
solved.
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Figure 6.5.: (A) AFM-topography of a single-crystalline Al2O3(1−102)
surface with ODPA-SAM recorded in EtOH. (B) AFM-
topography of a single-crystalline Al2O3(1 − 102) surface
with ODPA-SAM recorded after changing into aqueous
medium. No significant structural differences or micelle
formation could be detected.

ide surface covered with ODPA before and after immersion into water is
shown. The AFM results clearly show a difference in surface topography.
We interprete such a topographic change as a result of the diffusion of
water and oxygen through the monolayer towards the interface inducing
an increase of the passive film thickness. Since the contact angle did
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Figure 6.6.: (A) AFM-topography of an amorphous Al2O3 surface
with ODPA-SAM. (B) AFM-topography of an amorphous
Al2O3 surface with ODPA-SAM recorded after changing
into aqueous medium. No significant structural differ-
ences or micelle formation could be detected. (C) AFM-
topography of a native Al2O3 surface grown on bare alu-
minum covered with ODPA-SAM as recorded in EtOH.
(D) AFM-topography of the native grown Al2O3 after im-
mersing into water. The surface topography was changing
significantly, leading to a roughening of the surface mor-
phology. However, no micelles could be detected in-situ.
In comparison with the IR and contact angle data, this
may indicate a possible corrosive attack at the Al/Al2O3

interface.
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not change and thereby indicated that ODPA is not desorbed from the
surface, the growth of the oxide film below the ODPA monolayer seems
to occur at the Al2O3/Al-interface [149].
Consequently, the reported AFM results support the conclusions of the
static contact angle measurements, showing that ODPA desorbs only
from the polar Al2O3 (0001) surface. On the other studied surfaces the
ODPA is immobilized on the surface even in competition with water.
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6.3.3. Fourier Transform Infrared Spectroscopy of
Octadecylphosphonic Acid Covered Surfaces
after Immersion in Water

The progressive loss of surface coverage could be further confirmed by
monitoring the intensity reduction of the characteristic peak heights of
the FTIR spectra. As shown in figure 6.7, a, DRIFT spectra were mea-
sured for the ODPA monolayer formed on the Al2O3(0001) surface before
and after several immersion cycles in water. After the immersion of the
SAM in water, the intensity of the peaks corresponding to methylene
stretching vibrations was reduced to approximately 20% of the initial in-
tensity. This observation is consistent with the AFM and contact angle
measurements, which show monolayer desorption over time with some
ODPA remaining on the surface in island like structures (see figure 6.3).
In contrast, FTIR spectra, which have been obtained for SAMs of ODPA
on the other substrates before and after immersion did not show a signifi-
cant decrease in the peak intensity. In figure 6.6,b the PM-IRRA spectra
are shown for the ODPA film on native amorphous Al2O3 covered alu-
minum. After the immersion of the SAM in DI-water the peak height of
the CH2-stretching vibrations were increased while the CH3-peak areas
kept almost constant. The increase in the CH2 to CH3 peak ratio indi-
cates that the mean tilting angle of the self-assembly increases from 30 ∘

before immersion towards 34 ∘ after immersion.
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Figure 6.7.: a) DRIFT spectra of ODPA adsorbed on single-crystalline
Al2O3(0001) before (A) and after one (B), two (C) and af-
ter three (D) water immersion cycles; b) PM-IRRAS spec-
tra of ODPA adsorbed on native grown Al2O3 on aluminum
before (A), after (B) one and after (C) three water immer-
sion cycles.
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6.4. Discussion

The intriguing question is, why ODPA cannot be adsorbed stable onto
polar Al2O3(0001) surfaces in competition with water but on all other
investigated surfaces the binding is stable towards water immersion or
at least the surface remains the high hydrophobicity which indicates the
immobilisation of ODPA at the surface. We think that the three main
arguments can explain these distinct behaviours; adsorption free energies
of ODPA in competition with water, adsorption geometries an resulting
interfacial bonding types:
First, first principles thermodynamics [153] and molecular dynamics [151]
both predicted that a fully hydroxylated Al2O3(0001) surface can be
expected as equilibrium termination at high water chemical potentials,
which is in good agreement with experimental studies [163]. Calcu-
lated as well as experimental adsorption energies of water on the Al-
terminted Al2O3(0001) surface consistently revealed quite high values
in the range of 1.1 eV per water molecule. In comparison, on metal
surfaces typically adsorption energies of water are ranging in between
0.1 − 0.4 eV/H2O [164] [165]. On other oxide and hydroxylated oxide
surfaces like e.g. TiO2, -quartz, cristobalite or kaolinite surfaces values
of 0.4 eV/H2O [166], 0.5 eV/H2O [167], 0.5 − 0.7 eV/H2O [168] and
0.57 eV/H2O [169] have been reported, respectively. The very high val-
ues for the Al2O3(0001) surface clearly indicate the highly favourable
adsorption of water on the aluminum terminated Al2O3(0001) surfaces
leading to fully hydroxylated surfaces. Therefore, the adsorption of wa-
ter on these Al2O3(0001) surfaces is energetically strongly favourable and
the resulting hydroxylated surfaces can be considered to be thermody-
namically extremely stable [153]. Unfortunately, no values for the ad-
sorption (free) energies of phoshonic acids on the aluminum terminated
and hydroxid-stabilized surfaces are available. From our experimental re-
sults we however conclude, that the adsorption free energy of phosphonic
acids onto the aluminum terminated surface as well as onto the hydrox-
ylated polar Al2O3(0001) surface is considerably lower compared to the
adsorption energy of water, leading to a desorption of the self-assembly
film. Second, even though there is no thermodynamic data available for
the adsorption of ODPA or some other phosphonic acid an examination
of the surface geometry can give a first indication why the adsorption
energies on the polar surface are much lower in comparison to the other
surfaces by simply evaluating the possible steric arrangement of phos-
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Figure 6.8.: (A) top: Top view on the atomic structure of the
Al2O3(0001)−Al surface. The small inlet represents a side
view. The polar surface only consists of Al-atoms and thus
highly reactive Lewis-acid sites. Bottom: LEED pattern
recorded at 60 eV showing the hexagonal symmetry of the
single crystalline surface. (B) top: Top view on the atomic
structure of the non-polar (1− 102) surface The small in-
let represents a side view, showing the non-polar mixed
Al-O termination in the expected ratio. On both surfaces
the spatial arrangements in terms of Al-Al (as indicated)
as well as Al-O distances significantly differ. Thus sim-
ple steric arguments discriminate a stable binding of phos-
phonic acid on the polar surface as well. Bottom: LEED
pattern recorded at 87.2 eV showing the cubic symmetry
of the single crystalline surface. It can be seen clearly,
that the surface additionally exhibits a superstructure into
one main direction. The additional spots along the direc-
tion suggest either a 4 × 1 or a 6 × 1 reconstruction as
it was observed in previous studies as well [174]. An al-
ternate explanation leading to this superstructure pattern
might be a non-isotropic Ostwald-ripening as the surface
is annealed (see [175]). Due to charging problems it was
however not possible to conclusively determine the super-
structure. HAS experiments might be a good alternative
[174].
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Figure 6.9.: (A) Al-Phosphonate binding based on condensation reac-
tion and subsequent coordination (if sterically allowed).
In the presented case it is a bidentate binding. (B) Al-
Phosphonate binding based on entire deprotonation and
subsequent ionic attraction of the respective groups.

phonic acids groups binding on these surfaces. In figure 6.8 the atomic
structures of the polar and the non-polar Al2O3 surface are depicted.
For comparison, the −PO(OH)2 distances within the phosphonic acid
group are around 2.8 Å− 3 Å. It is obvious that the binding distances of
the phosphonic acid are not comparable to the Al-Al distances (4.8 Å)
and/or hydroxide distances on the hyroxide stabilized polar surface. In
contrast, on the non-polar (1−102) surface the distances between surface
aluminum atoms (3.2 Å) is comparable to the distances in the phospho-
nic acid. This clearly shows that steric arguments discriminate a stable
binding based on a condensation reaction of phosphonic acid onto the
polar surface as well. For both amorphous surfaces it can arguably be
expected that a variety of different types of adsorption sites with un-
saturated and dangling bonds are present on the surface, allowing for
a stable binding in terms of steric arguments. Finally, the IR-data to-
gether with the observed behaviour in aqueous solution indicate a weaker
bonding of the ODPA towards the Al2O3(0001) surface, which is based
on purely ionic forces between the phosphonate group and a positively
charged hydroxylated surface. It can be assumed that the PO2−

3 adsorbs
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on the protonated hydroxylated Al2O3(0001) surface. In contrast, on the
other surfaces additionally P = O stretching modes in the absence of
P-OH vibrations could be detected. It can arguably be expected that an
ionic bonding is less stable towards water compared to e.g. an interfacial
bonding based on a condensation reaction onto the surface. That means
for an Al2O3(1−102) and amorphous surface that during the adsorption
of the phosphonic acid group the surface hydroxyls are protonated and
desorb as water from the surface while the phosphonate group is coor-
dinated to the surface Al3+ ions. Either a mono-dentate or bi-dentate
condensation would be consistent with the IR-data and will be subject
to further detailed studies. In figure 6.9 a schematic representation of
the different binding situations - ionic binding and coordination binding
- as present on the various alumina surfaces is shown.
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6.5. Conclusions

In summary it was shown that the adsorption of octadecylphosphonic
acid on aluminum surfaces is based on different types of interfacial bond-
ings between the surface and the ODPA, which strongly depends on the
present surface orientation and thereby local geometries. The stability
of the resulting bonding is based on three competing influences, namely
interfacial bonding types, adsorption free energies in competition with
water and involved adsorption geometries.
The stability of ODPA self-assembly films towards water was investigated
on four different model substrates. This comparative study revealed, that
ODPA SAMs are stable on (1) native aluminum oxide on a metal support
as well as (2) on amorphous aluminum oxide and (3) on Al2O3(1− 102).
In contrast, ODPA films are not stable in water on (4) the single crys-
talline Al2O3(0001) surfaces and immediately form micelle-like islands at
the solid/liquid interface after immersion. This suggests, that the adhe-
sion free energies as well as the local atomic arrangements at the surface
play a crucial role for the formation of a stable self-assembly film on
aluminum oxide. For the amorphous surfaces also the formation of an
insoluble surface salt has to be considered based on the presented results.
Concluding, the results suggest an extremely important role of the local
atomic structure of the aluminum oxide surface with regards to the for-
mation of stable organophosphonic acid films in competition with water.
For technological applications it has to be considered, that polar alu-
minum oxide surfaces should possibly be avoided if high stability of the
binding is desired and vice versa. A comparative approach as presented
in this work is expected to be valuable not only for the system at hand
but also for other relevant systems. The understanding and discussion of
the underlying physical driving forces for adhesion and de-adhesion be-
comes straightforward, based on this differential approach. Moreover a
direct comparison with state-of-the-art ab initio based results is possible.

6.6. Outlook

In this chapter, ODPA has been succefully adorbed on four different
surfaces of aluminum oxide. Two of them were single crystaliine and two
them were amorphous. Going this way it was possibly in the end, to
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understand in a better way which reasons cause the strengh of the oxide
covered aluminum // ODPA interface. In a next step, the usage of single
crystalline model systems now enables the research to make the step to
quantum mechnical modeling.
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7. Formation and Stability of
Organophosphonic Acid
Monolayers on ZnAl Alloy
Coatings

7.1. Introduction

The corrosion resistance and the adhesion of organic coatings on ox-
ide covered surfaces is of high importance and is mainly determined by
the alloy composition [180], the surface chemistry of the alloy [181] and
the composition of the organic coating [182]. To substitute anodizing
processes or chromate layers, recently adhesion promoting, ultra-thin
films [183] or even monomolecular layers like self-assembled monolay-
ers (SAMs) of organophosphonic acids have been investigated as new
advanced interfacial layers for polymer coated aluminum alloys [184].
Aluminum is added to the zinc bath to improve corrosion resistance by
either allowing for the formation of a pure zinc overlay for galvanic pro-
tection by inhibiting the formation of FeZn phases or by introducing
multiphase microstructures in the overlay coating. In each case, the re-
sulting microstructures produce coatings that offer corrosion resistance
by a combination of galvanic and barrier protection with corrosion prod-
ucts that in some cases are passive [185].
Hot dip galvanizing (HDG) is the most prominent procedure to coat flat
steel with a protective Zn−0.5%−Al alloy coating. During the galvaniz-
ing process, the steel strip moves through hot zinc melt containing small
additional amounts of aluminum. The latter process leads to the forma-
tion of a very thin FeAl-alloy layer at the interface between steel and the
metal alloy coating, thus preventing the formation of brittle FeZn-alloys.
The addition of aluminum to the zinc melt also leads to the formation of
a native aluminum rich oxyhydroxide passive layer on the surface during
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cooling of the liquid zinc alloy coating. Such Al-surface enrichments have
been detected and reported in various papers [186].
Different amounts of aluminum can be added to the Zn bath resulting in
ZnAl surface coatings with characteristic microstructure and protective
properties.
The ZnAl alloy with 5% aluminum has a complex microstructure [187].
Zn − 5% − Al mainly crystallizes in two different phases, which can be
determined by the aluminum amount. For the properties of Zn−5%−Al
it is desirable to maximise the amount of the phase with higher amount
of aluminum, allowing the coating to have maximum homogeneity. The
unique microstructure of the Zn− 5%−Al is one reason for its increased
corrosion resistance. The ZnAl eutectic retains the cathodic protection
capability but shows a better intrinsic corrosion resistance due to the de-
velopment of an adherent aluminum oxide layer over exposed areas [188].
Zn−55%−Al, is a zinc alloy with even better corrosion resistance which
is attributed to the high aluminum content of the coating which allow
the formation of comparatively dense, passive layers in corrosive environ-
ments.
For the direct binding of organic coatings to ZnAl coated steel, it is a
promising approach to combine a ZnAl alloy with increased corrosion re-
sistance and a stable passive film with a strongly bonded dense adhesion
promoting monolayer.
Recent studies proved the applicability of phosphonate monolayers as
adhesion promoters on aluminum [190] [191] [192]. For aluminum alloy
substrates adhesion promoting organophosphonic acid monolayers such
as - -aminophosphonic acid were shown to provide excellent adhesion
and corrosion resistance of applied epoxy primers and adhesives [190].
Pahnke et al. presented a technique to specifically connect a benzophe-
none derivative to a hydrocarbon chain on the one hand and adhering it
by a phosphonic acid anchor to an aluminum surface on the other hand
[193]. Studies focussing on engineering aspects of phosphonate chemistry
on aluminum oxides [194] demonstrated that the adsorption velocity of
ODPA is strongly depending on the OH-density of the surface which can
be directly influenced by plasma modification [195].
Consequently, the focus of this study was to transfer this knowledge to
the surface chemistry of ZnAl alloy coatings as the even more widespread
technical alloy by studying a selected series of alloy surfaces with dis-
tinct different morphologies and atomic structures. The combined study
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of three different ZnAl alloy coatings with various bulk compositions, as
well as the adsorption and the desorption of ODPA in competition with
water allows a differential understanding of the binding of phosphonic
acid molecules towards such complex oxide surfaces.
A profound characterisation of the oxide surface, the adsorption and
desorption of ODPA was done by a set of complementary local and in-
tegral techniques such as static contact angle measurement data, po-
larization modulation infrared reflection absorption spectroscopy, X-ray
spectroscopy and Time-of-Flight Secondary Ion Mass Spectroscopy.

7.2. Experimental

7.2.1. Materials

If not indicated elsewise, all chemicals were of p.a. grade (pro analysis)
and were used as supplied without any further purification. Three ZnAl
coatings with different amounts of aluminum, Zn−0.5%−Al, Zn−5%−Al
and Zn−55%−Al were provided by the Dortmunder Oberflächencentrum
(TKS-DOC). Pure aluminum samples (Al 99.99 %) were prepared by
melting and casting the metal under argon atmosphere. ODPA and abs.
Ethanol were provided by Merck, Germany.

7.2.2. Sample Preparation

The samples were cut into pieces of 10 × 10 × 1 mm and ultrasonically
cleaned in abs. ethanol for 10 minutes. After rinsing with ethanol the
samples were dried in a stream of nitrogen. Cross sections of the alloy
coatings are shown in figure 7.1. Pure aluminum samples (Al 99.99 %)
were prepared by melting and casting the metal under argon atmosphere.
Afterwards, the samples were cut into pieces of 10× 10× 3 mm and the
surface was polished with diamond paste of a corn radius of 1 �m and
ultrasonically cleaned in abs. ethanol for 10 minutes. After rinsing with
ethanol the samples were dried in a stream of nitrogen. The ODPA
monolayers on the aluminum oxide surfaces were prepared by solution
self-assembly under ambient conditions. Substrates were ultrasonically
cleaned in abs. ethanol for 10 minutes before immersing into a 1 mM
ethanolic solution of ODPA for 24 ℎ. After rinsing with ethanol the
samples were dried in a stream of nitrogen.
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Figure 7.1.: (A) Cross-section of Zn− 0.5%−Al with a FeZn-Outburst
between the substrate and the coating; starting with the
substrate on the bottom, the ZnAl alloy on the top and
a thin Fe2Al5 layer in between. (B) Cross-section of Zn−
5% − Al, including light and dark phases in the coating.
The dark parts have been identified as delta-phases [199],
containing more iron. (C) Cross-section of Zn− 55%−Al.
Main features of this coating are a high number of Zn- and
Si-dendrites passing through the ZnAl alloy body.
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7.2.3. Scanning Electron Microscopy

Scanning Electron Spectroscopy images were recorded by means of a
NEON 40 FE-SEM (Carl Zeiss SMT AG, Oberkochen, Germany). For
Energy Dispersive X-ray (EDX) spectroscopy imaging an UltraDry Sil-
icon Drift X-ray detector from Thermo Scientific was used. Both the
imaging and the element analysis were obtained using an acceleration
voltage of 5.0 kV . The chemical composition analyses of the employed
substrates as measured by means of EDX are listed in table 7.1.

Table 7.1.: Chemical analysis of the employed alloys by means of EDX

Element [atm %] Zn-0.5%-Al Zn-5%-Al Zn-55%-Al Aluminum
Al 0.5 5.0 55.0 99.9
Zn 98.5 93.0 40.0 < 0.1
Si < 0.1 < 0.1 1.6 < 0.1
Fe 0.5 0.2 < 0.1 < 0.1
C < 0.1 < 0.1 < 0.1 < 0.1
O 0.3 0.3 0.3 < 0.1

7.2.4. X-ray Photoelectron Spectroscopy

XPS analyses were performed by means of a Quantum 2000 Scanning
ESCA Microprobe (Physical Electronics, USA) spectrometer equipped
with a concentric hemispherical analyzer and using an Al K� X-ray source
(15 KeV , filament current 20 mA). Samples were investigated under
ultrahigh vacuum conditions (10−9 − 10−8 mbar). Spectra were taken at
45∘ take-off angle with respect to the surface. A sample area of 100 �m×
100 �m was analyzed with a pass energy of 46.95 eV for survey detailed
elemental scans. Sputter depth profiles were recorded with an argon
ion sputter gun on an area of 2 × 2 mm at an acceleration voltage of
2 kV . The spectra obtained were analysed using CASA XPS software,
surface sensitivity factors used to determine the atomic concentration
were taken from the MultiPak Version 6.0 software (supplied by Physical
Electronics). To correct sample charging, the spectra were shifted to set
the C-C/C-H components of the C 1s peak at a binding energy of 285 eV .
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7.2.5. Polarization Modulation Infrared Reflection
Absorption Spectroscopy

PM-IRRAS measurements were performed by means of a FTIR-spectro-
meter (Bruker Vertex 70) at a resolution of 4 cm−1 and a reflection angle
of 80∘ relative to the substrate surface normal. For p-polarization of the
IR light an aluminum wire grid was used and modulated at 100 kHz
with a ZnSe Photo-Elastic-Modulator (PEM, Bruker PMA-50). Light
reflected from the sample was focused with a ZnSe lens onto a cryogenic
mercury cadmium telluride (MCT) detector. All presented spectra were
recorded from 512 single scans.

7.2.6. Static Contact Angle

The static contact angle of water was measured by means of the sessile-
drop method using a goniometer (OCA 20, Dataphysics, Germany). Con-
tact angles were measured at five different locations on each sample with
DI-water and the average values are reported.

7.2.7. Time-of-Flight Secondary Ion Mass Spectroscopy

The analysis was carried out on a gridless reflectron-based ToF-SIMS
V (ION-TOF GmbH, Muenster, Germany) equipped with a Bismuth-
cluster ion source. All spectra and images were obtained using Bi+3 pri-
mary ions at 25 keV energy in the high current bunched mode with a
mass resolution of m/Δm = 6000.The beam diameter was about 3−5 �m
and all measurements were made under static conditions (primary ion
dose < FPI = 5×1012 ions cm−2) on an area of 400×400 �m2 with 2562

pixel.

116



7. Formation and Stability III

7.3. Results and Discussion

7.3.1. Characterization of the ZnAl Alloy Coating
Surfaces

The surface chemistry of the employed alloys was studied by means of
complementary spectroscopic and microscopic techniques. Figure 7.2 il-
lustrates the lateral distribution in the outer region of the ZnAl alloy
coatings as measured by means of EDX. Zn − 0.5% − Al alloy coating

Figure 7.2.: ZnAl-alloyed coatings as analyzed by EDX mapping of
aluminum. A, C and E show the electron pictures of
Zn− 0.5%−Al, Zn− 5%−Al and Zn− 55%−Al, and B,
D and F the corresponding Al element mappings.
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(see figure 7.2 A and B shows a homogeneous distribution of its alloying
elements. In figure 7.2 C and D the EDX mapping of Zn−5%−Al shows
the existence of two main phases. As observed in figure 7.2 E and F the
Zn− 55%−Al coating does not consist of a homogeneous Si-Al-Zn alloy
layer but comprises of characteristic spangles with aluminum-rich den-
drites, Zn-rich interdendritic regions and a fine dispersion of Si particles
[201]. The PM-IRRAS absorption bands within these range represent
the vibration modes of AlOOH (1100 cm−1), Al2O3 (950 cm−1) and OH-
adsorbed on Al2O3 [202] [203]. The exact wavenumbers of these vibration

Figure 7.3.: PM-IRRAS data of the employed alloy surfaces and an
oxide covered aluminum surface.
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modes, shown in figure 7.3, depend on the local chemical environment of
the hydroxyls [204].

Figure 7.4.: XPS sputter profile of Zn−0.5%−Al, Zn−5%−Al and Zn−
55%−Al, reference sputter rate: R(SiO2) = 5.6 nm/min.

Complementary to the FTIR-measurements, the alloy surfaces were char-
acterized by means of XPS sputter profiles (see figure 7.4). The surface
oxide structure was proven to be essential for the binding of the applied
organophosphonic acids [195]. Within the first two nm the Zn−0.5%−Al
surface mainly comprises of an aluminum oxihydroxide at a ratio of 2:3
which points at Al2O3 composition. Within the first 3 nm the surface of
Zn − 5% − Al mainly comprises of an aluminum oxide at a ratio of 2:3
which points at Al2O3 composition. The zinc content is nearly negligi-
ble and increases at the expense of the oxygen signal after 5 nm. The
aluminum amount stays stable. In agreement with literature data it can
be expected that ZnAl alloy interphases are formed [205]. The surface
oxide structure of Zn− 55%− Al mainly consists of an aluminum oxide
for the first 4 − 5 nm which has an Al2O3 composition. The zinc con-
tent is negligible and increases at after 5 nm. The aluminum amount
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Figure 7.5.: XP O1s detail spectra of the employed alloys.

stays stable. The oxide layer thickness d of the native oxide aluminum
film was calculated from the angle-resolved x-ray electron spectroscopy
(AR-XPS) intensities Imo of the Al 2p1ox and Im of the Al 2p1met in the
following way [206]:

d = �mo ⋅ cos� ⋅ ln
[(

Dm ⋅ �m
Dmo ⋅ �mo

)
⋅
(
Imo
Im

)
+ 1

]
(7.1)

where Dmo (6.024×1022 atoms cm−3 [206]) and Dm (4.605×1022 atoms
cm−3 [206]) are the atomic densities of metal atoms in the oxide film and
in the underlaying metal substrate, respectively, �mo (2.679 nm [206])
and �m (2.579 nm [206]) are the corresponding inelastic mean free paths
of the electrons, and is the angle between surface normal and direction
of emitted electrons. With the measured values a native oxide layer
thickness of d = 2.1 nm was obtained. For estimation of the hydroxyl
function density on the surface the O1s-peak was investigated concerning
the contribution of oxides and hydroxides (see figure 7.5). Compared to
native aluminum oxide surfaces the hydroxide amount appeared to be in
the same range for Zn − 0.5% − Al, Zn − 5% − Al and Zn − 55% − Al.
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The OH−/O2− ratio was estimated to be 1.1 for Zn− 0.5%−Al, 0.8 for
Zn − 5% − Al and 0.6 for Zn − 55% − Al, according to the calculation
procedure established by [195]. For adhesion promoting molecules with
hydrophilic anchor group this improves the formation of a dense SAM
[195].

Table 7.2.: XPS Analysis of Zn − 0.5% − Al, Zn − 5% − Al and Zn −
55%− Al.

Zn-0.5%-Al Zn-5%-Al Zn-55%-Al
Oxide layer thickness [nm] 2.3 2.8 4.6

7.3.2. Adsorption of Octadecylphosphonic Acid
Monolayers

Prior to the adsorption of the ODPA, no intensities of phosphor atoms
could be observed in the XP spectrum. XP spectra after immersing the
ZnAl substrates in a 1 mM ODPA solution for 24 ℎ (followed by an in-
tense rinse with pure EtOH) are shown in figure 7.6. The corresponding
peak positions and atomic concentrations based on the curve fitting are
listed in table 7.3. The surface composition with a phosphor concentra-
tion of about 8% for Zn−5%−Al and Zn−55%−Al and about 12% for
the Zn− 0.5%−Al shows that the ODPA could be irreversibly adsorbed
on all alloy surfaces.
The P2s peak just proves the existence of the adsorbed phosphonate
group but does not provide further information on the structure of the
adsorbed molecule, as the binding energies of P-CH3, P-OCH3 and P=O
surface species are almost similar (ranging from 192.5 to 192.7 eV refer-
ring to Davies and Newton [208]).
In figure 7.7 analysis of the employed alloys before and after the adsorp-
tion of ODPA on the surface by means of ToF-SIMS are shown. The ToF-
SIMS imaging shows that in accordance with the observed Al2O3-passive
film covered surface of the Zn-alloys with higher aluminum contents also
the ODPA coverage is almost perfect. In the case of the Zn− 0.5%−Al
alloy, variations in the surface composition were observed. However, the
ToF-SIMS analysis only provides information on the outermost atomic
surface layer and does not reflect the thickness of the film, the orientation
of the monolayer or the state of interfacial binding.
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Figure 7.6.: XP P2s detail spectra of the employed alloys after adsorp-
tion of ODPA.

The adsorption of the phosphonate adhesion promoter on the ZnAl alloy
surfaces occurs via acid base interaction. The state of binding of the self-
assembled ODPA monomers could be characterized ex-situ by means of
PM-IRRAS. The interaction can be determined by studying the shift of
peaks assigned to P=O and P-O-H in the infrared spectrum. Changes in
these values are indicative of changes in the bond strength and therefore
conformation of the head group [211]. A clear correlation between the
packing density of the adsorbed ODPA molecules and the structure and
thickness of the passive films on the alloy substrates has been observed
based on the PM-IRRAS studies. In figure 7.8 the PM-IRRAS spectra
of the ODPA adsorbed on the employed ZnAl alloy surfaces are shown.
The presence of the PO2−

3 stretch mode at 1089 cm−1 in the spectrum
is indicative of the deprotonation of the phosphonic acid group [211].
A remarkable difference between Zn − 0.5% − Al on the one hand, and
Zn− 5%−Al and Zn− 55%−Al on the other hand is that the intensity
of the ODPA spectrum is by a factor of two higher for Zn − 0.5% − Al
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Figure 7.7.: 100 × 100 �m ToF-SIMS mappings of Al and PO3 after
the adsorption of ODPA on the alloy surfaces. (A) to (D)
show the results for the Zn−0.5%−Al surface. The surface
composition is inhomogeneous including dark areas with
less concentration and even holes. (E) to (H) show the
Zn−5%−Al surface after the monolayer adsorption. Apart
from very few defects, an ODPA SAM was observed. (I) to
(L) show surface chemistry image after the adsorption of
ODPA on Zn− 55%−Al. Also here only few defects were
observed and the surface was covered nearly completely by
the monolayer.

as substrate both for the CH stretch-vibrations and the PO2−
3 stretch-

vibrations. Moreover, the CH deformation mode at 1450 cm−1 only
appears for the Zn− 0.5%− Al substrate.

To get information on the mean orientation of the adsorbed ODPA
molecules a simple calculation was performed according to the method
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Table 7.3.: Chemical analysis of the employed alloys by means of XPS

Element [atm %] Zn− 0.5%− Al Zn− 5%− Al Zn− 55%− Al
C1s 65.2 48.4 36.5
O1s 15.7 25.2 25.8
P2s 12.3 7.2 8.8

Zn2p3 0.4 0.3 -
Al2p 6.3 18.7 28.8

established by Allara [210]. The ratio between the peak intensity of the
asymmetric stretching vibrations of the methylene and the methyl group

Figure 7.8.: PM-IRRAS spectra of ODPA adsorbed on the employed
ZnAl alloy surfaces.
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correlate with the mean inclination angle according to [210]

ICH2

ICH3

=
n ⋅ 2 ⋅ cos ⋅ (90∘ − �)2

3 ⋅ cos ⋅ (35∘ − �)2
(7.2)

where Ii is the intensity of the according CH asymmetric stretching vibra-
tion bands, n accords to the CH2 chain length and is the angle between
the alkyl chain axis and the surface normal. After 24 ℎ of adsorption
the alkyl chain has reached an angle of 33∘ with respect to the surface
normal on Zn−5%−Al and Zn−55%−Al, which is close to the azimuth
angle of ODPA on oxide covered aluminum in the range of 30∘. These
angles prove the self-assembly process and indicate a dense packing of
the alkyl chains interacting with each other via van der Waals forces.
On Zn− 0.5%−Al as substrate the azimuth angle is larger than 40∘. In
conjunction with the higher observed film thickness this indicates that
ODPA does not build a SAM on the oxide covered Zn− 0.5%− Al sur-
face but precipitation layers are formed due to the dissolution of Zn-ions
during the adsorption of the phosphonic acid.
The roughness values of the ODPA covered substrates as measured by
means AFM is are given in table 7.4.

Table 7.4.: AFM surface analysis of Zn− 0.5%−Al, Zn− 5%−Al and
Zn− 55%− Al.

Zn-0.5%-Al Zn-5%-Al Zn-5%-Al
Roughness RMS [nm] 532.0 66.0 119.0

7.3.3. Stability of Octadecylphosphonic Acid
Monolayers

The stability of the adsorbed ODPA films was studied in aqueous solu-
tions. Water contact angle measurements were performed to study the
hydrophobicity of the respective surfaces before and after the immer-
sion in water for defined periods of time. Such water contact angles are a
simple and reliable source of information concerning the state of ordering
of adsorbed long chain aliphatic monolayers with non-polar terminating
group such as CH3. The ODPA film covered surfaces were discontinu-
ously immersed in DI water for 10 min per immersion step. The static
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contact angles of water were measured and plotted as a function of immer-
sion cycles for all studied surfaces. The resulting tendencies are shown
in figure 7.9.
It was observed that the static contact angle of water taken of the precipi-
tation layers formed on Zn−0.5%−Al was decreasing significantly, finally
resulting in a contact angle of 60∘ as measured for a clean substrate. In
contrast, contact angle measurements obtained SAM covered surfaces of
the native grown aluminum, the Zn − 5% − Al and the Zn − 55% − Al
keep stable over several immersion cycles. It was not even possible to
decrease the contact angle due to immersion into water and simultaneous
exposure to ultrasonic acoustic irradiation.
These results clearly reveal the impact of heterogeneity of the surface
structure on the molecular desorption of ODPA in competition with wa-
ter. For amorphous alumina films it can arguably be expected that a
variety of different types of adsorption sites with unsaturated and/or
dangling bonds are present on the surface due to the amorphous char-
acter of the atomic structure at the surface. This structural character
consequently leads to strong binding of phosphonic acid towards the sur-
face.

7.4. Conclusions

For the ZnAl alloy coatings Zn− 0.5%−Al (HDG), Zn− 5%−Al (Gal-
fan) and Zn− 55%− Al (Galvalume) it was shown that all investigated
surface properties are based on the bulk composition of the coating. We
found that the ratio of zinc to aluminum in the coating directly influences
the formation and composition of the passive films on the surface and
thereby the surface chemistry.
The adsorption of ODPA on oxide covered surfaces has been investigated
on Zn− 0.5%−Al, Zn− 5%−Al and Zn− 55%−Al. While the passive
film of Zn− 5%−Al and Zn− 55%−Al consists of closed oxide covered
aluminum, the one on Zn − 0.5% − Al was shown be more mixed oxide
containing also parts of ZnO. The adsorption of ODPA on Zn−0.5%−Al
surfaces thus leads to precipitation layers.
The stability of ODPA adsorbed on the ZnAl alloy coatings in competi-
tion with water comfirmed the idea of very different surface chemistries
of the aluminum oxide covered surfaces and the mixed oxide covered sur-
faces. While the SAMs build up dense packages on the aluminum oxide
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Figure 7.9.: Mean values of static contact angle of water on ODPA
covered Zn− 0.5%−Al, Zn− 5%−Al, Zn− 55%−Al and
native oxide covered aluminum.

and resist the water, the precipitation layers on the mixed oxide surfaces
do not give any prevention in the competition with water.
Concluding, the results suggest an extremely important role of the alloy
composition, the surface chemistry of the alloy and the composition of
the organic coating with regards to the formation of stable phosphonic
acid films.
In relation to the corrosion it is expected that densely packed films im-
prove the corrosion protection, as they inhibit for electrolytes to enter
the metal surface effectively.
To summarize, for Zn − 5% − Al and Zn − 55% − Al, the spectra con-
firm the model of the acid-base interactions between phosphonic acids
and oxide covered aluminum surfaces due to the shift of the P=O peak
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and the disappearance of the peaks attributed to P-O-H stretching. The
driving force is the formation of a self-assembled monolayer.
In contrast, the mixed oxide covered surface, like Zn − 0.5% − Al, does
not form a SAM but a precipitation layer. During this process, Zn2+ is
etched out of the surface and coordinated by the ODPA. Due to the ris-
ing concentration close to the oxide/liquid interface, the ODPA/Zn-salt
precipitates. The layer formation stops when the surface salt has built
up a dense layer and no more Zn-ions are solved.

7.5. Outlook

The investigations of industrial systems HDG, Galfan and Galvalum has
been more difficult than the research on single crystalline model systems
and the reproducibility of results came out to be much lower. Neverthe-
less, the direct cooperation with industry partners is necessary. For the
fields of ZnAl alloys and phosphonic acids it has been shown, that phos-
phonic acid could be able to serve as adhesion promoter. Next steps in
the fundamental and industrial research can be to find production mech-
anism including already the organic coating, and get an real overview
about producting costs.
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8. Water Adsorption on the
�-Al2O3(0001) Surface

8.1. Introduction

The interaction of water with solid surfaces is fundamental to research in
various fields ranging from atmospheric chemistry to corrosion and het-
erogenous catalysis. Despite substantial research efforts, however, precise
information on the water geometry at the atomic level often seems elu-
sive, for the ubiquitous liquid phase [212, 213] as well as for many cases
of substrate-supported thin water films and clusters prepared in the lab-
oratory [214, 215, 216, 217, 218, 219, 220].

The interaction of water with aluminum oxide has found interest be-
cause of the extensive use if this material, e.g., as a catalyst as well as a
catalyst support, and by its role in environmental chemistry. Moreover,
the well defined Al-terminated �-Al2O3(0001) surface is a widely stud-
ied model for water interaction with metal oxide surfaces. Experimen-
tally, most studies propose water dissociation on the Al-terminated �-
Al2O3(0001) surface. This was concluded from high-resolution electron-
energy-loss spectroscopy (HREELS) studies [221] as well as thermal des-
orption experiments (TDS) [222, 223]. X-ray photoemission experiments
[224] were interpreted to indicate water dissociation in particular at sur-
face defect sites. Early ultraviolet photoelectron spectra, on the other
hand, seem to indicate molecular adsorption of water at room temper-
ature [225]. Also the mobility of the adsorbed molecules on the �-
Al2O3(0001) surface seems to be a somewhat open question. In Ref.
[223] a low mobility of the hydroxyl groups at the surface was stated,
in contrast to the interpretation of dynamic scanning force microscopy
images of the water exposed �-Al2O3(0001) surface [226]. Theoretically,
most ab initio studies agree on the stability of the dissociative vs the
molecular adsorption [227, 228, 229] while one cluster study [230] found
little difference between the energies of molecular and dissociative adsorp-
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tion of water. A recent density functional theory (DFT) study compares
the energetics of a wide range of adsorption geometries for various cover-
ages [231]. However, this comparison does not include the possibility of
a dissociative adsorption as concluded from many experimental studies.
Also, the change of the surface composition upon adsorption is not con-
sidered in these studies, despite early indications for the high stability of
the oxygen-terminated surface in the presence of water [234, 233, 232].
This is confirmed in a very recent study by Ranea et al. [235] that finds
the fully hydroxylated surface to be the thermodynamic ground state in
the presence of water, but concluded that the actual surface composition
will depend strongly on the sample history.

Here we present a comprehensive comparison of the adsorption ener-
getics of both molecularly and dissociatively adsorbed water for various
coverages based on density functional theory. Potential energy surfaces
for surface adsorbed water molecules, hydrogen and hydroxyl groups are
presented to address the controversial issue of surface mobility. In addi-
tion, the adsorption energetics is also addressed experimentally, by tem-
perature programmed desorption (TPD) spectroscopy.

8.2. Theory

The calculations are performed using DFT within the generalized gradi-
ent approach (GGA) as implemented in the Vienna Ab initio Simulation
Package (VASP) [236]. The electron-ion interaction is described by the
projector-augmented wave scheme [237]. The electronic wave functions
are expanded into plane waves up to a kinetic energy of 360 eV. The sur-
face is modeled by periodically repeated slabs. Each supercell consists
of 18 atomic layers within (2×2) periodicity plus the adsorbed water
and a vacuum region equivalent to 18 Å. The 15 uppermost layers as
well as the adsorbate degrees of freedom are allowed to relax until the
forces on the atoms are below 20 meV/Å. The Brillouin zone integration
is performed using 2×2×1 Monkhorst-Pack meshes. We use the PW91
functional [238] to describe the electron exchange and correlation energy
within the GGA. It describes the hydrogen bonds in solid water (ice Ih)
in good agreement with experiment [239, 240].
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8.3. Experimental

Experimentally, after cleaning with concentrated phosphoric acid (85%),
rinsing with water and drying in a stream of nitrogen, the sapphire crys-
tal was annealed in air in a high purity furnace at about 1600 K for 24
hours. The annealing produced a surface with large terraces (> 1�m)
as evidenced by atomic force microscopy (AFM) and low energy electron
diffraction (LEED), cf. Fig. 8.1. The ultra high vacuum (UHV) system
consists of a pumping system and the vacuum vessel. All parts of the
vacuum vessel are made of high-grade steel. Besides the pressure gauge a
manipulator onto which a sample can be mounted for studies of its surface
properties and a quadrupole mass spectrometer (QMS) is attached to the
chamber. Vacuum was maintained by two turbo molecular pumps backed
by a rotary oil pump. The sample manipulator is based on a rotatable
rod that can be moved horizontally and screws allow the accurate posi-
tioning of the sample. The manipulator also has electrical feedthroughs
with ceramic insulation for connecting the sample to a power supply for
resistive heating and two thermocouple wires to a temperature controller.
Temperatures of up to approximately 1000 K can thus be obtained at the
single crystal sample. The heating power is regulated by a temperature
controller that reads the voltage of a thermocouple welded to the side of
the sample. The different surface coverages of water were achieved just
before transferring the sample to UHV. One sapphire sample was taken
fresh from the furnace (movement time through ambient air till UHV
transfer about 2 min). Second sample was put into liquid water for one
minute and the last one was activated in low temperature water plasma
for the same time. The TPD experiment were driven with a heating rate
� of 1 Ks−1.

8.4. Results and Discussion

While the corundum structure of bulk �-Al2O3 has a rhombohedral sym-
metry, the atomic positions are usually given in terms of a hexagonal unit
cell. The Al-terminated �-Al2O3(0001) surface has p3 symmetry, i.e., a
threefold rotational axis through the Al-ions and no mirror planes. In
good agreement with previous studies [241, 242], we find upon structural
relaxation of the clean surface that the outermost Al-ions move toward
the bulk, ending up almost in plane with the O-atoms, cf. Fig. 8.2.
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Figure 8.1.: AFM topography of the single crystalline �-Al2O3(0001)
surface. Step heights are typically about 1 nm. The inset
shows LEED pattern recorded at 60 eV represeting the
hexagonal symmetry of the surface.

Figure 8.2.: Schematic side view of the bulk and slab state indicating
the vertical surface relaxation of Al (solid) and O (dashed)
layers. The zero line corresponds to the outmost surface
atom.
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We start the adsorption study by determining the potential energy
surfaces (PES) for (a) single water monomers, (b) hydrogens in the pres-
ence of a surface adsorbed hydroxyl group and (c) hydroxyl groups in
the presence of a surface adsorbed hydrogen on the clean, Al-terminated
�-Al2O3(0001) surface, respectively. Apart from the lateral position of
one adsorbate atom, the structural degrees of freedom of both substrate
and adsorbate where fully relaxed in these calculations. The calculated
data are shown in Fig. 8.3. In order to account for the fact that energy
barriers hinder the free rotation of surface adsorbed water molecules, the
minimum energy geometry for every PES sampling point was obtained
by probing different molecular starting orientations. As can be seen in
Fig. 8.3, the energy landscape experienced by molecularly adsorbed wa-
ter monomers as well as dissociated hydrogens or hydroxyl groups is
rather corrugated, with maximum energy differences/minimum diffusion
energy barriers of 0.54/0.48 eV, 1.54/0.66 eV, and 1.54/1.31 eV. These
data clearly support the view of a rather low mobility, in particular of
the hydroxyl groups, at the surface [223]. The diffusion barriers for water
monomers are somewhat lower, but still substantial.

Starting, from the low energy adsorption configuration of single wa-
ter monomers on the (2×2) surface unit cell, the water coverage was
systematically increased to eight molecules. The corresponding lowest-
energy structures for the respective coverage on the Al-terminated sur-
face are denoted by ATn in the following, where n corresponds to the
number of molecules per (2×2) surface unit cell. Among others, the ad-
sorption configurations from Ref. [231] as well as (partially) dissociated
adsorption models were probed. In addition, we calculate the energetics
of the fully hydroxylated (gibbsite-like) surface that can be understood
as the triple hydrogenation of the non-stoichiometric O-terminated �-
Al2O3(0001) surface [243, 235]. It is denoted as FH in the following.
Also the adsorption of an n additional water monomers on top of this
structure, denoted as FHn, is considered.

In order to compare adsorption models with different water coverages,
the thermodynamic grandcanonical potential

Ω(�i) = Fsurf (ni)−
∑
i

ni�i ≈ Esurf (ni)−
∑
i

ni�i (8.1)

needs to be calculated [244], where Fsurf (ni) is the surface free energy
which we approximate by the total surface energy Esurf (ni) at zero tem-
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Figure 8.3.: Potential energy surfaces for (a) single water monomers,
(b) hydrogens in the presence of OH groups (black cross),
and (c) hydroxyl groups in the presence of H (white cross)
on the �-Al2O3(0001) surface, respectively.
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perature, assuming similar entropy contributions for different adsorption
configurations. The number of adsorbate molecules is represented by ni.
Figure 8.4 shows the resulting phase diagram in the dependence of the
water chemical potential. Two important values of �H2O are indicated.
Extreme water-rich conditions are marked by the vertical line at Δ� = 0.
This value corresponds to a Al2O3 surface in equilibrium with bulk water,
approximated here by calculations for ice Ih [240]. Lower values of Δ�
indicate an increasingly dry environment. The zero temperature calcula-
tion for gas-phase water molecules is indicated. At finite temperatures,
entropy corrections will lower the respective value of � for the surface in
equilibrium with a reservoir of water vapor [245] and also slightly affect
the relative stability of different surface phases, see, e.g. Refs. [243, 246].
The inclusion of the fully hydroxylated surfaces [235] in the phase dia-
gram seemingly introduces an additional degree of freedom: The stability
of these structures will depend on the chemical potential of the surface
liberated Al. It may, for example diffuse into the bulk material or desorb
as Al(OH)3, while the remaining protons of the water molecules adsorb
on the three O subsurface atoms that originally bonded to the now re-
leased Al atom. From a thermodynamic perspective, the Al atoms are
in any case in equilibrium with bulk Al2O3, even if the particle exchange
with the bulk material is kinetically hindered and may be slow.

As expected, for low values of the water chemical potential the clean
Al2O3 surface is stable. As the environment gets more and more humid,
a variety of water-adsorbed surface structures may be observed. Consid-
ering first the adsorption on the Al-terminated surface, the adsorption
models AT1 and AT3, are stable for a very small window of prepara-
tion conditions, while the full monolayer (AT4) and the bilayer (AT8)
structure are stable for a relatively wide range of water-rich and extreme
water-rich conditions. This sequence, however, does not correspond to
the thermodynamic ground state of the surface that is characterized by
the fully hydroxylated surface. The stability of the fully hydroxylated
surfaces reflects the strength of the H-OAl bond and is consistent with
the negative enthalpy of formation of the �-Al2O3 + 3 H2O↔ 2Al(OH)3
reaction at ambient conditions. As pointed out already in Ref. [235],
however, the formation of the FH structures is expected to be kinetically
hindered and the actual surface phase will strongly depend on the sample
history.

Low coordination of surface Al-ions on clean �-Al2O3(0001) makes
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Figure 8.4.: Calculated phase diagram of the �-Al2O3(0001) surface in-
dependence on the water chemical potential Δ� given with
respect ice Ih.
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these sites strong lewis acids, i.e. electron acceptors, which readily ad-
sorb molecules like H2O, that can add electron-density. The dissociative
adsorption is primarily heterolytic in nature. Adsorbed H2O dissociating
can be viewed as splitting into H+ and OH−, with the proton transferred
to a nearby surface site in a 1-4 mechanism [227]. For all coverages,
adsorption of H2O significantly disrupts the clean �-Al2O3(0001) sur-
face geometry. The adsorption pulls the surface Al-ion out of its relaxed
surface position and elongates its three bonds to neighboring oxygen
ions. Bonds between this Al-ion and second-layer O-ions are significantly
longer, and they are elongated even beyond the bulk values, cf. Fig. 8.2.
That a relatively isolated H2O molecule prefers to adsorb dissociatively
on �-Al2O3(0001), even in the absence of defects, differs from the be-
havior predicted in an earlier study of H2O on MgO(100) [247]. In that
case, dissociative adsorption was favored in the vicinity of a step, but
molecular adsorption was more stable on the ideal surface.

The most relevant structures from the surface phase diagram are shown
in Figs. 8.5 and 8.6. For low water coverages on Al-terminated surfaces,
single dissociated molecules (AT1) are stable. The ground-state geom-
etry calculated here corresponds to the 1-2 geometry discussed in Ref.
[227]. It is energetically nearly degenerate with the 1-4 structure. The
latter structure, however, requires a substantially lower activation en-
ergy [227]. Interestingly, if all surface Al atoms are occupied by hydroxyl
groups, additional water molecules do not dissociate but form hydrogen
bonds with the pre-adsorbed H and OH groups, see Fig. 8.6. Hexagons
form (AT8) that are somewhat reminiscent of the water hexagons formed
on many metal surfaces [217, 220]. In contrast to the latter, however,
the hexagon structures formed on �-Al2O3(0001) consist of alternating
dissociated and intact molecules, which might explain some of the ex-
perimental ambiguities discussed above. It is interesting to note that
a recent theoretical study by Scheffler and co-workers found similarly a
crossover to a mixed molecular and dissociative adsorption mode with
increasing water chemical potential for water adsorption on Fe3O4(0001)
[248]. Also shown in 8.5 and 8.6 are the fully hydroxylated surface (FH)
and the adsorption of an additional water bilayer on top (FH8).

Fig. 8.7 shows the adsorption energy per molecule for the adsorption
structures AT1 - AT8 calculated as

Eads =
(En − E0)− n× EH2O

n
. (8.2)
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Figure 8.5.: Schematic top view of relevant adsorption structures.

Figure 8.6.: Schematic side view of a water bilayer adsorbed on the
Al-terminated (AT8) or fully hydroxylated (FH8) surface.
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We find the relative adsorption energy to vary only moderately between
the different adsorption geometries. This indicates that the surface-
molecule interaction is dominant over the molecule-molecule interaction.
A closer look at the adsorption energies shows two additional trends:
A slight decrease of the adsorption energy with increasing coverage of
dissociated molecules is followed by a somewhat more pronounced de-
crease as soon as the molecularly adsorption starts for coverages above
one water molecule per primitive surface unit cell (AT4). Overall we
find a variation between about 1.5 and 1.2 eV for the adsorption energy.
The lower limit agrees well with the calculations of Ranea et al. [231],
who considered exclusively molecularly adsorbed water. Also the energy
difference between molecularly and dissociatively adsorbed water is close
to the earlier calculations which state about 0.43 eV for the low-coverage
regime [227].

Also shown in Fig. 8.7 are the differential binding energies ETDS cal-
culated as

ETDS = En − En−1 − EH2O. (8.3)

Here we calculated a somewhat larger spread between 0.8 and 1.6 eV for
adsorption on the Al-terminated surface. This spread gets even larger if
the energy is considered to either extract one water monomer from the
FH structure (about 2.5 eV) or to remove water monomers adsorbed on
top of the fully hydroxylated surface (about 0.6 eV), see square symbols
in Fig. 8.7. In case of the fully hydroxylated surface the trend that water
adsorption in excess of the monolayer structures leads to a decrease of the
adsorption energy is even more pronounced than for the metal-terminated
surface, see Ref. [246].

The adsorption energetics was also studied using TPD measurements
of differently water-treated �-Al2O3(0001) surfaces, see Fig. 8.8. The
thermal desorption feature is dominated by a well-defined main peak
centred around 350 K. In order to extract desorption kinetic parameters,
a Redhead - based analysis has been applied to the desorption threshold
region [249]. By assuming a preexponential factor of 1013 s−1 and using
the Redhead equation with heating rates of � = 1 Ks−1, respectively
(determined from the differential of the experimental heating curve of
the sample at the peak temperatures), enthalpies of 0.9 to 1.5 eV for the
desorption peak were determined. This is in very good agreement with
the calculated differential binding energies of 0.8 to 1.6 eV for the AT
adsorption models and close to earlier TDS work that reported a range
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Figure 8.7.: Calculated adsorption energy per water molecule for the
adsorption configurations AT1 - AT8 as well as FH, FH1,
and FH8 models.

of 1.0 to 1.8 eV [223].
Fig. 8.8 demonstrates that H2O desorbs over a wide range of tem-

peratures from 300 to 450 K. This range of desorption temperatures
corresponds to a variation of desorption energies as found in our calcula-
tion for the AT8 model (and related, disordered structures) that contain
both dissociatively and molecularly adsorbed water. From the TPD data
we would therefore conclude that the different surface treatments stud-
ied here lead (at least locally) to structures similar to AT8. The low
surface mobility of water related to the highly corrugated PES may ki-
netically stabilize such structures even for low coverages. However, we
cannot completely exclude surface defects such step edges [250, 251] to
contribute to the broadening of the TPD peak. The excellent (1×1)
LEED pattern as well as our AFM data, cf. Fig. 8.1, indicates, though,
that surface defects are not the main reason for the broadening. The
adsorption energies concluded from the TPD experiments are clearly not
compatible with the calculations for the FH models. While the removal
of an water molecule from the FH surface requires an energy of about
2.5 eV, water in excess on top of the FH structure is very weakly bound,
with adsorption energies only slightly larger than 0.5 eV. These values
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Figure 8.8.: TPD spectra of H2O from the �-Al2O3(0001) surface
recorded after various H2O exposures at 298 K. The heat-
ing rate was 1 Ks−1.

are outside the range of 0.9 to 1.5 eV obtained from the desorption peak.

8.5. Conclusions

To summarize, DFT-GGA calculations as well as TPD spectroscopy for
water adsorbed on the clean �-Al2O3(0001) surface were performed. For
low water coverages dissociated single water molecules are energetically
most favored on the Al-terminated surface. The PES for both intact
water molecules as well as water fragments adsorbed on �-Al2O3(0001)
is highly corrugated, indicating a low surface mobility. Increasing the
water coverage on the Al-terminated surface favors complex structures
consisting of both dissociated and intact water monomers. The corre-
sponding variation of the adsorption energy per atom is in good accord
with our TPD data. The thermodynamic ground-state of the surface
is fully hydrogenated. The corresponding adsorption energies, however,
are either too large (fully hydroxylated surface) or too low (adsorption
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on top of the fully hydroxylated surface) to account for our TPD data.
We therefore conclude that the adsorption kinetics is very important and
that therefore the actual surface composition will depends on the sample
history.
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The corrosion resistance and the adhesion of organic coatings on oxide
covered surfaces are of high importance and are mainly determined by the
alloy composition, the surface chemistry of the alloy and the composition
of the organic coating. To substitute anodizing processes or chromate
layers, adhesion promoting, ultra-thin films or even monomolecular lay-
ers like self-assembled monolayers of organophosphonic acids have been
investigated as new advanced interfacial layers for polymer coated alu-
minum alloys.
As a first step the water and subsequent argon plasma modification of
native oxide covered aluminum was studied by in-situ IRRAS. These mea-
surements in combination with ex-situ XPS showed that a water plasma
treatment increases the density of hydroxides in the oxide surface layer
while a subsequent argon plasma transforms the hydroxides to oxides.
The combination of ex-situ IRRAS and XPS with QCM measurements
of the adsorption process of ODPA as well on native oxide covered alu-
minum as on plasma modified films has shown a strong dependence of
the adsorption kinetics on the density of hydroxyl functions on the ox-
ide covered aluminum surface. By the increase in the surface hydroxyl
density the adsorption kinetics can be accelerated. Such an acceleration
can be explained by the adsorption of the phosphonic acid via surface
hydrogen bonds prior to the condensation reaction leading to the finally
adsorbed phosphonate.
QCM investigations revealed that the amount of gas phase water adsorb-
ing on a oxide covered aluminum surface is much higher than on a ODPA
monolayer covered one. One reason is the dependence of the adsorption
energy on the surface termination.
IRRAS measurements have shown that isotopic plasmas of H2O and D2O
can reversibly exchange the protons in native oxide covered aluminum.
This isotope exchange in the oxide covered aluminum surface can be full-
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filled by gas overflow.
A SAM of ODPA can decrease the isotopic exchange rate, but cannot
stop it. By means of IRRAS it was found that the proton exchange does
not modify the ODPA barrier while a short water plasma treatment com-
pletely destroys it.
OES and XPS have been employed to characterize the effect of water
plasma on a SAM. The optical emission spectra have shown that the
most active species in the water plasma is hydrogen. This makes the
water plasma a favorable cleaning agent against organics, which is con-
firmed by the XPS investigations.
For different industrial relevant steel coatings it was shown that the ad-
sorption of ODPA on aluminum oxide covered surfaces is based on an
acid-base reaction of the surface and the ODPA. The driving force for
the formation of the monolayer is an acid-base type of interaction. The
investigations have shown that Galfan, Galvalume and aluminium have
a close aluminum oxide surface.
On ZnO covered surfaces precipitation layers are more stable than SAMs.
This was shown for the Zn− 0.5%− Al (HDG) surface.
The results of the stability of ODPA adsorbed on the ZnAl alloy coatings
in competition with water comfirmed the idea of very different surface
chemistries of the aluminium oxide covered surfaces and the zinc oxide
covered surfaces. While the SAMs build up dense packages on the alu-
minum oxide and resist the water, the precipitation layers on the zinc
oxide surfaces do not give any prevention in the competition with water.
The results suggest an extremely important role of the alloy composition,
the surface chemistry of the alloy and the composition of the organic
coating with regard to the formation of stable phosphonic acid films in
competition with water.
The stability of ODPA self-assembly films towards water was investigated
on four different model substrates. This comparative study revealed, that
ODPA SAMs are stable on (1) native aluminum oxide on a metal support
as well as (2) on amorphous aluminum oxide and (3) on Al2O3(1− 102).
In contrast, ODPA films are not stable in water on (4) the single crys-
talline Al2O3(0001) surfaces and immediately form micelle-like islands at
the solid/liquid interface after immersion. This suggests that the adhe-
sion free energies as well as the local atomic arrangements at the surface
play a crucial role for the formation of a stable self-assembly film on
aluminum oxide. For the amorphous surfaces also the formation of an
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insoluble surface salt has to be considered based on the presented results.
The stability of the resulting bonding is based on three main competing
influences, namely

(1): the interfacial bonding type.

(2): the adsorption free energy in competition with water.

(3): the adsorption geometries.

Concluding, the results suggest an extremely important role of the lo-
cal atomic structure of the aluminum oxide surface with regard to the
formation of stable phosphonic acid films in competition with water. For
technological applications it has to be considered, that polar aluminium
surfaces should possibly be avoided if high stability of the binding is de-
sired and vice versa. A comparative approach as presented in this work is
expected to be valuable not only for the surface-adhesive system at hand
but also for other relevant surface-adhesive systems. The understanding
and discussion of the underlying physical driving forces for adhesion and
de-adhesion becomes straightforward, based on this differential approach.
Moreover a direct comparison with state-of-the-art ab initio based results
is possible.
DFT-GGA calculations as well as TPD spectroscopy for water adsorbed
on the clean �-Al2O3(0001) surface were performed successfully. For low
water coverages dissociated single water molecules are energetically most
favored. Increasing the water coverage, however, favors complex struc-
tures consisting of both dissociated and intact water monomers. The
corresponding variation of the adsorption energy per atom is in good ac-
cord with our TPD data. The PES for both intact water molecules as
well as water fragments adsorbed on �-Al2O3(0001) is highly corrugated,
leading to a low surface mobility.
Rational design and advancement in materials science will ultimately
rely on an atomic-scale understanding of the targeted functionality. In
macroscopic systems of technological relevance, this functionality typi-
cally results from the interplay of a large number of distinct atomic-scale
processes. This makes quantitative calculations challenging, since it re-
quires not only to compute many individual elementary processes with
high accuracy to reach the aspired predictive power, but also to appro-
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priately account for the statistical mechanics of the interplay of all these
processes. Unfortunately the timeframe of molecular dynamics (MD) is
limited to a few nanoseconds and cannot encompass all of the involved
processes, such as diffusion and segregation. Kinetic Monte Carlo (KMC)
techniques on a rigid lattice are, on the other hand, especially fit for the
simulation of these phenomena.
But when should a scientist consider quantum mechanical modeling? The
example given in this work suggests a succesful comparison of theoretical
and experimental work. Afterwards, the modeling can be extended to
situation, where measuring is impossible. This way, one can start pre-
dicting properties of materials and their failure by atomistic modeling
based on experimental data. In the future, another relevant considera-
tion for industrial cooperation will be the question what can be calculated
and at what cost? From an economic point of view, quantum mechani-
cal modeling has enormous advantage over the experimental chemistry.
While there is just one kind of apparatus needed to calculate all phys-
ical properties that are related to the total energy, completely different
experimental set ups are required to measure them.
In the end, only a combination of basic research on the one hand, and
direct cooperation with industry on the other hand, can be the key for
fundamental comprehension and adequate progress.
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[209] C Jung, Alkylphosphonsäuren als Haftvermittler für Aluminium
und Zinkwerkstoffe, Technische Fakultät der Universität Erlangen
(1998).

[210] N Tillman, A Ulman, JS Schildkraut, TL Penner, Journal of the
American Chemical Society 110, 6136 (1988).

[211] P Thissen, M Valtiner, G Grundmeier, submitted to Langmuir.

[212] P Wernet, D Nordlund, U Bergmann, M Cavalleri, M Odelius, H
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A. Glossary

AES Auger Electron Spectroscopy
AFM Atomic Force Microscopy
DFT Density Functional Theory
DRIFTS Diffuse Reflectance Infrared Fourier Transform Spectroscopy
EBSD Electron Back Scattering Diffraction
EELS Electron Energy Loss Spectroscopy
FT-IR Fourier Transform Infrared Spectroscopy
GIXRD Grazing Incident X-ray Diffraction
hcp hexagonal closed package
HDG Hot Dip Galvanizing
IETS Ineleastic Electron Tunneling Spectroscopy
IF-steel Interstitial-Free steel
LEED Low Energy Electron Diffraction
LMIG Liquid Metal Ion Gun
OES Optical Emission Spectroscopy
ODPA OctaDecylPhosphonic Acid
PEM Photoelastic Modulator
PM-IRRAS Polarization Modulation - Infrared Reflection Absorption Spectroscopy
PVD Physical Vapor Deposition
QCM Quartz Crystal Microweighing
QMS Quadropole Mass Spectrometer
RHEED Reflection High Energy Electron Diffraction
SAM Self-Assembled Monolayer
SEM Scanning Electron Microscopy
TDS Thermal Desorption Spectroscopy
ToF-SIMS Time-of-Flight Secondary-Ion-Mass-Spectroscopy
TPD Temperature Programmed Desorption
UHV Ultra High Vacuum
XPS X-ray Photoelectron Spectroscopy
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B. List of Symbols

t Time
T Temperature, Kinetic energy
Ψ Wavefunction
m Mass
ℎ Planck’s constant
V Potential, Potential energy
E Energy
H Hamiltonian
Z Atomic number of an atom
Δf Frequency change
Cf Sensitivity factor
� Density
� Viscosity
 Surface tension
Eads Adsorption energy
Θ Surface coverage
EB Binding energy
Ekin Kinetic energy
e� Electronic work function
M Molar mass
� Inelastic mean free path
F Faraday constant
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