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ABSTRACT

The nanofabrication of organic layers on metal and metal alloy surfaces was studied in this

thesis by employing photoelectron spectroscopy (PES) as the main analysis method. The

motivation for this research is to introduce new properties to metal and metal alloy surfaces

via self-assembly driven adsorption processes of organic molecules.

Trimesic acid (TMA) and glycine adsorption on single crystal Cu(100) surface was

investigated with PES and scanning tunnelling microscopy (STM). TMA on Cu(100) exhibits

coverage dependent surface phases with drastic changes in the molecular orientation. The

mobile TMA molecules at low coverage transform into Cu atom coordinated TMA networks

and finally into carboxyl (COOH) functionalized, densely packed TMA monolayers. This is

enabled due to three equivalent COOH groups symmetrically around a rigid benzene ring.

Homo- and heterochiral surface phases of achiral glycine on Cu(100) were observed, and a

new structural model for glycine bonding on Cu(100) based on STM and density functional

theory calculations is presented. The coadsorption of aminopropyl trimethoxysilane (APS)

and mercaptopropyl trimethoxysilane (MPS) on stainless steel was studied with an aim to

incorporate MPS in APS matrix with tuneable distribution.

In addition to the determination of elemental and chemical states at the surface, PES data was

also used to determine the surface morphology by employing inelastic electron energy-loss

background analysis. Synchrotron radiation mediated PES enabled the study of the in-depth

distribution of the chemical states in non-destructive manner. The functionality of the

APS/MPS overlayers on stainless steel was studied with chemical derivatization.

The studies of TMA and glycine on Cu(100) provide important knowledge of the adsorption

behaviour of small molecules on surfaces, which is crucial for understanding the adsorption

phenomena of larger molecules, such as proteins on more complex substrates. The fabricated

surface structures may also be applicable to molecular electronics or catalytic surfaces. The

bifunctional silanization of stainless steel, on the other hand, is directly transferrable to

industrial scale processes. The bifunctional APS/MPS nanomolecular layer on stainless steel

works as a template, to which biomolecules can be covalently coupled with tuneable

distribution. Hence, the stainless steel surface can be biofunctionalized for a range of

applications, depending on the properties of the biomolecules.
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1. INTRODUCTION

The surfaces of solid materials and their interaction with surrounding media are of great

importance, because the solid material surfaces often have unique functional properties due to

different material composition from the bulk. By modifying the surface properties, new

functional properties can be introduced to the material. Traditionally, metal and metal oxide

surfaces have been treated with thick, micro- to millimetre scale coatings e.g. to improve

corrosion or scratch resistance and to introduce adhesive properties or simply to enhance the

appearance of the surface. These methods are viable for a large scale industrial production.

For applications such as molecular recognition, heterogeneous catalysts, optoelectronics and

biotechnology products, functional properties at a nanometre scale are often required. For the

aforementioned applications, solutions can be found in the plethora of architectures of organic

molecules on inorganic surfaces [1].

The organic-inorganic interfaces are of enormous importance for novel functional materials

for applications such as superomniphobic [2] and heterogeneous [3] or enantioselective [1]

catalyst surfaces, electronic [4, 5] and microfluidic devices [6], and for the functionalization

of nanoparticles [7] and carbon nanotubes [8]. Well-ordered thin organic layers have been

shown to enhance the mechanical [4], thermal [9], and adhesive [4, 10–12] properties on

various substrates. These types of coatings are typically fabricated with methods that employ

the self-assembly processes between the organic molecules and the substrate surface.

Organofunctional surface layers on inorganic substrates are especially important in

applications, where the inorganic material is in contact with biological substances.

Biocompatibility of a variety of materials is currently well-known. The driving force in the

research of bio-inorganic interfaces is to gain knowledge on how to introduce functional

properties to the interface. For example, the materials of implants, e.g. cardiovascular stents

(most often stainless steel) or teeth implants (titanium and titanium alloys), are biocompatible:

they do not release harmful substances nor induce inflammation or encapsulation of the

implant. These materials are not inherently biofunctional, though. By coupling specific

biomolecules to the implant surface via chemically functional hybrid interfaces, the

attachment of right types of cells can be induced [13]. Organofunctional interfaces have also

been studied for applications such as a single-molecule detection of biomolecules [14],

bioelectronics [15, 16], biomolecule binding [15–18], and antifouling surfaces [19, 20].
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The properties of the organic interface layers on solid substrates depend on the interactions

between the molecules and the substrate surface. Typically, for above-mentioned applications,

highly ordered, densely packed monolayers of organic molecules are required. These

nanomolecular layers are only a few nanometres thick. Successful nanofabrication of such

layers requires thorough understanding of the interface phenomena and control over the

fabrication parameters [1].

The study of amino acids and other small molecules at well-defined surfaces is important,

because they are the building blocks of larger molecules, such as peptides and proteins, and

thus, they provide models for understanding the interaction between the surface and larger

molecules [21, 22]. The key motivation for the research has been the versatility of the surface

properties that can be gained from the fabrication of nanomolecular interfaces.

In this thesis,  the adsorption behaviour of trimesic acid (TMA) and glycine (Gly) on copper

single crystal (Cu(100)) and organofunctional silanes (aminopropyl trimethoxysilane (APS)

and mercaptopropyl trimethoxysilane (MPS)) on stainless steel EN 1.4372 was studied. The

nanofabrication of these samples was conducted with physical vapour deposition (PVD) and

liquid phase deposition (LPD). Photoelectron spectroscopy (PES) was the main experimental

analysis method, supported by scanning tunneling microscopy (STM). The experiments were

carried out at Surface Science Laboratory, Tampere University of Technology and at the

MAX IV Laboratory, a synchrotron radiation facility in Lund, Sweden.

This thesis is organized as follows: Chapter 2 introduces the phenomena related to adsorption

and self-assembly of the studied organic molecules on metal and metal alloy surfaces. In

Chapter 3, the PES and other analysis methods are presented. The main results are discussed

in Chapter 4, and Chapter 5 comprises the summary and outlook.
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2. MODIFICATION OF METAL AND METAL OXIDE

SURFACES WITH ORGANIC MOLECULES

Ordered nanomolecular surface structures of organic molecules can be employed to introduce

functional surface properties to metals and metal oxides [23]. By careful selection of right

organic molecules and substrates, the functional properties can range from corrosion

resistance and enhanced adhesion to e.g. tailored biofunctionality, enantioselective catalytic

surfaces and molecular electronics.

Figure 2.1. Substrates and adsorbates studied in this thesis and schematic presentations of adsorption
configurations at selected coverages. (a) Adsorption of TMA and Gly on Cu(100). (b) Coadsorption of APS and
MPS on electrochemically treated austenitic stainless steel (SS-EC) substrate. (c) Some potential biofunctional
applications of bifunctional nanomolecular silane layers on electrochemically treated stainless steel.
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Nanostructures at surfaces can be fabricated by top-down methods such as nanolithography or

microcontact printing. These methods produce nanostructures in the sub 100 nm range and are

analogous to traditional lithographic methods. They do not take advantage of phenomena that

occur at the material interphases. The fabrication of truly nanomolecular organic structures in

0.1-10 nm scale on metal and metal oxide substrates, on the other hand, requires bottom-up

approach,  where  the  aim  is  to  guide  the  assembly  of  the  atoms  and  molecules  through

processes that are inherent in the studied system [24, 25]. In order to fabricate such structures,

thorough understanding of the properties of the substrate surface, the organic molecules and

deposition parameters are required [26]. With careful fabrication of nanomolecular surface

layers in a highly controlled environment, new (multi)functional surfaces may be

manufactured even on an industrial scale.

In this thesis, the main theme is the controlled self-assembly of small organic molecules on

metal and metal alloy surfaces. The scope of the thesis is illustrated in Figure 2.1. It exhibits

the studied substrates, adsorbates and possible future applications. The adsorption of two

carboxylic acids, trimesic acid (1,3,5 -benzene tricarboxylic acid, C6H3(COOH)3) and glycine

(2-aminoacetic acid, NH2CH2COOH) on Cu(100) in ultra high vacuum (UHV) is discussed in

Chapter 2.2 (Figure 2.1 (a)). Functionalization of electrochemically treated stainless steel (SS-

EC) surfaces with organofunctional silanes aminopropyl trimethoxysilane

(NH2(CH2)3Si(OCH)3) and mercaptopropyl trimethoxysilane (SH(CH2)3Si(OCH)3) by liquid

phase deposition (LPD) is presented in Chapter 2.3 (Figure 2.1 (b-c)).

2.1 Self-assembly

Self-assembly is a process where the constituents (atoms, molecules) spontaneously form

supramolecular structures in 3D (in solution) or in 2D (at the surface). Self-assembly

processes are important e.g. in the formation of lipid membranes of cells and protein folding

and, therefore, are crucial for life [27]. The success of self-assembly depends on 1) the

components in the system, 2) the interaction of the components, 3) reversibility, 4) the

environment and 5) mass transport [27]. For self-assembling structures at surfaces, there are

always at least two components: the adsorbate (i.e. the molecule) and the substrate. Even

minor changes in the components may lead to significant differences in the resulting self-

assembled structures [1]. The interactions of the components in the initial stages of the self-

assembly are typically non-covalent (van der Waals, Coulomb interactions, hydrogen bonds
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and hydrophobic interactions, etc.)[26]. In many cases, the self-assembly processes at surfaces

lead to covalent or coordination bonding after the molecular constituents have self-organized

at the surface. Reversibility is required as the constituents must be able to adjust their

positions in the self-assembly process. The environment, especially the interface in 2D self-

assembly, plays an important role. Mass transport, i.e. the mobility of the molecules, is

required for the self-assembly to occur. The free energy minimization during spontaneous

self-assembly leads to stable self-assembled systems in the equilibrium conditions [28].

Although self-assembly is spontaneous, the fabrication of nanomolecular surface coatings via

self-assembly processes requires a deep understanding of the surface and interphase

phenomena and substrate-adsorbate interactions, as well as, the deposition parameters.

Self-assembled monolayers (SAMs) of thiol (SH) terminated hydrocarbon molecules on gold

are the most investigated organic systems on metal surfaces, as thiol chemistry provides a

relatively straightforward way of creating densely packed monolayers of organic molecules

on a noble metal surface. Thiol SAMs are based on the strong affinity between Au and thiol

terminus of the adsorbing molecule. Fabricating SAMs or submonolayer organic surface

structures on transition metal surfaces, which readily oxidize in atmospheric conditions, is a

more complicated task than preparing thiol SAMs on noble metal surfaces. Whereas thiol-

SAMs on Au may be fabricated in the liquid phase in atmospheric conditions, the preparation

of nanomolecular organic structures on transition metals, such as Cu, require ultra-high

vacuum (UHV) conditions. In UHV, the substrate surface can be kept in the metallic state and

clean of impurities for long periods of time prior to the deposition of organic adsorbates,

typically by physical vapour deposition (PVD).

On the other hand, SAMs can be fabricated on oxide surfaces in ambient conditions.

Organofunctional silanes are a group of molecules that are most commonly used for the

fabrication of SAMs on oxide surfaces in atmospheric conditions. The silanes bond with each

other and with the surface creating superior stability but are more complex to fabricate than

SAMs of thiolated molecules on noble metals [23].

2.2 Small organic molecules on single crystal metal surfaces

The surface architectures of the adsorbates (A) on the substrate (S) surface are governed with

substrate-adsorbate (S-A) and adsorbate-adsorbate (A-A) interactions. Typically in
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chemisorption, the S-A interactions are stronger than A-A interactions, whereas in

physisorption, the S-A interactions are weak. Still, for long-range ordering of chemisorbed

species, the A-A interactions dominate the long-range ordering [29]. The A-A and A-S

interactions depend on the adsorbate and substrate properties and the adsorbate coverage. At

submonolayer coverages, the adsorption configurations are governed by S-A and A-A

interactions, whereas when the adsorbate coverage exceeds monolayer coverage, the S-A

interactions are limited and A-A interactions determine the adsorbate configuration. In many

cases, the molecules that adsorb after monolayer coverage exhibit little or no ordering unless

the molecules readily react with each other. This indicates, firstly, that the substrate surface

properties are crucial in fabricating nanomolecular surface structures. Secondly, the surface

properties affect the molecule orientation only at a short range perpendicular to the surface

plane (length of the adsorbate).

Physisorbed adsorbates interact with the substrate with dipole-dipole interactions, whereas

chemisorbed molecules form stronger bonds (covalent, ionic or coordination) with the

surface. In many cases, initially physisorbed adsorbates bond covalently to the substrate when

additional energy is provided. Typically, this can be achieved by thermal activation upon

annealing [Papers I-IV]. The annealing temperature must be chosen carefully in order to avoid

the dissociation of the adsorbates, which often leads to the desorption of the adsorbate

fragments or molecules.

2.2.1 Cu(100) single crystal substrate

Copper is a transition metal with a face-centred close-packed crystal structure. Single crystal

Cu(100)  was  chosen  as  a  substrate  for  the  adsorption  studies  of  TMA  and  glycine.  The

Cu(100) surface can be considered atomically flat. Still, the (100) surface has three different

binding sites for adsorbing atoms or molecules as shown in Figure 2.2 (a) [29, 30].
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Figure 2.2 (a) Binding sites on Cu(100) surface: (A) top site, (B) bridge site, (C) hollow site. (b) Surface defects
on Cu(100) surface: (D) terrace, (E) step edge, (F) adatom, (G) vacancy, (H) kink. (Adapted from references
[29], [30].)

The single crystal surfaces also exhibit defects, such as adatoms,vacancies and step edges

(Figure 2.2 (b)) [29, 30]. These surface defects may act as initial adsorption sites for

molecules. Thus, the density of the surface defects affects the adsorption processes in the

initial stages of the adsorption. The density of the defects may be controlled for example by

the temperature of the substrate [Paper I].

2.2.2 Adsorption of trimesic acid and glycine

Benzene (C6H6), the simplest of aromatic hydrocarbons, is known to obtain a flat-lying

orientation (benzene ring parallel to the surface) on various single crystal surfaces via -

interactions [29]. Trimesic acid, a trivalent carboxylic acid derivative of benzene, on the other

hand, binds to the surface via carboxyl (COOH) groups. The rigid aromatic ring and three

symmetrically positioned COOH groups contribute to the adsorption configurations. The

TMA may interact with each other via H-bonds at low temperatures around 130 K [31] (see

Figure 2.3 (a)) or bind to a transition metal surface via coordination (Figure 2.3 (b)) or surface

covalent bonds (Figure 2.3 (c-d)). Aromatic carboxylic acids on single crystal surfaces have

gained a lot of research interest as they tend to form highly organized, often long-range

networks of organic molecules on transition metal surfaces [32–36].

Carboxylic acids are known to bond to single crystal surfaces via a deprotonation reaction of

the carboxyl group resulting in surface bound carboxylates at temperatures around 300 K [1,

31]. For TMA, the deprotonation reaction can be written as:

( ) ( ) ( ) ( ) ( )+  ( )  (2.1)
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If the molecule has more than one carboxyl group, the degree of deprotonation, D, can be

used to evaluate the surface orientation of the adsorbates. D is determined as

=  . (2.2)

Fully deprotonated TMA (D=100%) forms surface covalent or coordination bonds via all

three carboxylate groups and thus is lying flat on the substrate. Figure 2.3 (b) illustrates 2D

metallo-organic coordination compounds of trapped Cu atom surrounded by four flat-lying

TMA molecules. Bonding via one or two COOH group(s) (D is 33% or 67%, respectively)

leads to upright or tilted surface orientation (Figure 2.3 (c) and (d)). For physisorbed

molecules D = 0%.

Figure 2.3. Schematic illustrations of some surface interactions of TMA and Gly on Cu(100). (a) Physisorbed
TMA molecules and H-bond (dashed line) formation between carboxyl moieties of the TMA molecules. (b)
Coordination bonding (black wedge) between O in TMA and Cu adatoms forming 2D metallo-organic
coordination compound [TMA]4Cu. Possible bonding arrangements for TMA (c) monodentate via one
carboxylate group (d) two monodentate carboxylate bonds and for glycine via (e) bidentate via carbonyl and
hydroxyl groups (f) monodentate via amino group (g) tridentate via all three groups.

Glycine is the simplest and only achiral amino acid. The chemical form of glycine varies

between acidic (NH2CH2COOH), anionic (NH2CH2COO-), cationic (NH3
+CH2COOH) and

zwitterionic (NH3
+CH2COO-) depending on the environment. In gas phase amino acids are

typically in acidic form, and in solid form they are zwitterionic [1], whereas anionic and

cationic forms are present in solutions and depend on the pH of the solution. At the surface,
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the chemical form depends on the substrate properties and coverage [1]. Glycine may bind to

Cu surface via both carboxylic acid and amino termini under certain conditions (Figure 2.3 (e-

g)) [Paper II, 1, 37–39].

Chirality is a geometric property, which states that a chiral object is not superimposable on its

mirror image. Both the adsorbate and the substrate may be either chiral or achiral.

Significantly, under right conditions the adsorption configurations of achiral molecules on

achiral single crystal substrate may exhibit chiral properties [ref. [1] and the references

therein]. The adsorption studies of Gly have revealed homo- and heterochiral surface phases

on Cu(100) [Paper II, 38–40]. One of the factors that affect the chirality at the surface arises

from the flexibility of the molecule.

2.2.3 Potential bioapplications

The adsorption studies of TMA and Gly on Cu(100) do not provide direct solutions for

biotechnological applications. Still, it is imperative that these types of adsorption systems are

studied for a deeper understanding about the nanoscale surface phenomena. When the surface

phenomena are comprehended, the knowledge can be used to design functional surface

structures that work as single-molecule sensing devices, nano-bio interfaces or heterogeneous

catalysis surfaces [28]. The adsorption behaviour of amino acids on single crystal surfaces is a

prerequisite to understanding the adsorption of peptides and proteins [22]. Enantioselective

catalysis is of enormous importance in e.g. pharmacology and toxicology because, in many

cases, the enantiomers of a chiral molecule have differences in biological activities [41].

2.3 Chemical modification of stainless steel with nanofabricated

bifunctional silane overlayers

From the industrial and commercial point of view, nanomolecular surface layers that can be

fabricated cost-effectively and on an industrial scale in atmospheric conditions are more

feasible than studies of small molecules on single crystal surfaces. Liquid phase deposition

provides a relatively simple way to fabricate nanomolecular layers on metal and alloy oxide

substrates.



10

Stainless steel is an affordable and mechanically viable material for many applications. The

surface oxidation and subsequent formation of a few nanometres thick native oxide layer of

stainless steel improves the material properties of the alloy, as the native oxide layer protects

the alloy from corrosion and is self-healing.

Organofunctional silanes are a group of molecules that are widely used in coatings on various

oxide surfaces, such as SiO2 [42–47], glass [48], zirconia [49] polymers such as

poly(dimethylsiloxane) (PDMS) [6, 50] and metals and alloys, such as Al [51], Ti [12, 52,

53], NiTi [54], Zn [10, 55] and stainless steel [17, 19, 56–63], as they readily self-assemble on

oxide surfaces in right conditions. Silanes are used in thick coatings as well as monolayer-

type layers (< 1-10 nm). The thicker silane coatings are typically used as adhesives [50],

corrosion protection [63] and fillers [49], whereas the monolayer-like coatings are more

viable for purposes that require more controlled functionality [Papers III and IV, 61]. The

monolayer silane coatings are often used as an intermediate layer between the inorganic

substrate surface and functional molecules [4, 9]. The organofunctional silanes typically have

a structure of R-spacer-Si(X)3, where R is the organofunctional group, and a spacer is

typically a short  CH2 chain (3-12 C atoms) or a longer polymer chain,  such as polyethylene

glycol (PEG). X is the hydrolysable group, most often methoxy (OCH3), ethoxy (OC2H5) or

chloride (Cl-).

2.3.1 Properties of APS and MPS

Aminopropyl trimethoxy- (APS) [6, 10, 15, 42, 50, 56, 57, 64, 65] and –triethoxysilanes

(APTES) [15, 16, 19, 50] are probably the most investigated organofunctional silanes.

Aminofunctionalized surfaces can be widely used in several applications [66].

Aminoterminated silanes have been used to promote adhesion between a substrate and

carbonyl containing polymers [50, 60]. Also, a wide range of biomolecules can be coupled to

surface amino groups with for example n-succinimidyl ester (NHS) or imidoester terminated

molecules [16]. Another widely studied silane is thiol (SH) terminated mercaptopropyl

trimethoxysilane (MPS) [4, 6, 7, 9–11, 45, 50, 55, 67]. MPS has been studied for coupling

oxide surfaces with noble metal surfaces [4, 9, 55] and for other adhesive purposes [10].

Thiolated surfaces can also be used to covalently bind maleimide (MAL) terminated

molecules [Paper IV].
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The APS and MPS molecules are similar in size, density and molecular weight. The aim of

the research conducted for this thesis is to incorporate MPS molecules in an APS matrix with

controlled thiol density and monolayer configuration. Hence, the APS/MPS overlayer

provides a chemically bifunctional organic interface on inorganic substrate, where the thiol

and  amino  termini  of  MPS  and  APS,  respectively,  exhibit  specific  binding  sites  for

(bio)functional molecules with a controllable spatial distribution.

2.3.2 Silanization via liquid phase deposition

Typically, the silanization is performed as a liquid deposition [12, 42, 49, 60, 61, 64], but

other methods, such as vapour deposition [44, 47, 51, 54], plasma [42, 68] and sol-gel [63],

[68] have been reported. The silanization reaction pathways are typically reported as a three-

step process: 1) hydrolysis, 2) condensation in solution or at the surface and 3) covalent bond

formation upon annealing [12, 56, 57, 65, 69]. In the following reaction equations, the

reactions of APS and MPS are presented (R=NH2, SH, x=0-3, y=0-3). Firstly, in a hydrolysis

reaction, the X groups are cleaved and silanols (R-spacer-Si(OH)3) are formed in the presence

of water.

Hydrolysis (sol)

( ) ( ) +  ( ) ( ) ( ) + (2.3)

( ) ( ) ( ) + ( ) ( )( ) + (2.4)

( ) ( )( ) +  ( ) ( ) + (2.5)

Under optimal conditions, the hydrolysis proceeds to fully hydrolyzed molecules, but also

partially hydrolyzed molecules (R-spacer-Si(X3-n)(OH)n,  n=0…3)  may  take  part  in  the

following reactions. The rate of the hydrolysis reaction is governed by the amount of water in

the hydrolysis solution [57], pH [50, 57], temperature [70] and the silane species. Depending

on the nature of the X, either alcohols (CH3OH, C2H5OH) or HCl are formed in the reactions.

In the second step, in solution, the molecules either react with each other and form siloxane

bonds (Si–O) or adsorb on the substrate surface where siloxane bonding also occurs. In the
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solution phase, the condensation of the silanols to oligomers is governed by silane

concentration, pH and time. The reaction may proceed to the polymerization of silanes,

 which leads to 3D siloxane clusters.

Condensation (sol):

( ) ( ) ( ) ( ) + ( ) ( ) ( )   ( )

( ) ( ) ( ) ( ) ( ) ( )  (  ) + ( ) (2.6)

In  the  presence  of  hydroxyl  rich  solid  substrate,  the  silanols  adsorb  to  the  surface  via

hydrogen bonds between the silanol and surface OH groups either as monomer, oligomers or

polymers. This is a crucial step considering the monolayer formation. In the optimal situation,

the adsorbing entities orient themselves upright (R pointing outwards) when hydrogen bonds

between the surface and the molecules are formed.

Adsorption (ads)

( ) ( ) ( ) ( ) +  ( )  

( ) ( ) ( ) ( ) + ( )      (2.7)

The exposure time of the silanized surface to the silane solution must be optimized to obtain a

densely packed silane surface configuration, but to avoid the cluster formation in the solution.

When the sample is exposed to the silane solution all the phenomena mentioned above may

occur simultaneously [71].

In  the  final  step,  the  solution  is  rinsed  off  and  the  sample  is  dried  and  often  annealed  at

elevated temperatures (60-100 °C). Annealing leads to covalent bond formation between the

surface and silanols [57].

Figure 2.4 illustrates different bonding possibilities of APS, MPS and APS/MPS on stainless

steel. If the hydrolysis is incomplete, unhydrolyzed or partly hydrolyzed silanes may adsorb in

random orientation. If silane species adsorb as condensed clusters or polymers, the surface

loses its ability to orient the silane molecules and disordered surface structures are formed.

The bonding possibilities are presented in more detail in Paper III and in Chapter 4.3. In order
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to fabricate silane monolayer, a low concentration of silanes, typically around 0.1- 1.0 v-% of

hydrolysis solution, leads to good results [56].

Figure 2.4. (Top) APS: highly ordered and up-right oriented APS monolayer, carbamate (NHC=O) terminated
silane due to reaction with NH2 and CO2, up-side down oriented APS; (middle) MPS: tridentate Si–O bonding,
partly hydrolyzed, up-side down oriented and MPS dimer with a disulphide bond; (bottom) APS/MPS: ideal
bonding for bifunctional APS/MPS monolayer, clustering induced by condensation, clustering induced by
incomplete hydrolysis. Modified from Paper III.

The LPD silanization procedures can roughly be divided to two categories. A relatively rapid

(some minutes) hydrolysis and exposure in aqueous solutions [Papers III, IV,19, 56, 72] or a

very long exposure in anhydrous solutions where the water at the substrate-air interface in

ambient conditions works as a catalyst for the hydrolysis [50, 58, 73]. For small silanes, with

a short spacer, the former is often chosen.
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If different silane species are coadsorbed from the same hydrolysis solution, it must be taken

into account that the reaction rates for hydrolysis and condensation are strongly dependent on

the properties of the silanes [Papers III and IV]. Hence, the silane surface ratio may be

significantly different from silane solution ratio, although identical solution and surface ratios

for mixtures of alkyltrichorosilanes have been reported [74, 75].

2.3.3 Role of surface hydroxylation

The substrate surface hydroxyl concentration plays an important role in the silanization

process. The initial H-bond formation at the substrate-hydrolysis solution interface orients the

adsorbed silane molecules with the organofunctional group outwards. Lack of surface

hydroxyls induces clustering of the silanes [5, 56, 74]. Random orientation is not so

detrimental in thick ( m range) silane coatings as the molecular orientation at the outer

interface is random in any case. Still, the substrate hydroxyl concentration determines the

number of bonds between the silanes and the substrate [76]. For applications that employ

monolayer silane coatings, the substrate hydroxylation is of utmost importance. The stainless

steel oxide surface is not inherently sufficiently hydroxylated [56].

The  enrichment  or  fabrication  of  the  surface  OH  groups  is  typically  performed  for  all

substrates by immersing the sample in one or several harsh oxidizing solvents [18, 45] such as

Piranha solution (a mixture of strong sulphuric acid and hydrogen peroxide) [5, 42, 52, 59,

76]. The hydroxylation can also be performed by electrochemical (EC) [56] or plasma [50,

62] treatments or atomic layer deposition [61].

2.3.4 Bifunctional silane overlayer for biofunctional applications

In many cases, the functionality of nanomolecular silane layers is due to sandwich-like

deposition of functional layers of other molecules on top of the silane layer at the organic-

inorganic interface (see Figure 2.1 (c)). In bioapplications, biomolecules are coupled to the

silane surface with covalent bonding between silane organofunctional groups and the

biomolecule.  The  correct  orientation  of  and  the  spatial  availability  of  the  silane

organofunctional groups is therefore crucial. This is especially the case in bifunctional silane

layers, where the aim is to couple different molecules to the silanes. These bifunctional

surfaces can be biofunctionalized by covalently coupling biomolecules to the thiol termini of
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MPS,  while  amino  groups  of  APS  are  coupled  to  molecules  that  enhance  the  antifouling

surface properties. For many biofunctional applications such as biosensors or implant

surfaces, the spatial distribution and orientation of biomolecules at a surface is the key

parameter that determines the functionality.

Bifunctional silane coatings, that is, nanomolecular overlayers of two different silanes have

been studied most often for biofunctional applications. Slaney et al. have studied

carbohydrate functionalized silanes mixed with polyethylene glycol (PEG) silanes on SiO2

coated SS [61]. Schartner et al. report bifunctional silanization of Ge for protein

immobilization [18]. Shirlcliff et al. introduce a method to immobilize DNA to silica substrate

via bifunctional silane monolayer [77]. Matinlinna et al. have mixed various silanes with a

cross-linking silane bis-1,2-(triethoxysilyl)ethane in order to enhance the bonding between

silica coated dental implant and resin cements [12, 49] and to prevent biofilm formation [53].
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3. EXPERIMENTAL METHODS AND DATA ANALYSIS

The experimental work in this thesis was conducted at the Surface Science Laboratory,

Tampere University of Technology and at the synchrotron radiation facility MAX IV

Laboratory, Lund, Sweden. The experimental work and the surface analysis methods related

to this thesis are schematically presented in Figure 3.1.

The sample preparation steps for in situ samples (trimesic acid and glycine on copper) and ex

situ samples  (silanes  on  stainless  steel)  are  illustrated  in  the  blue  frame  on  the  top.  Both

sample preparation procedures include substrate surface cleaning or modification treatments

prior to organic molecule deposition by physical vapour deposition for TMA and Gly and

liquid phase deposition for silanes. The sample preparation procedures are described in more

detail in Chapter 3.1.

The main surface analysis method in this work was photoelectron spectroscopy (PES). The

principle of PES and other related issues are presented in Chapter 3.2, whereas the analysis of

PES data is described in Chapter 3.3. The information gained from the PES experiments was

used to determine and quantify the surface elements and their chemical states (Chapters 3.3.1

and 3.3.2). SR-PES was employed in the non-destructive depth profiling (Chapter 3.3.3), and

the surface morphology was determined with inelastic electron energy background analysis

(Chapter 3.3.4). The different kinds of information that can be gained from the PES data are

illustrated in the green frame in Figure 3.1. Chemical derivatization, a method for studying the

reactivity of surface functional groups is introduced in Chapter 3.3.5.

Chapters 3.4 and 3.5 briefly introduce scanning tunneling microscopy (STM) and density

functional  theory  (DFT),  respectively.  STM was  used  to  gain  information  on  the  TMA and

Gly adsorption configurations combined with DFT calculations with the latter.
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Figure 3.1. Fabrication procedures for samples (blue frame). Arrows indicate sample preparation
stages where PES (blue frame) and STM (orange frame) were employed during sample preparation
routinely or when required (dashed lines).
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3.1 Sample preparation

In situ PVD was employed as a deposition method for TMA and Gly nanostructures on Cu.

PVD provides a relatively simple and reproducible method for studying nanomolecular

systems in detail in the ultra-pure environment of the UHV. In PVD, the deposited substances

are heated and the substrate is brought under the flux of the evaporating molecules. The

adsorbate coverage depends on the temperature and the partial pressure of the molecule, the

exposure time and the geometry of the evaporating chamber. After the deposition, the sample

can be subjected to further treatments and surface analysis without exposure to atmospheric

conditions. The substrates and chemicals used in the experiments are presented in Table 3.1.

Table 3.1. Substrates and chemicals used in the experimental work.

In situ PVD Ex situ LPD

Adsorbate TMA, purity 98% (Alfa Aesar)
Glycine, purity 99.5% (Alfa Aesar)

APS, purity >97% (Sigma-Aldrich)
MPS, purity >95% (Sigma-Aldrich)

Substrate Cu(100), purity 6n, (Metal Crystals
Oxides Ltd)

EN 1.4372 (ASTM-201) (JaloteräsStudio)

Substrate
pre-treatment - Sulphuric acid (H2SO4), 95-98% A.C.S.

reagent, Sigma-Aldrich

Chemical
derivatization -

N-(4,4,5,5,6,6,7,7,8,8,9,9,9-Tridecafluoro-
nonyl)maleimide, MAL-F, purity >97%
(Sigma-Aldrich)
Dimethyl sulphoxide, DMSO, purity >99.9%,
Sigma
Tris(carboxyethyl) phosphine hydrochlorine
solution, TCEP, Sigma

The APS and MPS silanes were deposited by an ex situ liquid phase deposition. The LPD is a

fast and reproducible deposition method and suitable for the fabrication of nanomolecular

surfaces with industrial interest, as the method is easily scalable to production.

3.1.1 In situ fabrication of TMA and Gly nanostructures on Cu(100)

The Cu substrate cleaning procedure is described in detail in Paper I. Briefly, the Cu(100)

substrate was cleaned in UHV by Ar+-ion sputtering (electron beam voltage EB = 2.0 kV, pAr

= 2.0×10 6 mbar, Itarget =15 A) followed by electron beam annealing at 700 K for 10 min (EB

= 600 V, p < 1×10 8 mbar). The cleaning procedure was followed by PES experiment to

determine that the surface was free of C and O contamination.
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Powders of either TMA or Gly were sealed in a glass tube, which was connected to the UHV

system. The tube was heated to ~460 K for TMA and ~350 K for Gly. The Cu(100) substrate

was exposed to the TMA or Gly flux for varied lengths of time (5-600 s) in order to obtain

samples with different adsorbate coverages. The temperature of the Cu(100) was ~320 K

during the deposition. The sample was then studied with PES and STM. Some samples were

annealed after adsorbate deposition at varied temperatures. The stoichiometric analysis of the

surface concentrations derived from the PES data revealed that both TMA and Gly remain

intact upon the deposition.

3.1.2 Ex situ liquid phase deposition of silanes on stainless steel

EN 1.4372 (ASTM-201, Fe-18Cr-6Mn-4Ni) austenitic stainless steel grade was used as

substrate for silanization. It is an inexpensive steel grade for a variety of purposes, ranging

from kitchenware to architectural structures. Silanization treatments have been studied at the

Surface Science Laboratory also for other steel grades, Fe-18Cr-7Mn-3Ni [56] and for ASTM

316L [72], the latter of which is a steel grade approved for medical implants and surgical

instruments. The composition of the stainless steel bulk does not influence the silanization

process as long as the hydroxylation of the surface is sufficient. The bulk composition of EN

1.4372, as reported by the manufacturer, is listed in Table 3.2. The steel was

electrochemically polished by the supplier. The electrochemical polishing removes surface

impurities, decreases surface roughness in the micrometre scale and affects the composition of

the surface oxide layer [72]. After electrochemical polishing, trace impurities such as Ca, P,

Mg and Na were detected on the sample surface as shown in Table 3.2 (as received SS).

Table 3.2. Elemental bulk composition of EN 1.4372 [78] and elemental surface compositions of as received and
EC treated EN 1.4372 coupons determined by XPS (h  =  1486.6  eV).  Elements  in  the  APS  and  MPS  are
indicated in italics. [Supplementary data of Paper III]
Sample (at-%) Fe Cr Mn Ni C N O Si S Ca P Na Mg
EN 1.4372
(ASTM-201)  70.2 18.1 6.5 4.2 0.2 0.8 - - - - - - -
as received SS  4.5 2.4 0.3 - 7.7 1.4 60.4 - 1.0 8.2 12.1 0.6 1.4
SS-EC 13.5 13.2 2.4 1.2 8.0 1.8 57.4 1.1 1.4 - - - -

The electrochemical (EC) treatment consists of a reduction of the native oxide layer prior to

passivation at a constant potential. It has been shown to increase the surface OH concentration

[56]. The stainless steel substrates were cleaned by sonication for 10 minutes both in ethanol

and deionized (DI) water. The EC treatment was performed with Autolab PGSTAT12
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potentiostat/galvanostat (Eco Chemie B.V., The Netherlands). The sample was placed in a

three-electrode electrochemical cell using an Ag/AgCl electrode as a reference electrode and a

Pt as a counter electrode. The sample surface was then reduced in a deaerated aqueous

solution of 0.1 M sulphuric acid by applying a cathodic current (i = 5 mA/cm2) for 5 min. The

passivation was conducted in the same electrolyte solution at a constant potential of Ep =  -

0.197 V against the Ag/AgCl electrode for 10 min. The passivated sample was rinsed with DI

water and dried with N2.

The APS and MPS were pipetted into a hydrolysis solution (1:3 EtOH:DI H2O)

simultaneously. The steel coupons were silanized by pipetting ca. 100 l of the solution on to

the sample. Both the hydrolysis and silanization times were 60 s. After silanization, the

samples were dried with N2 and annealed ex situ at 373 K for 10 min. In addition to APS/MPS

mixtures on SS-EC, APS and MPS on stainless steel were also studied separately. The

samples with APS and MPS on stainless steel are named as APS x/MPS y where x and y refer

to APS and MPS solution concentrations (v-%), respectively.

3.2 Photoelectron spectroscopy

PES is a spectroscopic method that provides information of the sample surface by measuring

the energies of electrons that are emitted from the surface under the irradiation of

electromagnetic radiation. It provides information on the elements at the surface and their

chemical states; hence, the method is also called Electron Spectroscopy for Chemical

Analysis (ESCA).

3.2.1 Photoelectric effect

Photoelectron spectroscopy is based on the photoelectric effect, where the exposure of a

surface to electromagnetic radiation, typically in the soft x-ray region, results in electron

emission from the surface [79– 81]. The emitted electrons are called photoelectrons and their

electron kinetic energy (KE) is given by:

= ,            (3.1)
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where h is the energy of the irradiation (h is the Planck constant,  is the frequency), BE is

the characteristic binding energy of the atomic orbital where the electron originates from, and

S is the spectrometer work function. The photoemission process is shown in Figure 3.2 (a).

As a photoelectron is emitted, a hole in a core level is created. The core hole is rapidly filled

with an electron from higher energy level. The energy which is released as the hole is filled

may be large enough for a third electron to be emitted. This electron is called an Auger

electron (Figure 3.2 (b)). The core hole may also be filled in an x-ray fluorescence process,

where an electron from higher energy level emits an x-ray photon during transfer to lower

energy level [81].

Figure 3.2. (a) The photoemission and (b) Auger electron processes. Grey circles denote an electron and white

circle a hole.

The Auger electron energy is given by:

= (3.2)

where BEA is the binding energy of the initial hole level, BEB the binding energy of the level

from which the core hole is filled and BEC is the binding energy of the level where the Auger

electron is emitted.

The photoelectron spectrum, the intensity (photoelectron count) versus the BE can be used to

determine the elements at the sample surface within a few nanometre depth. The spectrum

features photoelectron peaks and Auger transitions. The photoelectron binding energy

depends on the element and the transition of the emitted electron. This enables the recognition

of the elements at the surface. Auger electron peaks have constant kinetic energy. Both
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photoelectron and Auger peaks carry information on the chemical environment of the atom

where the electron originates from (Chapter 3.3.1).

3.2.2 Surface sensitivity

The surface sensitivity of PES arises from the inelastic processes that occur between the

emitted photoelectrons and the surrounding matter in the surface region. The photons

penetrate into the studied material up to a few micrometres [80], but the probability of a

photoelectron to leave the surface without energy loss decreases as a function of depth. The

photoelectron flux for a homogenous surface is described by Beer-Lambert law:

( ) = ( ) / . (3.3)

I(z) is the intensity of the photoelectron flux originating at depth z below the surface, I0(z) is

the intensity at z = 0,  is the angle with respect to the surface normal and  is the inelastic

mean free path (IMFP) of the electron [79], [82]. The IMFP describes the average path length

the electron travels between inelastic collisions in a scattering process. The IMFP depends on

the kinetic energy of the photoelectron and, to a lesser degree, on the material parameters,

such as density, molecular weight and the number of valence electrons. The KE dependence

of the IMFP is non-linear, and the IMFP values reach minimum values with KE between

100…1400 eV. In photoelectron spectroscopy, this is known as the universal curve, a plot of

IMFP values vs. electron KE [83].

The IMFP values for different materials can be calculated from TPP-2M equation by Tanuma,

Powell and Penn [84]. The sampling depth in PES is the depth from where 95% of all

photoelectrons emanate and is equal to 3 cos  [82]. Figure 3.3 (a) shows the decay of the

photoelectron intensity as the depth increases according to Equation 3.3. The surface

sensitivity of the PES information can be increased by varying the emission angle (Figure 3.2

(b)). Angle resolved PES (AR-PES) was employed in the study of TMA and Gly on Cu(100)

[Papers I and II].
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Figure 3.3. (a) Photoelectron intensity as a function on depth and the normal emission. (b) Angle resolved PES.
(c) Sampling depths illustrated as the length of the arrow for iron and the elements in silane molecules in XPS
with AlK  irradiation energy. (d) Different sampling depths for carbon.

In conventional XPS, the sample is irradiated with characteristic X-ray radiation, typically

MgK  (1253.7 eV) or AlK  (1486.6 eV). Figure 3.2 (c) illustrates the sampling depth of Fe

and the elements in silanes (H is not detected in PES). For silanized stainless steel samples,

the photoelectrons from the silane layer (typically ~ 10 Å), the electrochemically treated

stainless steel oxide layer (SS-EC, ~20 Å) and the metallic stainless steel below the oxide

layer contribute to the photoelectron signal intensity. According to Eq. 3.1, in an XPS

experiment with constant h , electrons from different elements and transitions have different

KE, and, thus, they originate from slightly different depths. For Gly and TMA on Cu, this

does not pose a problem as the signal from the organic layer can be easily distinguished from

the substrate signal. For APS and MPS on stainless steel, the analysis is more complex

because the elements in silane molecules are present in the SS-EC layer and/or in the stainless
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steel bulk. C, N, S and Si are present as minor alloying elements, O is a major constituent in

the SS-EC, and ex situ samples also typically contain some C and O contamination.

3.2.3 Synchrotron radiation mediated photoelectron spectroscopy

Synchrotron radiation is produced by electrons travelling in an accelerator ring at nearly the

speed of light. The synchrotron radiation has a continuous energy, ranging from soft x-rays to

infrared. One of the major advantages of synchrotron radiation is the tuneable photon energy.

This enables constant kinetic energy (constant IMFP or sampling depth) experiments, i.e. the

photon energy can be chosen for each element to yield information from the sample at equal

depths for each element [85]. In multielement samples, such as silanized stainless steel, Auger

transitions from several elements hinder the choice of the constant KE, but it is possible to

probe each element of the sample from the same region, e.g. the silane overlayer or SS-EC.

The use of synchrotron also enables the non-destructive depth profiling. i.e. probing an

elemental transition with different photon energies. Figure 3.2 (d) shows the sampling depths

of the carbon measured with different photon energies. Another advantage of SR-PES is the

increased surface sensitivity compared with conventional XPS; synchrotron radiation provides

considerably increased surface sensitivity enabling more detailed analysis of the silane surface

chemistry.

The synchrotron radiation also enables the optimization of the photoionization cross section,

, i.e. the probability of a photoelectron production from the specific electronic state of a

specific element [79]. The cross section of a given transition depends on the photon energy.

Hence, the synchrotron radiation enables the cross section maximization/optimization and

thus the detection of minor species that are not observed with conventional XPS. This applies

both to minor concentrations of elements and their chemical states. Synchrotron radiation

sources also have higher brilliance and higher energy resolution than XPS. The former

enhances the sensitivity (signal-to-noise ratio) and the latter increases the ability of

recognizing different chemical states with small BE difference. [86, 87].
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3.2.4 Instrumentation

Photoelectron spectroscopy equipment consists of a photon source, an electromagnetic lense

system, an energy analyser and an electron multiplier. In XPS, X-ray guns with Mg and/or Al

K  photon source are typically used. The emitted electrons are collected into an energy

analyser with an electromagnetic lense system. Electrons, which have travelled through the

energy analyser are then multiplied and counted. A computer controls the measurements and

collects the data.

Figure 3.4. (a) The Multilab equipment at Surface Science Laboratory. The air lock chamber is for loading the
samples. Also, the Gly and TMA depositions were conducted in the air lock chamber. In situ substrate cleaning
was performed in the preparation chamber, XPS experiments were performed in the analysis chamber and the
STM experiments in the STM chamber. The equipment enables sample cleaning, preparation and XPS and STM
experiments without exposure to air. (b) The BL D1011 at the MAX IV Laboratory: The beamline from the
synchrotron (1), Planar grating monochromator (2), load lock (3), sample transfer rod (4), preparation chamber
(5), manipulator (6), analysis chamber (7), hemispherical energy analyser (8), focusing lenses and beamline to
end work station. In the inset: inlet for the photon beam (10), sample and sample holder (11), lower part of the
manipulator (12), inlet for the analyser lens system (13) and Partial Electron Yield detector (14) and a grid for
the measurement of the photon flux. Photos by the courtesy of M. Hannula.

The PES experiments were conducted at the Surface Science Laboratory with the Multilab

surface analysis system (referred as XPS) [88] and the NanoESCA spectromicroscopy system.

Spectromicroscopy enables the lateral chemical mapping of the sample surface and it was

used to determine the distribution of siloxane bonds and metal oxides on silanized sample

using the energy filtered X-ray photoemission electron microscopy (EF-XPEEM). PES

experiments were also conducted at the BL D1011 at the MAX IV Laboratory (referred as
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SR-PES) [87]. The instruments are illustrated in Figure 3.4. Details of the instruments are

described in Papers I-IV.

3.3 Analysis of photoelectron spectroscopy data

PES is a well-established method in the research of thin organic coatings on metal and metal

alloy surfaces for a wide variety of applications. The main emphasis in the data analysis of

this thesis is in the detailed understanding of the surface chemistry, A-A and A-S interactions

and molecular orientation in the organic layers as a function of coverage. This Chapter

focuses on the different types of information that can be obtained from the PES data.

3.3.1 Identification of surface elements and chemical states

When investigating an unknown sample, PES experiments are initiated with a measurement of

a survey scan with a typical binding energy range of > 1000 eV. Survey scans are typically

recorded in the constant retard ratio (CRR, also Fixed Retard Ratio, FRR) mode of the energy

analyser. The CRR mode enables high elemental detectability, but is not suitable for

quantification as the energy resolution of the mode depends on the photoelectron KE. Survey

spectrum consists of photoelectron peaks of different transitions of elements and Auger

transitions within the sampling depth. In Figure 3.5, survey spectra of TMA/Cu and Gly/Cu

samples measured with MgK  and  AlK  irradiation energies are presented, respectively.

Auger transitions have constant kinetic energy and thus appear at different positions at BE

scale when different photon energy is used. By changing the photon energy (dual anode or

SR-PES), the Auger transitions can be shifted, as shown in Figure 3.5.

In a photoelectron spectrum, electrons from a certain transition of a certain element appear as

a photoelectron peak. Only the electrons that have not suffered inelastic collisions between

the photoionization process and have escaped from the surface contribute to the signal

intensity of the photoelectron main peak. Electrons that have lost kinetic energy contribute to

the background signal and appear on the higher BE side of the photoelectron peak.
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Figure 3.5. Survey XP spectra of TMA/Cu(100) (top) and Gly/Cu(100) (bottom) recorded in CRR mode.
Photoelectron peaks are indicated with dashed lines.

By the measurement of the high resolution spectrum with a BE range of ~30 eV, a more

detailed understanding can be obtained of surface chemical bonds. High resolution spectra are

recorded in a constant analyser pass energy (CAE, also Fixed analyser transmission, FAT)

mode. This mode has a constant energy resolution and is typically used in the recognition of

the surface chemical states and in quantification.

The initial and final states of the photoelectron process can affect the BE and shape of the

photoelectron peak. In order to determine the chemical bonding in the organic overlayers,

initial stage effects are more important, as they represent changes the electrons undergo

before photoemission and describe the effects induced by bonding between atoms [79]. The

chemical bonds form between the valence electrons of atoms. The core level electrons do not

take part in the bond formation, but their energy is altered upon binding due to changes in the

electron density compared with a ground stage of an atom [79]. Initial stage effects arise from

ground state polarization, inter or intra-atomic Coulombic interactions and spin-orbit splitting.

Coulombic interactions are observed as BE shifts (chemical shift) in the photoelectron

spectrum. The oxidation number and electronegativity of the neighbouring atom affect the

binding energy. The BE shift caused by Coulombic interactions can be calculated as:
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= + +            (3.4)

where  is the binding energy of an electron in the atom i, k is a constant, qi is the charge of

the atom i and qj is the charge of the neighbouring atom j, rij is the distance between atoms i

and j, and  is the appropriate binding energy reference. [79, 81].

Figure 3.6. S 2p SR-PE spectrum of MPS 0.10 sample (h = 494 eV). Molecular bonds, oxidation state and the
electronegativity of the neighbouring atom for each chemical state observed in the spectrum.

The chemical shifts of sulphur in different chemical states are presented in Figure 3.6, which

shows the S 2p spectrum for the MPS 0.10 sample. Three chemical states are detected. Each

of these states consists of two peaks as 2p transition undergoes spin orbit splitting, the

coupling of magnetic fields for orbitals with an angular quantum momentum number l >0.

This is observed as a splitting of 2p into 2p3/2 and 2p1/2 peaks. The area ratio for 2p3/2 and 2p1/2

is 2:1 and the BE remains the same independent of the chemical environment. [79, 81]. The

chemical states in Figure 3.6 are thiol and disulphide (S–S) bonds at 163.5 eV [45, 89],

sulphate ions at 168.5 eV [80] and sulphites in between [10, 11]. SH and S-S originate from

the silane molecules (disulphide bonds may form between adjoining MPS molecules during
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annealing [67]) and SO4
2- from the sulphuric acid residue in the SS-EC. The presence of water

and oxygen at a SAM surface may cause oxidation of thiols to sulphites [90].

As shown in Figure 3.6, the BE increases as the oxidation number of the atom and the

electronegativity of the neighbouring atom increases. As the final stage effects also contribute

to the photoelectron spectrum, the interpretation of the spectra is not always as straight

forward as in Figure 3.6. The final stage effects are caused by the interactions between

emitted photoelectrons and the surrounding matter. Intra- and interatomic relaxations caused

by the core hole may contribute significantly, even to a greater extent than changes in the

oxidation state [82]. Thus, reference samples, BE databases and literature references are

important when analysing the spectra. The final stage effects also provide information on the

surface. Aromatic carbon compounds (e.g. benzene and its derivatives) can be distinguished

from aliphatic carbon. The shake-up process of * of an aromatic ring may be induced by

a C 1s photoelectron. The KE loss of the C 1s photoelectron is observed as a small peak at

+6.7 eV BE of the main peak [Paper I, Figure 5, [80]

In this study, the PE spectra were analysed with CasaXPS software [91]. The BE was

calibrated to 932.7 eV for samples with Cu substrate and to 285.0 eV for aliphatic carbon for

silanes on steel. The photoelectron peaks were fitted with a combination of Gaussian (70%)

and Lorentzian (30%) line shapes for elements in the adsorbates. XP spectra were fitted with a

Shirley background, whereas a linear background was often used with SR-PE spectra. For S

2p, the S 2p1/2 peaks were fitted with fixed parameters of BE difference +1.18 eV and area 0.5

× S 2p3/2 and equal Full Width at Half Maximum (FWHM). For the Si 2p spectra 2p3/2 and

2p1/2 BE difference is 0.60 eV and the states were not resolved in SR-PE spectra. The FWHM

values for C 1s, O 1s, Si 2p and N 1s were fixed to equal for each component in a spectrum.

The fitting parameters were determined from the SR-PE spectra and employed in the analysis

of the XP spectra. There was no discrepancy between the XPS and SR-PES fittings except for

slightly wider FHWM values for XPS, and some trace chemical states were not detected in

XPS experiments.

3.3.2 Quantification

The PES data can be used to determine the surface concentration of each element and its

chemical state within the sampling depth in at-%. The photoelectron intensity, I, of a given
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transition is equal to the area of the corresponding component in a high resolution spectrum

and can be written as

= ( ) ( ) ( ) / ( ) , (3.5)

where Iij is the area of the peak j from the element i, K is an instrumental constant, T(KE) is

the analyser transmission function, Lij( ) is the angular asymmetry factor for orbital j of the

element i, ij, is the photoelectron cross section of the peak j from the element i and ni(z) is

the concentration of the element i at the distance z below the surface [82]. Accurate

determination of the parameters in Eq. 3.5 is difficult. Typically, relative surface

concentrations cx (at-%) are determined from Eq. 3.6

= = /
/

, (3.6)

where nx is the number of atoms and Sx is the sensitivity factor of species x. The sensitivity

factor depends on the photoelectron cross section, the IMFP, the transmission function of the

energy analyser and instrumental factors.

3.3.3 Non-destructive depth profiling

The tuneable photon energy in the SR-PES enables non-destructive depth profiling [92]. As

described in Figure 3.3., the sampling depth depends on the photon energy. By measuring SR-

PE spectra of a single sample with many photon energies, information of the relative amount

of e.g. chemical bonds at a certain sampling depth can be obtained. Figure 3.7 shows S 2p

spectra of APS 0.10/MPS 0.05 sample measured with different photon energies. As the

photon energy decreases (from top to bottom) and the surface sensitivity increases (due to

shorter IMFP values), the thiol photoelectron signal increases in relation to the sulphate

signal. Figure 3.7 also illustrates the cross section dependence on the photon energy. The

signal intensities in the spectra have been normalized to equal maximum intensity of the

sulphate signal. The values on the right indicate the factor by which the intensity was

multiplied in the normalization.
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Figure 3.7. S 2p SR-PE spectra of APS 0.10/MPS 0.05 on SS-EC with different photon energies h 4 = 1100 eV,
(IMFP 26.00 Å), h 3 = 900 eV (IMFP 21.55 Å), h 2 = 494 eV (IMFP 11.90 Å), and h 1 = 300 eV (IMFP 6.84
Å). SO3 components at 167 eV are omitted for clarity. [Paper III]

The maximum depth of non-destructive depth profiling is cos of the highest available

photon energy. Non-destructive depth profiling does not yield quantitative results at a strictly

defined depth, but it can be used to determine the average in-depth order of chemical bonds or

elements. In this thesis, non-destructive depth profiling has been of utmost importance when

determining the silane overlayer chemistry and in separating the substrate and adsorbate

chemical groups.

3.3.4 Inelastic electron energy-loss background analysis

The thicknesses of the organic overlayers are typically determined by employing the Beer-

Lambert equation (Eq. 3.3) or by employing other than electron spectroscopic methods such
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as ellipsometry. The Eq. 3.3 is only valid for homogenous layers on homogenous substrates.

Whereas it is safe to assume that the adsorbed organic molecules do not segregate into the

substrate, it is not given that the adsorbed molecules will form homogenous, evenly thick

surface monolayers or multilayers.

Figure 3.8. Measured Fe 2p XP spectrum of SS-EC (black). Modelled spectra of uniform monolayer (green)
morphology and an island morphology (blue) where 50% of the surface is covered with silane clusters with the
thickness of >200 Å thickness. Modified form the supplementary material of Paper IV.

For the adsorption of small atoms or molecules on a single crystal surface, a monolayer is

traditionally defined as adsorbate coverage of one atom/molecule per one substrate atom. For

TMA, the situation is more complex. In Paper I, it is shown that TMA adsorption geometries

varying between flat-lying to upright (tilted) orientations depend on the TMA coverage and

the molecule. In a flat-lying orientation, a TMA molecule covers approximately 13 Cu atoms

[34] and in an upright position roughly eight atoms [93]. In the case of fully TMA covered Cu

substrate, the coverage would yield values less than unity and different coverage values would

be obtained for different molecular orientations. For self-assembly in general, a monolayer is

defined as a densely packed layer of the adsorbate which fully covers the substrate surface. In
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this thesis, the latter definition is used with TMA and Gly on Cu and silanes on steel. The

coverages are determined by employing inelastic electron energy-loss background analysis

(IEEB).

The IEEB offers information on the surface morphology. In the IEEB analysis, the

inelastically scattered electrons with kinetic energies of 0-100 eV less than a photoemission

peak of a given transition are analysed. The IEEB method has been developed by Tougaard

[94– 96] and the required analysis procedures are included in the QUASES software [97]. The

measured PES spectrum is described by

( , ) = ( , ) ( ) , ; , (3.7)

where F is the flux density of electrons excited from an atom to a solid angle  with initial

kinetic energy E0, f(z) is the concentration of the atoms at the depth z, G is the electron energy

distribution as a function of travelled path z/cos , i.e. the probability that an electron with

initial energy E0 has an energy in the interval E, E + dE after having travelled the path length

z/cos . The G depends on the total energy loss T of an electron moving through a solid. The

energy loss depends on the inelastic electron scattering cross section K(E,T) and the path

travelled. In the determination of K(E,T), Universal cross sections A(T) are used.

 ( ) ( , )  ( ) =  
( )

 , (3.8)

where B, C and D are constants that have been determined for different classes of materials,

such as metals, alloys, oxides and polymers [96].

The QUASES software yields a theoretical electron energy-loss background and a photoelectron

peak based on the information on the surface morphology, the initial energy of emitted electrons,

the inelastic electron mean free paths determined by the TPP-2M equation, ionization cross-

section, the measurement geometry and the energy dependence of the spectrometer transmission

function [94], [95]. In the analysis, the measured spectrum can be compared with the reference

spectrum of known f(z). By varying the surface morphology and composition of the model surface

and by comparing the simulated result with the experimental result, the quantitative analysis of

surface morphology and the composition of surface confined layers can be obtained.
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This method has been established as a relevant method for the analysis of e.g. metal and alloy

oxides [98– 101]. It has been used to a lesser extent with organic layers on metal and alloy

surfaces. The IEEB has been used to determine organic overlayers with a few nanometre

thickness [102–104]. In papers I and III and IV, the IEEB has been used to determine both

surface morphology and thicknesses in the range of 0-40 Å thick organic overlayers.

Figure 3.8 shows a XP Fe 2p spectrum of SS-EC (black) as an active substrate (the

attenuation of the substrate is studied) as a reference. Two surface morphologies with

different thicknesses are presented with modelled spectra. Green lines show the modelled

spectra of a uniform silane overlayer with a thickness of 5, 10 and 15 Å. As the uniform layer

thickness increases, the inelastically scattered electrons are enhanced in comparison to the

photoelectron peak at KE =  780  eV  (BE = 706 eV). The blue lines represent island type

surface morphology with relatively thick silane clusters (> 200 Å) and 5, 10 and 15 Å thick

silane overlayers, both with equal coverage. Here, the modelled signal is further attenuated as

the total amount of silanes is significantly increased with respect to the uniform morphology.

The morphology differences are observed as differences in the slope of the inelastic electron

energy background close to the photoelectron peak. The analysis depth of the method is up to

10  and the depth resolution is /3. The error estimate for the method is ±15% [96].

3.3.5 Chemical derivatization

Chemical derivatization (CD) is a labelling and analysis method used with photoelectron

spectroscopy. Labelling methods are used in other spectroscopy and analysis methods

routinely. With PES, it is possible to determine the surface chemical groups, but intrinsically,

PES does not provide information on the orientation of the surface chemical groups or their

availability for forming bonds with other molecules. CD may be employed to recognize those

functional groups at a surface that are available for binding with other molecules.

Biofunctional properties of a surface often rely on the ability of the surface to bind

biomolecules with a controlled distribution. Thus, it is important to determine not only a

surface concentration, but the orientation of functional groups that provide binding sites for

biomolecules.



35

Figure 3.9. Schemes for MPS and MAL-F reactions (a) Maleimide terminus of MAL-F binds with SH-group of
the MPS molecule. (b) If disulphide bonds are formed between neighbouring MPS molecules, MAL-F does not
bind to the surface. (c) MAL-F does not bind to the surface because free thiols are not spatially available.

The label molecule contains an element which is not observed at the investigated surface and

has a functional group which reacts with the surface functional group of interest. The sample

is exposed to the label molecule either in the liquid or vapour phase. The liquid phase

derivatization is straightforward and inexpensive, but the solvents may influence the surface,

whereas the vapour phase derivatization reactions are difficult to implement, but yield more

reliable quantitative results [105]. In this thesis, liquid phase CD was employed to determine

the relative amount of thiols in MPS molecules that are available for binding in the APS
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matrix at varied APS/MPS ratios. Liquid phase CD was chosen because the samples could be

derivatized in a reproducible manner both at the MAX IV Laboratory and at the Surface

Science Laboratory.

In this study, APS/MPS samples were labelled with N-(4,4,5,5,6,6,7,7,8,8,9,9,9-Trideca-

fluorononyl)maleimide (MAL-F). Figure 3.9 shows schematically different outcomes of

MAL-F exposure to APS/MPS surface. Maleimide is expected to bind with surface thiols

under the experimental conditions (Figure 3.9 (a)). Adjacent thiol groups in the APS/MPS

matrix at the surface may form disulphide bonds (S-S) during annealing and MAL-F bonding

is inhibited (b). Disulphide and thiol are not resolvable in PE spectra, but the amount of

disulphides can be estimated with CD. Tris(carboxyethyl) phosphine hydrochlorine solution

(TCEP) reduces disulphides back to thiols. Thus, the differences in surface fluorine

concentration in CD with and without TCEP treatment prior to MAL-F exposure can be used

to estimate the S-S/SH ratio of APS/MPS surfaces. Figure 3.9 (c) represents a clustered

APS/MPS surface, where the SH groups are not sterically available for MAL-F binding.

The CD was performed by exposing the sample to 0.5 mg/ml MAL-F in dimethyl sulfoxide

(DMSO) for 60 min, followed by rinsing with DMSO, DI H2O and drying with N2. The TCEP

treatment was performed by exposing the sample to 0.05 M TCEP for 15 min, followed by

rinsing with DI H2O  and  drying  with  N2 prior to the MAL-F exposure. In the PES

experiments of MAL-F labelled samples, the fluorine surface concentration was observed to

decrease during exposure to irradiation. A probable reason for this is the cleavage of fluorine

substituted carbon chains under irradiation. The small molecular weight fragments of such

chains are easily desorbed. During the PES experiments of CD samples, F 1s and C 1s spectra

were recorded both in the beginning and end of measurements of each sample, and sample

exposure to the photon flux was avoided prior to data acquisition.

3.4 Scanning tunneling microscopy

Scanning tunneling microscopy (STM) is a surface analysis method, which enables the study

of surface structures in atomic resolution. In this work, STM has been used to study the

adsorption of Gly and TMA on Cu substrates. The operation principle of STM is shown in

Figure 3.10. Briefly, a sharp tip (in this work made from tungsten wire [88]) is brought within

the distance of a few nanometres of the sample surface. At this distance, when the sample and
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the tip are biased, quantum mechanical tunneling occurs and a measurable current between

the tip and the sample can be measured. When the tip is scanned across the sample an STM

image is formed. In this thesis, constant current imaging (CCI) mode was employed. In CCI

mode the current is maintained constant by a feedback loop controlled by a computer as the

tip is moved across the surface in x,y and z directions by piezoelectric elements [106]. The

produced STM image is a convolution of surface morphology and the electron density.

Figure 3.10. The operation principle of the scanning tunneling microscopy.

3.5 Density functional theory calculations

Density Functional Theory (DFT) is a computational method for calculating the electronic

structure of matter. It is based on a quantum mechanical modelling and it uses functionals of

electron density. Whereas many quantum mechanical calculation methods are based on the

solving of the many-body Schrödinger equation, DTF uses electron density as a basic

quantity. It can be used to calculate the geometric, electronic and spectroscopic properties of

the studied systems [107]. In this work, DTF calculations were used along with STM images

in the analysis of the surface phases of glycine on Cu(100)[Paper II].



38

4. MODIFICATION OF Cu AND STAINLESS STEEL

SURFACES VIA SELF-ASSEMBLY OF ORGANIC

MOLECULES

This chapter summarizes the key results presented in the papers of this thesis. Throughout this

work, the underlying theme has been the study of the substrate-adsorbate and adsorbate-

adsorbate interactions on organic-inorganic interface. Molecular level understanding of the

surface phenomena are required for the controlled fabrication of nanomolecular organic layers

on both single crystal and alloy oxide surfaces. Chapter 4.1 focuses on the adsorption

behaviour of trimesic acid on Cu(100) with the main emphasis on the coverage dependency of

the observed surface configurations [Paper I]. Chapter 4.2 highlights the chiral surface

structures of achiral glycine on Cu(100) [Paper II]. In Chapter 4.3, the bifunctional overlayers

of amino- and mercaptopropyl trimethoxysilanes on electrochemically treated stainless steel

are scrutinized as a function of the liquid phase ratio of the silanes [Papers III and IV].

4.1 Effect of coverage on the TMA adsorption configuration and binding on

Cu(100)

The properties of the TMA molecule, such as rigidity due to the benzene ring and three

identical carboxyl end group,s facilitate a range of binding configurations on Cu(100) surface.

As presented in Chapter 2.2.2, the carboxylic acids typically bind to a metal surface via a

deprotonation of the carboxyl group to carboxylate (COOH  COO- +  H+). The TMA can

bond in mono-, bi- or tridentate manner and thus adopt different molecular orientations from a

flat-lying to an upright adsorption configuration at the surface.

The substrate properties of the Cu(100) also affect the TMA adsorption. Most prominently,

the adatom and the step density are the key substrate properties that play a role in the

adsorption phenomena. The coordination bonding is dependent on the adatom density and

mobility, both of which can be controlled by the substrate temperature [Paper I]. Organic

molecules often adsorb at the step edges in the initial stages of adsorption [Papers I and II and

references therein]. The density of the steps, i.e. the terrace width, can be affected by the

cutting of the single crystal and the annealing cycles performed on the sample. As the

substrate temperature was constant for the TMA deposition, as well as for PES and STM
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studies, and all the experiments were performed on the same single crystal Cu(100), the

substrate properties are considered constant and are not discussed further.

4.1.1 Coverage induced changes in the molecular orientation of TMA on Cu(100)

observed in the PES analysis

Figure 4.1 exhibits the C 1s XP spectra of TMA/Cu(100) samples with increasing surface

coverage from the bottom to the top. The TMA coverages ( TMA) were calculated from the

IEEB results as TMA = d, where d is the TMA adlayer height and  is the fraction of

substrate area covered with the adlayer.

Figure 4.1. C 1s XP spectra of TMA/Cu(100) measured after different depositions, h  = 1253.7 eV. The intensity
of the topmost spectra is multiplied by 0.5. [Paper I]

The C 1s XP spectra exhibit four components on all samples. The components at the lowest

and highest binding energies originate from the phenyl ring of the TMA molecule. The large

peak at low BE ( 1) is the main peak and the small peak at +6.7 eV in respect to the main

peak is the shake-up satellite (S) of the aromatic ring. The peaks inbetween, at +4.1 eV and



40

+3.0 eV distance from the main peak are attributed to carboxyl ( 2) and carboxylate ( 3),

respectively. Angle resolved XPS measurements verify that the surface bonding via

deprotonation occurs as presented in Equation 2.1. The relative amount of COO- bonds

increases as the sampling depth doubles, while the COOH signal behaves oppositely,

indicating that the COO- signal originates from the Cu-TMA interphase and the COOH from

the outmost surface.

A closer look at Figure 4.1 reveals two TMA coverage dependent phenomena. Firstly, the

relative intensity of COO- in respect to COOH intensity changes at different coverages,

indicating coverage dependent changes in the degree of deprotonation and thus coverage

dependent surface orientation. Secondly, the main peak shifts towards larger binding energies

with increasing coverage.

Figure 4.2. (a) Degree of deprotonation of TMA molecules as a function of coverage for the depositions at room
temperature and after the subsequent annealing. (b) Binding energy of the phenyl component ( 1) vs. the TMA
coverage for the TMA depositions at room temperature and after the annealing. A break in the slope corresponds
to a saturated monolayer (8.4 Å). Letters A–E denote TMA depositions before ( lled dots) and after (open dots)
annealing. Modified from Paper I.

Figure 4.2 (a) shows an interesting behaviour of deprotonated carboxyl groups as a function

of the TMA coverage. XPS provides averaged information from a relatively large area (in this

case, the diameter of the sampled area is 600 m). At submonolayer coverages, the adsorption

configurations do not necessarily have a long-range order and many surface phases coexist at
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the surface. The degree of deprotonation rises rapidly at low TMA coverages until a

maximum at 80% is reached at 4-5 Å TMA coverage. As the coverage increases, the

deprotonation degree falls rapidly below 10%, after which the deprotonation degree

approaches 0%. This shows that the TMA molecules adopt different configurations at

different TMA coverages. The initial rise of the degree of deprotonation indicates

transformation from physisorbed TMA to mostly flat-lying, fully protonated TMA at the

maximum of the deprotonation curve. The rapid decrease of the degree of deprotonation at

coverages > 5 Å can be attributed to change from the flat-lying orientation to the upright one.

As the coverage increases, eventually all the intensity originates from physisorbed TMA

adlayer (sampling depths for C 1s, O 1s and Cu 2p are 40.7 Å, 52.6 Å and 18.3 Å,

respectively) and the TMA/Cu interface is not detected.

In Figure 4.2 (b), the coverage dependency of the C 1s binding energy is illustrated. The

figure shows that the BE of the phenyl ring peak is linearly dependent on the coverage with a

clear change in the slope at 8.4 Å, which agrees with the geometrical size of the TMA

molecule (8 Å) [31]. At 8.4 Å, the Cu surface is covered with a saturated monolayer, and as

the coverage increases, the 2D growth mode changes into 3D growth with no ordering.

The changes in the phenyl BE can be attributed to at least two phenomena. Firstly, the BE

shifts reflect the molecular orientation and hence the packing density. Coulombic interactions

between the C 1s core-hole and the valence electrons in the Cu(100) conduction band lower

the binding energy. The Coulombic force is inversely proportional to r2, where the r is the

distance between the core hole and the valence electron. Thus, the BE is smaller for C atoms

in flat-lying TMA with all the carbon atoms close to the Cu surface compared with C atoms in

upright oriented TMA molecules. Similar behaviour has been reported for alkanethiol SAMs

on Au [108] and for carboxylic acids on Cu(100) [109]. Secondly, it has also been reported

that the C 1s BE of organic molecules on metal substrates is higher by a few eV on multilayer

samples than on monolayers if the molecules are chemisorbed in the monolayer [110]. If the

molecules are physisorbed at the metal surface, the BE difference is negligible. This is

attributed to the initial and final stage effects of the photoionization process. Physisorbed

molecules are expected to undergo relaxation only after ionization (a final stage effect),

whereas the chemisorbed molecules may also exhibit lower BE due to overlapping molecular

orbitals and metallic band (an initial stage effect) [110]. Thus, chemisorbed molecular

structures would exhibit lower BE than physisorbed. Also, at high TMA adlayer coverages,
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charging effects during XPS measurements may increase the BE as the Cu electrons cannot

compensate for the ionization of TMA.

On both Figure 4.2 (a) and (b), the annealed samples are presented in open circles. On all

samples, upon annealing the TMA coverage and C 1s BE decrease, as the degree of

deprotonation increases. The decrease in the coverage is attributed to desorption of

physisorbed TMA. The changes in the C 1s BE and the degree of deprotonation suggest flat-

lying orientation of TMA on annealed samples.

4.1.2 Adsorption stages of TMA on Cu(100) as observed by STM

STM studies of the TMA/Cu(100) reveal five distinct coverage dependent adsorption stages

as a function of the TMA coverage and post-annealing. These stages are illustrated in Figure

4.3.

Stage I: At this stage, the overall coverage of TMA is small and no long-range order is

observed. In large scale images (shown in Paper I, Figure 2(c)), signal noise at terraces is

interpreted as mobile 2D Cu adatoms [93], [111], [112] and TMA. Local hexagonal TMA

rings with Cu aggregates of several atoms trapped inside at step edges are observed. The

immobile TMA molecules are flat-lying. The degree of deprotonation at ~75% arises from the

combination of fully deprotonated (100%) TMA in hexagonal arrangements and mobile TMA

(0%).

Stage II: As the TMA coverage increases, long-range ordering is observed. The TMA

molecules adopt a cloverleaf structure (TMA4Cu) with a long-range order, but not saturated

monolayer coverage. The Cu adatoms coordinate four TMA molecules (Cu(TMA)4), and,

also, some Cu2(TMA)6 arrangements are observed. The deprotonation degree is ~63%. The

deprotonation is lower than expected (100%) due to coexisting physisorbed mobile TMA in

addition to the cloverleaf structure.
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Figure 4.3. Five coverage dependent stages  (I-V) of TMA adsorption on Cu(100) illustrated as STM images,
schematic presentations (not to scale). The STM images are from Paper I.

Stage III: At this stage, the TMA coverage has increased further and a saturated monolayer is

formed at TMA = 8.4 Å. The increasing packing density leads to upright or tilted orientation.

In this configuration, the TMA molecules form bonds with Cu atoms at terraces instead of

adatoms. In the STM images, a chain structure is observed. The degree of deprotonation for

the chain structure is 41.7%, due to COO-:COOH ratio of 5:7 [93]. The degree of

deprotonation has dropped to 20%. This suggests that the chain structure coexists with local

multilayer or 2D gas phase.

Stage IV: As the coverage exceeds the saturated monolayer, the bonding mechanisms change.

The adsorbed TMA molecules do not interact with Cu(100) and are physisorbed on a densely

packed TMA monolayer. Hydrogen bonds may exist between the TMA molecules, but neither

covalent bonding nor ordered structures exist.
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Stage V: A fifth adsorption stage is achieved with annealing. A densely packed surface

configuration with flat-lying TMA is shown in the STM image in Figure 4.3. Similar

observations have been reported by Dmitriev et al. [93].

4.2 Chiral adsorption structures of glycine on Cu(100)

In this chapter, the adsorption behaviour of Gly on Cu(100) is discussed. The PES analysis

and comparison with TMA/Cu(100) is presented in Chapter 4.2.1. Glycine adsorption

configurations observed in STM images are summarized in Chapter 4.2.2.

4.2.1 Comparison of Gly and TMA adsorption on Cu(100) observed by PES

Figure 4.4 depicts the C 1s SR-PE spectra of as-deposited and annealed Gly/Cu(100) samples.

The spectra feature four distinct components, which can be assigned to the carbon atoms in

the glycine molecule, C–N ( 2, 286.0 eV), COO- ( 3, 288.0 eV) and COOH ( 4, 289.8 eV)

and to C–C bonds at the lowest binding energy ( 1, 284.5 eV). The C 1s spectra do not rule

out any of the adsorption configurations presented in Figure 2.3. The presence of COOH

indicates either small amount physisorbed glycine or bonding only via amino terminus

(Figure 2.3 (f)). The surface concentration of COOH is low on all samples. The origin of C–C

component is not clear. According to stoichiometric analysis, the molecules stay intact upon

adsorption so the small component can be attributed to C–C impurities from the glycine

powder.

Bonding via amino and carboxyl termini (Figure 2.3 (g)) is reported to be the dominant

bonding arrangement on Cu(100) at room temperature [37–39]. The bonding via the amino

terminus of the Gly molecule is not directly observed in the N 1s, or Cu 2p spectra. AR-XPS

reveals, though, that when the surface sensitivity is increased, the COO- and C–N intensities

increase in the same ratio (both increase by 2.5 -fold), suggesting equidistance of these bonds

from the Cu surface, which favours bonding via carboxyl and amino termini (Figure 2.3 (g))

over upstanding arrangements, as depicted in Figure 2.3 (e) and (f). The N 1s spectra (data not

shown) show a single component at 399.6 eV, which indicates that the NH2 is  either  in  a

neutral state or bonds with Cu.
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Figure 4.4. C 1s SR-PE spectra revealing chemical bonds on glycine/glycinate covered Cu(100), h  = 700 eV.
[Supplementary material of Paper II].

The O 1s spectra of Gly/Cu(100) samples typically exhibit a narrow peak, which indicates

that the surface oxygen adopt a well-defined single state. This supports adsorption

configuration with both oxygen atoms of the carboxyl group bonding with the Cu substrate

(Figure 2.3 (e) and (g)). Annealing is shown to decrease the amount of adsorbed glycine and

increase the degree of deprotonation, as was observed on TMA/Cu(100).

The degree of deprotonation is significantly high on all Gly/Cu(100) samples (79% in Figure

4.4) and does not show Gly coverage dependent changes at submonolayer coverages.

Coverage dependent changes in the C 1s BE are not observed to the same extent that on

TMA/Cu(100) samples. Both of these observations elaborate the adsorbate dependent

variations on adsorption configurations. Whereas TMA is rigid and has three symmetrical

COOH groups, the glycine is more flexible. Thus, the increase in the coverage leads to

changes in the degree of deprotonation and thus the molecular orientation in TMA/Cu, but

PES analysis does not show coverage significant changes in the surface chemistry of Gly/Cu.

Hence, the PES analysis supports the general consensus of tridentate adsorption configuration

of Gly/Cu(100) at room temperature, although minor amounts of glycine may be also

physisorbed at the surface.
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4.2.2 Homo- and heterochiral surface domains of glycine on Cu(100)

The STM images of Gly/Cu(100) typically show triangle protrusions (see Figure 4.5), which

are interpreted as tridentate glycinate bonding. Although tridentate glycinate molecules are

chemically equivalent, they may adsorb on Cu(100) in several non-equivalent surface phases

in terms of the binding sites of each surface covalent bonds and their spatial arrangement in

respect of each other. In fact, the observed Gly/Cu phases are different in terms of chirality

and they exhibit structural and electronic anisotropy [Paper II] and hence different types of

functionality.

Figure 4.5. 3D STM image of the Gly/Cu(100) surface (18.8 nm × 11.0 nm) with coexisting c(2 × 4) and p(2 ×

4) phases (a). High resolution STM images (3.0 nm × 4.8 nm) of (b) c(2 × 4) and (c) p(2 × 4) phases. The unit

cells and Type-A and Type-B molecules are indicated. Modified from Paper II.

In Figure 4.5 (a), both c(2 × 4) and p(2 × 4) glycine domains are observed on Cu(100). The

domains are at the lower terrace of <310> step edges. The <310> step formation is Gly

adsorption induced, as these steps never appear on bare Cu(100) [37], and is an example of

adsorbate induced substrate faceting. The Gly protrusions in the c(2 × 4) phase (Figure 4.5

(b)) are of equal intensity and, hence, occupy identical adsorption sites (Type A). The c(2 × 4)

domains are homochiral (the molecules are superimposable on each other).

The p(2 × 4) domains are observed next to triangular c(2 × 4) domains [37]. The STM image

of p(2 × 4) domain (Figure 4.5 (c)) shows triangular protrusions that, again, are consistent

with tridentate bonding. In addition to different unit cell structure, the protrusions in
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alternating rows show different brightness, which is an indication of different binding

configurations (Type-A and Type-B). The p(2 × 4) domains are heterochiral (the Type-A and

Type-B protrusions are not superimposable),although both glycine and Cu(100) are achiral.

Different structural models have been proposed to gain insights into glycinate surface

configurations both with experimental and theoretical methods [37– 40, 113, 114, Paper II].

The Paper II introduces a new DFT based structural model for p(2 × 4) domain, which is in

agreement with the STM images. The model proposes that the observed brightness differences

in p(2 × 4) are due to different oxygen atom binding sites at different heights on Cu(100) (see

Figure 2.2 (a).

4.3 Bifunctional APS/MPS monolayers on stainless steel

APS/MPS overlayers were prepared on SS-EC with the aim to incorporate MPS molecules in

APS matrix with a controllable MPS spatial distribution, high packing density and upright

oriented silane molecules. With the employed fabrication parameters, APS forms a monolayer

with a 0.10 v-% solution concentration [56]. Initial observations of the adsorption of MPS and

the coadsorption of APS and MPS showed two interesting phenomena. Firstly, under the

same fabrication parameters that lead to a monolayer formation of APS, MPS is sparsely

adsorbed with no long-range ordering. Secondly, in the coadsorption of APS and MPS, the

APS/MPS ratio at the surface differs from the same ratio in the solution. Hence, an extensive

set of samples with a constant APS concentration of 0.10 v-% and a varied concentration of

0.01-1.00 v-% of MPS were fabricated.

4.3.1 Surface morphology of APS/MPS on SS-EC

Figure 4.6 introduces the IEEB analysis of two APS/MPS samples. The Fe 2p XP spectrum of

the SS-EC sample was used as a reference and the attenuation of the Fe 2p signal on silanized

samples was used to determine the silane overlayer thickness and surface morphology.

On all APS/MPS samples, the IEEB analysis yielded a surface morphology of a thin overlayer

(6.6-16.8 Å) and a thick (> 200 Å) island. The surface morphologies are schematically
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illustrated in Figure 4.6 (a), and the thin overlayer thickness in addition to coverage are

plotted as a function of MPS solution concentration in Fig 4.6 (b). The IEEB analysis shows

that the surface area is completely covered with a silane overlayer. This is significant as the

silane overlayers may enhance corrosion protection and act as a barrier layer against water if

the overlayers cover the substrate surface uniformly, whereas uncovered areas in the silane

overlayer may induce local corrosion. The thin overlayer thickness varies slightly as a

function of the MPS solution concentration, mostly within reported thicknesses between 5-11

Å [19, 55, 56, 65] for APS and MPS monolayers.

Figure 4.6 (a) IEEB analysis of Fe 2p region (h = 1486.6 eV) of the reference sample SS-EC (black) and APS
0.10/MPS 0.01(dark green) and APS 0.10/MPS 1.00 (light green). The best fit between experimental (thin lines)
and modelled (thick line) data is achieved with the surface morphologies shown in the schematic illustrations.
The bars represent highly clustered islands with thickness > 200 Å. (b) Thickness (top) and coverage (bottom) of
the thin silane overlayer as a function of the MPS solution concentration. The green area depicts literature values
for the monolayer thickness of APS and MPS. The data points represent the average value and the vertical lines
define the range of variation. The lines are to guide the eye only. Spectromicroscopy images of APS 0.10/MPS
0.01 sample: (c) Secondary electron image (Hg lamp, h  = 5.2 eV), EF-XPEEM images (h  = 1486.6 eV) of O
1s (d) metal oxide and (e) siloxane. [Paper III]

Two types of deviations from ideal monolayer bonding are observed in the IEEB results.

Firstly, the slight increase in the thin overlayer thickness at higher solution concentrations of

MPS indicates that the overlayer thickness exceeds a monolayer thickness. This observation

suggests that with high MPS solution concentrations the ordering is hindered by MPS.

Secondly, the unexpectedly thick islands were observed on all APS/MPS samples.

Spectromicroscopy study of APS 0.10/MPS 0.01 samples shed light into the origin of these
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thick > 200 Å islands. Figure 4.6 (c) illustrates a secondary electron image of the sample. The

image shows a relative smooth surface area with a protrusion across the imaged area. The EF-

XPEEM images of the same area reveal that the siloxane bonds at 532.4 eV are in abundance

on and around the protrusion, whereas the metal oxide signal at 530.0 eV in the same region is

attenuated. This suggests that silane clusters are trapped around surface irregularities in the

sample fabrication process. This is in good agreement with observed thick islands (>200 Å) in

the IEEB analysis.

4.3.2 Coadsorption of APS and MPS on stainless steel

Figure 4.7 (a) and (b) show the relative surface concentrations (calculated as percentages of

the elements in silanes; C, O, Si, N and S) of the components observed in N 1s and S 2p XP

spectra as a function of the MPS solution concentration. The NH2, NHC=O and NH3
+

originate from the APS molecules. The NHC=O denotes carbamates which are formed when

the amino groups react with atmospheric CO2 [42]. The NH3
+ are deprotonated amino groups

that often bind to the substrate via surface OH–NH3 interaction (see Figure 2.4) [42, 64].

Figure 4.7. Relative surface concentrations of the chemical states of (a) nitrogen and (b) sulphur of the references
and APS/MPS samples as a function of the MPS solution concentration in 0.1 v-% APS (h  = 1486.6 eV). Data
points represent average values of a set of experiments performed on several individually prepared samples for
each APS/MPS ratio. Lines are to guide the eye only. (c) MPS/(APS+MPS) ratio at the surface as a function of
MPS/(APS+MPS) ratio in solution. Data points represent the average value and the vertical lines define the
range of variation. Modified from Paper III.
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In Figure 4.7 (a) and (b), a simultaneous decrease in the NH2 signal, as the amount of SH

increases along with increasing MPS solution concentration, shows that the relative amount of

MPS in the APS/MPS overlayer increases and APS decreases. This is also shown in Figure

4.8 (c) where the surface and solution concentrations are plotted. The MPS surface

concentration shows a non-linear dependency on the solution concentration. Except for very

small solution concentrations, the surface concentration is significantly smaller than the

solution concentration.

Figure 4.7 (b) also shows that the amount of MPS (SH) on all samples with both APS and

MPS is clearly higher than on MPS 0.10. This shows the synergetic effect of coadsorption of

APS and MPS. In the fabrication process, the hydrolysis solution pH was not adjusted. The

native pH of MPS in the hydrolysis solution is 7. At this pH, the hydrolysis of MPS is very

slow [10]. The decrease or increase of pH by one unit includes a ten-fold increase in the

hydrolysis rate [10]. The native pH of APS under the same conditions, on the other hand, is

10.6. Thus, in the presence of APS, the pH of the hydrolysis solution is basic and increases

the hydrolysis rate, which leads to higher amount of adsorbed MPS. Still, the amount of

unhydrolyzed silanes at the surface increases as the amount of MPS increases. This is

determined from the surface concentrations of C–O [Paper III, 11, 45].

The relative surface concentration of MPS saturates around 30%. This is due to short

hydrolysis and silanization times employed in this study. It has been shown that with constant

total amount of silanes and variable APS/MPS ratio in solution, the surface concentration of

MPS may exceed the solution concentration with longer silanization times [72]. In both cases,

the surface concentration of the APS and MPS cannot be determined from the solution

concentration.

4.3.3 Non-destructive depth profiling of APS/MPS samples

All the elements in the silanes are also present in the SS-EC substrate. In Figure 3.7 it was

shown that the SH bonds originate from the topmost surface of APS 0.10/MPS 0.05 and the

SO4 is buried in the SS-EC. This shows that the MPS molecules are oriented in an upright

manner at low MPS solution concentrations. In the case of the sulphur concentrations in the

substrate and the organic overlayer, the determination of origin of the signal with different

photon energies was straightforward, as the SO4 and SH binding energies are sufficiently
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apart as shown in Figure 3.7. For the other elements in the silane, the situation is more

complex because the components often overlap. In Paper III, the observed chemical states and

their in-depth origin are discussed in detail.

Figure 4.8 (a) shows the O 1s SR-PE spectra of APS 0.10/MPS 0.01 (SIL1) and APS

0.10/MPS1.00 (SIL2) probed with a surface sensitive photon energy of 720 eV. The peak at

the lowest BE (M–O, 530.0 eV) incorporates all metal oxides, mainly FexOy and CrxOy in the

SS-EC substrate [56]. The peak at 531.4 eV is attributed to OH groups at the surface [19] and

the peak at 532.4 eV to siloxane bonds (Si–O) [19, 63] and SO4 residue in the SS-EC [56].

The small peak at the highest binding energy is from C=O impurities [63]. The relative

amount of siloxane bonds is higher on SIL2 than on SIL1. This indicates a higher silane

overlayer thickness on SIL2. This is also consistent with a more attenuated M–O signal on

SIL2. It is noteworthy that the OH component is observed on both samples. This shows that

the surface hydroxylation with EC treatment is sufficient, as only part of the surface OH are

consumed in the silanization and annealing process.

Figure  4.8.  SR-PES results  of  O 1s  spectra  and  IEEB analysis.  (A)  The  O 1s  SR-PE spectra  of  samples  SIL1
(APS 0.10/MPS 0.01, top) and SIL2 (APS 0.10/MPS 1.00, bottom). The schematic illustration demonstrates the
sampling depth of emitted electrons in SR-PES experiments with photon energy h 2 of 720 eV. (B) The different
components in O 1s spectra for SS-EC, SIL1 and SIL2 are shown in percentages of total O 1s signal. The inset
demonstrates the difference between sampling depths for the two photon energies (h 1 =1486.6 eV and h 2 = 720
eV). [Paper IV]

Figure 4.8 (b) shows the results of non-destructive depth profiling of the O 1s SR-PE spectra

of the abovementioned silanized samples and the SS-EC substrate. The samples were probed



52

with two photon energies (1486 eV and 720 eV). The results show that the SO4 is distributed

throughout the SS-EC oxide layer as the relative concentration of SO4 does not change when

the sample is probed different photon energies. On the other hand, it is clear that the OH is

confined to the topmost surface layers of SS-EC. The increase in the SO4/Si–O signal upon

silanization shows that silane molecules are adsorbed on the SS-EC (this is naturally also

observed as an increase in the Si intensity).

Table 4.1. The chemical states observed in the SR-PES analysis and their origin determined by non-destructive
depth profiling. The grey background indicates in which regions (APS/MPS overlayer, SS-EC or SS) the
elements are observed. The in-depth origin of the chemical states is indicated in the columns (e.g. NH3

+ is
observed at SS-EC/silane interface and NH2 in the outermost region of the silane layer. M denotes all the metals
in the SS substrate. The information is collected from papers III and IV and from [72].

C O Si N S M

APS/MPS
overlayer

C–N
Si–O Si–O

NH2, NHC=O SH
C–C

C–O, C=O NH3
+ S–M

SS-EC C=O M–O, SO4
OH SiO2

N impurities SO4, SOx M–O

SS C Si nitrides sulphides M

Similarly, the in-depth origin of other surface chemical states can be determined with non-

destructive depth profiling. The chemical states observed in the SR-PES analysis and their in-

depth origin are listed in Table 4.1.

The orientation of the APS was determined from the C 1s SR-PE spectra. It was observed that

the C–N bonds are located closer to the sample surface than C–C bonds, which in turn are

above C–O and C=O bonds [72]. The only source of C–N bonds on the samples is the bond

between the spacer backbone and organofunctional group of APS. The C–C bonds originate

from the spacer backbone and adventitious carbon, whereas C–O bonds are both impurities

and unhydrolyzed methoxy groups in silanes. This shows that also the APS molecules

oriented mostly in an upright manner. Some APS molecules are oriented upside down, which

is observed as NH3
+ at the silane SS-EC interface. The surface concentration of NH3

+

increases slightly as the solution concentration of MPS increases suggesting that the

incompletely hydrolysed MPS inhibits the upright orientation of APS.

4.3.4. Determination of the surface functionality with chemical derivatization

Although the non-destructive depth analysis indicates that the organofunctional groups are

mostly oriented outwards of the surface, the functionality i.e. the availability of the thiol
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groups for bonding with other molecules cannot be determined by photoelectron

spectroscopy. Thus, CD was employed and the PES experiments were carried out before and

after the CD treatments.

Figure 4.9. SR-PES results showing S 2p spectra and IEEB analysis after chemical derivatization (CD). (A) S 2p
spectra from samples SIL1 (top) and SIL2 (bottom) with fits indicating the presence of SH, S-Metal (S-M) and
S–S bonds as well as SOx and SO4. Schematic inset demonstrates the information depth in SR-PES experiments
with photon energy h 3 of 300 eV. (B) Results from IEEB analysis shown as schematic drawings for SIL1 and
SIL2 before (red and blue, corresponding to spectra in A) and after (orange) CD. MPS/APS ratios on the surface
are determined from the SR-PE spectra measured with photon energy of 550 eV. Schematic illustrations on the
right show the proposed monolayer configuration of SIL1 (top) and clustered thicker overlayer of SIL2 (bottom).
For clarity, some Si-O-bonds are omitted from the figure. [Paper IV]

Figure 4.9 shows that after TCEP and MAL-F treatments, more MAL-F is covalently

adsorbed on APS 0.1/MPS0.01 than on APS 0.10/MPS1.00 even with almost 4 times higher

SH concentration on APS 0.10/MPS1.00. This indicates that as the amount of surface MPS

increases, the surface orientation of the silanes becomes more random than on small MPS

surface concentration. Similar observations were made when the role of TCEP was

investigated on APS/MPS and MPS samples.

Table 4.2. The relative surface concentration of fluorine after chemical derivatization.
sample F (at-%) after

TCEP + MAL-F
F (at-%) after MAL-F

MPS 0.10 13.7 0
APS 0.10/MPS0.01 3.8 5.3
APS 0.10/MPS0.10
APS 0.10/MPS1.00

10.2
2.2

1.3
0.9
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Table 4.2 summarizes the relative surface concentration of fluorine, both after the sample

exposure to TCEP and MAL-F and only to MAL-F. TCEP is used to estimate the MPS

density at the surface. On MPS 0.10, no MAL-F is adsorbed without TCEP. Thus, most of the

MPS at the surface is in a non-functional state, most likely in the form of MPS dimers with

disulphide bonds (Figure 2.4). After TCEP treatment the relative surface concentration of

MAL-F is high. On TCEP treated APS/MPS samples, on the other hand, the amount of

surface MAL-F initially increases as the solution concentration of MPS increases. This

indicates that on APS 0.10/MPS 0.01 and APS 0.10/MPS0.10 samples, the SH-groups are

oriented upright. The drastic decrease in the MAL-F concentration on TCEP treated APS

0.10/MPS 1.00 samples is due to clustering promoted by partly hydrolyzed MPS. The lack of

silane OH groups prevents optimal orientation of MPS and the SH groups are not available for

MAL-F binding in the same extend than on highly ordered samples.

The difference in MAL-F binding with and without TCEP can be used to estimate the amount

of disulphide bonds and, thus, the spatial distribution of MPS in the APS matrix. At low MPS

surface concentration (APS 0.10/MPS0.01), the MPS are distributed so far from each other

that annealing does not lead to significant amount of disulphide bonds. In fact, the unexpected

higher MAL-F surface concentration on only MAL-F treated APS 0.10/MPS0.01 sample

compared with TCEP and MAL-F treated is due to small variations in the thiol concentration

of silanized samples (see Figure 4.7 (c)).With APS 0.10/MPS0.10, the surface concentration

of MPS is ca. 40% higher than on APS 0.10/MPS0.01 and thus, larger amount of MPS are

adjoining which leads to higher amount of disulphide bonds and significant difference in the

MAL-F binding with the TCEP treated sample. As the MPS are oriented outwards, the SH

groups are available for binding with MAL-F. With high MPS surface concentrations the

TCEP treatment does not significantly increase the MAL-F binding as the SH or S-S groups

are not spatially available for large MAL-F molecules.

Biofunctionality of the APS 0.10/MPS 0.01 surface was studied by coupling maleimide and

biotin terminated PEG molecules (MAL-PEG-Biotin) to the MPS and PEG succinimidyl ester

(NHS-PEG) to APS. The presence and orientation of biotin on the surface was detected with

streptavidin-alkaline phosphatase protein complexes. Streptavidin has a high affinity to biotin.

The presence of streptavidin-alkaline phosphatase at the surface can be detected by p-

nitrophenyl phosphate. The yellow reaction product (p-nitrophenol) is catalysed by alkaline

phosphatase. The relative amount of active biotin (covalently coupled to the silane layer and
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available for biotin-avidin interaction) is detected by absorbance at 405 nm. The results show

that stainless steel surfaces can be biotinylated via bifunctional APS/MPS monolayer although

the surface is not yet adequately resistant to non-specific binding of proteins. This is

significant for two reasons. Firstly, there are an enormous number of both biotin and

(strept)avidin functionalized molecules commercially available. Hence, the biotinylated silane

overlayer could be used for a plethora of biofunctional applications, where stainless steel is a

valid substrate. Secondly, the ability of MPS to bind both MAL-F and MAL-PEG-Biotin

shows that the APS/MPS on steel is a promising model for bifunctionalization of any metal or

metal alloy surfaces. [Paper IV]
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5. SUMMARY AND OUTLOOK

In this thesis, the adsorption and self-assembly phenomena of small organic molecules on

metal and metal alloy surfaces have been studied mainly with photoelectron spectroscopy.

Figure 5.1 summarizes the surface phenomena and studied organic-inorganic interfaces.

Figure 5.1. Summary of the organic-inorganic interfaces studied in this thesis.

Although the adsorption configurations on all studied systems are driven by self-assembly, the

fabrication parameters must be controlled in order to obtain highly ordered, functional organic

overlayers at a nanometre scale. The adsorption and molecular orientation of TMA on

Cu(100) is mostly governed by TMA coverage, whereas glycine adsorption on the same

substrate does not exhibit strong coverage dependent changes in the surface bonding of

glycine. By employing the same deposition parameters for APS and MPS, a densely packed
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APS monolayer on stainless steel is formed, but MPS only randomly adsorbed with

significantly less than monolayer coverage. When both APS and MPS are coadsorbed, well-

ordered, bifunctional monolayers are created, when the solution concentration of MPS is

relatively small. Increasing amount of MPS, though, increases the non-uniform molecular

orientation of both MPS and APS.

Photoelectron spectroscopy was the main experimental analysis method of the thesis

complemented with scanning tunnelling microscopy for TMA and glycine on Cu(100). In

addition to the elemental and chemical analysis of the surface, inelastic electron energy-loss

background analysis was performed in order to gain information on the surface morphology

of TMA/Cu(100) and silane on stainless steel samples. Spectromicroscopy gained important

information on the origin of thick (>200 Å) clusters on silane surfaces. Synchrotron radiation

mediated photoelectron spectroscopy enabled the non-destructive depth profiling of the

studied samples. This was especially beneficial for the study of silanes on steel, because the

elements in silanes are also present in the stainless steel substrate. The functionality of the

APS/MPS overlayer i.e. the availability for the MPS in the APS matrix to bind maleimide

functionalized molecules was studied with chemical derivatization photoelectron

spectroscopy and by biofunctionalizing the surface with biotinylated maleimide.

The information gained on the studies of silanization of stainless steel is valuable, since the

biofunctional stainless steel surfaces have a wide range of potential applications such as

antifouling or antibacterial, implant or sensor surfaces. The gained knowledge on silanization

can be transferred to other silanes and substrates and for different applications. The

bifunctionalization concept could provide commercially interesting solutions in addition to

biofunctional surfaces in adhesive, corrosion preventive, omniphobic and various other

applications.

For the successful functionalization of inorganic substrates with organofunctional silanes, the

properties of the substrate and the silanes must be studied with emphasis on the substrate

hydroxylation and the control over the hydrolysis and condensation rates in the liquid phase.

The SR-PES is crucially important analysis method for these types of surfaces. In the future,

more knowledge would be gained, if the PES experiments would be complimented with

atomic force microscopy and surface sensitive infrared spectroscopy methods. For

biofunctional “sandwhich” structures and for silanes as an adhesive layer in between
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materials, high kinetic energy SR-PES studies would be valuable as they provide information

of interfaces and materials buried deeper than the sampling depth of XPS. The determination

of the hydrolysis and condensation rates of the silanes in the liquid phase under different

conditions (concentration, pH, amount of water etc.) would be beneficial for the optimization

of the liquid phase deposition.

For the future studies of bifunctional silane overlayers, different approaches to LPD are worth

testing. Depending on the silane species, the silanes could be hydrolysed in different solutions

and mixed together prior to the silanization. Other possibilities such as sequential or layered

silanization, could be used to create different chemical functionalities at the surface. Although

the research performed for this thesis indicates that the studied silane overlayers are relatively

stable in atmospheric conditions for long periods of time, in the future emphasis must be put

on the determination of the stability of the silane overlayers in different media such as air,

humid conditions, water, solvents and physiological conditions.

The nanofabrication self-assembly driven functionalization of metal and metal alloy surfaces

provides an enormous amount of possibilities to render the surface rich of new functional

properties. The studies of organic molecule adsorption on single crystal surfaces in highly

controlled UHV conditions provide profound information that helps to understand the

behaviour of large complex biomolecules, such as proteins and DNA at surfaces. The 2D

metallo-organic networks may have future applications for instance in molecular electronics

and catalysis. On the other hand, silanization is widely studied and also widely industrially

used method for coating metal and alloy surfaces. Still, research on the molecular orientation

of silanes and hence the functionality of the silane overlayer and nanomolecular bi- or

multifunctional silane systems are not extensively studied and deserve to be researched

further.
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