






Abstract

Construction of advanced materials through self-assembly on the molecular level is 
an important route to achieve novel functionality. Self-assembly of thiols onto gold 
has during the last decades shown greate promise in the creation of functional 
nanomaterials, such as sensors or catalysts, but for many applications silicon 
should be a better substrate since it offers semiconducting properties and better 
processing abilities in addition to being cheaper. This work describes an efficient 
novel method to incorporate reactive disulfide bonds onto a silica surface under 
mild reaction conditions. The reactive thiol groups introduced onto the silica 
surface will be oxidized but is then converted into highly reactive thiopyridyl 
groups, which can easily be utilized for further organic synthesis involving 
thiol-containing molecules.
Cobalt tetraarylporphyrins with thioacetate-functionalized carbon chains on the 
aryl groups were synthesized (CoTPP-L) and were used as a model system for 
investigating catalytic activity in homogeneous and heterogeneous oxidation 
catalysis. For heterogeneous catalysis CoTPP-L was immobilized onto gold surfaces 
through thiol-gold self-assembly, and onto silica surfaces by the above mentioned 
disulfide exchange method.
The properties of the molecular layers were characterized on the molecular level by 
means of X-ray photoelectron spectroscopy (XPS) and scanning probe microscopy 
(SPM). The immobilization on gold surfaces took place through the formation of 
multiple thiolate bonds and it could be controlled by varying the preparation 
scheme. More thiolate bonds form if the thioacetyl protective groups of the thiol 
linkers are cleaved off prior to immobilization. The CoTPP-L molecules were in all 
cases found to form stable disordered monolayers on gold surfaces. On silica 
surfaces the CoTPP-L forms patch-wise multilayers. 
The catalytic performance of the heterogenized systems (CoTPP-L immobilized 
onto gold or silicon wafers) was evaluated and it was found that the strong 
inactivation observed for their homogeneous congener was avoided. As a result, 
the turnover number per molecule in heterogeneous catalysis was at least 100 times 
higher than that of the corresponding homogeneous catalyst. 
It is thus demonstrated that the performance of these catalysts can be dramatically 
improved if the catalyst arrangement can be controlled on the molecular level. 
Work is ongoing to extend the system to high surface area materials.
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Ett angeläget nutida problem är hur mänskliga aktiviteter som t.ex. produktion 
av kemikalier och bränsle skall kunna göras mer resurs- och energieffektiva. 
Ett lovande sätt är att utnyttja kemiska katalysatorer inspirerade av naturens 
sätt att genomföra kemiska reaktioner i biologiska system. Dessa biologiska 
reaktioner är mycket energieffektiva och sker under milda former till skillnad 
mot dagens industriella kemiska processer som ofta sker vid höga tryck och 
temperaturer och producerar oönskade, ofta giftiga och miljöfarliga, biproduk-
ter.

På senare tid har konstruktion av avancerade material med helt nya egen-
skaper, så som sensorer eller katalysatorer, visat sig vara möjligt genom så 
kallade ”self-assembly”-tekniker där molekyler spontant fås att ordna sig på 
en yta. Den här avhandlingen beskriver utvecklandet och utnyttjandet av så-
dana metoder för att på ett kontrollerat sätt konstruera katalytiska material 
utifrån de molekylära beståndsdelarna. Sådana katalytiska material kan ges 
egenskaper som gör att de kan användas i industriell skala tillsammans med 
kontinuerliga reaktorer och göra det möjligt att enkelt avskilja och återanvän-
da den värdefulla katalysatorn. På så sätt kan det bli möjligt att industriellt 
utnyttja effektiva och miljövänliga katalysatorer som tidigare bara fungerat i 
laboratorieskala.

De producerade katalysatorerna som undersökts baseras på guld- och kisel-
skivor där de katalytiska enheterna - bestående av porfyrinmolekyler som 
också återfinns i många viktiga biologiska processer - har immobiliserats via 
kemiska bindningar. Processerna har granskats och följts med ytkänsliga ana-
lysmetoder, så som svepspetsmikroskopi (SPM) och röntgenfotoelektron-
spektroskopi (XPS), som ger en inblick på molekylär nivå i katalysatorernas 
uppbyggnad, samt hur detta relaterar till materialets katalytiska egenskaper i 
en modellreaktion. Resultaten visar att det på det här sättet är möjligt att fram-
ställa hundrafalt effektivare katalysatorer för den reaktion som undersökts, 
något som i förlängningen kan leda till att göra liknande industriella kemiska 
processer effektivare och miljövänligare. 
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2-PDS 2,2-dipyridyldisulfide 
2-TP 2-thiopyridone 
AES Auger Electron Spectroscopy 
AFM Atomic Force Microscopy 
ATR-FTIR Attenuated Total Reflection (Fourier 

Transform) Infrared Spectroscopy 
-gal -galactosidase 

BQ Benzoquinone 
CoTPP-L Cobalt tetraphenylporphyrin with 

thioacetate linkers 
Da Dalton; atomic mass unit often used 

in the context of biomolecules. Equal 
to one u or one twelfth the mass of 
carbon-12.

DDS Dimethyldichlorosilane 
DNA Deoxyribonucleic acid 
DOS Density of States 
DTT Dithiothreitol 
ED Electron Diffraction 
ESCA Electron Spectroscopy for Chemical 

Analysis 
eV Electronvolt; energy unit equal to the 

kinetic energy gained by an electron 
when accelerated by a potential dif-
ference of 1 V. It corresponds to 
~96.5 kJ/mol. 

IMFP Inelastic Mean Free Path 
HQ Hydroquinone 
IPCC Intergovernmental Panel on Climate 

Change
IR Infrared 
IRAS Infrared Reflection Absorption Spec-

troscopy 
LDOS Local Density Of States 
LEED Low Energy Electron Diffraction 



CP Microcontact printing  
NEXAFS Near Edge X-ray Absorption Fine 

Structure
NIST National Institute of Standards and 

Technology 
NMR Nuclear Magnetic Resonance 
pH Per hydrogen, unit for the measure-

ment of acidity. 
QCM Quartz Crystal Microbalance 
RHEED Reflected High Energy Electron Dif-

fraction
SAM Self-Assembled Monolayer 
SEM Scanning Electron Microscopy 
SFG Sum Frequency Generation 
SNOM Scanning Near-field Optical Micros-

copy 
SPDP N-succinimidyl 3-(2-

pyridyldithio)propionate 
SPM Scanning Probe Microscopy 
STM Scanning Tunneling Microscopy 
Substrate Special note. The meaning of the 

word substrate differs depending on 
the context; in (bio)chemistry it usu-
ally refers to a reactant whereas in 
physics it refers to the solid sample 
of investigation. In this thesis the 
word is used with the latter defini-
tion.

TM Tapping Mode 
UHV Ultra High Vacuum 
UV/Vis Ultraviolet/visible 
XPS X-ray Photoelectron Spectroscopy 
Ångström Unit of length equal of 0.1 nm. 
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Humans have always been inspired by Nature and scientists are no excep-
tion to this. Today there is an understanding that mimicking Nature’s de-
signs could provide us with new possibilities and openings to novel knowl-
edge, applications and products, as well as improve our ways of doing what 
we are already doing. A beautiful example of the superiority of biological 
systems, over man-made technology, is that of nitrogen fixation. Nitrogen 
fixation is an important process for all organisms as well as it is the single 
most important industrial chemical process, the base of fertilizer production 
and indirectly food production for 6 billion people. Molecular nitrogen, N2
as found in abundance in the atmosphere, contains a strong triple bond that 
makes it almost inert. The vast majority organisms are incapable of me-
tabolizing N2 and are therefore dependent upon other sources of accessible 
nitrogen for their synthesis of proteins, DNA and other vital molecules. The 
state of the art man-made version of nitrogen fixation is the Haber-Bosch 
process1, invented at the beginning of the last century and improved upon 
since then. To reach any effectiveness it must be carried out at 200 times 
atmospheric pressure and 500°C; resulting in a yield below 20 % and con-
suming a large part of the natural gas in the world. Compare this to the 
enzyme nitrogenase, found for example in some cyanobacteria, which 
completes the same task at ambient temperature and pressure. 

With the advent of new techniques and instrumentation, that allows 
analysis and manipulation of matter on the atomic scale, there are now pos-
sibilities to design and produce advanced biomimetic2 materials from the 
bottom and up3. in conjunction to the top-down techniques traditionally 
used in the electronics and semi-conductor industry. This development has 
come in parallel with the increasing insight of that we need to focus on 
moving towards a sustainable society, with such trends as that of “green 
chemistry” [1]. In green chemistry the aim is to reduce the production of 
waste products, use of organic solvents, harsh reaction conditions and en-
ergy waste, much of which could be accomplished with the aid of catalysis. 

1 See the section on Catalysis. 
2 With the meaning "like life". 
3 As first conceptualized in 1959 by Richard Feynman in his inspiring talk “There's Plenty 
of Room at the Bottom”.
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Complexes with transition metals are widely used in Nature because of 
their many useful properties. One particularly versatile macrocyclic struc-
tural design is that of the porphyrin molecule. The planar ground structure 
consists of four pyrroles interconnected by methine bridges at the 2 and 5 
positions to create a conjugated system, see Figure 1 left. A metal can be 
coordinated to the four pyrrole-nitrogens to form a complex. In nature 
mostly abundant metals are found in metallo-porphyrins, see Figure 1 right, 
although most metals can be coordinated. 

Figure 1. Left: Porphine, the simplest porphyrin molecule. Right: Heme B, the 
most abundant heme group, found in several proteins, for example hemoglobin and 
peroxidases. 

The general design of the porphyrin molecule is found in different settings 
and used for a variety of purposes. It forms a part of the active site in a 
variety of enzymes such as in cytochrome c oxidase in the respiratory chain 
of bacteria and mitochondria, and in catalases which decomposes hydrogen 
peroxide. In the form of chlorophylls it is a vital component of the light 
harvesting proteins of the photosynthesis, and as heme groups, it plays a 
key role in the sophisticated oxygen transport of hemo- and myoglobulins 
in mammals [2]. 

The abundance and importance of porphyrin structures in living organ-
isms have attracted considerable scientific and technological interest in 
such molecules [3, 4]. One current use is in medicine where porphyrin de-
rivatives with high adsorption of visible light are utilized as photosensitiz-
ers in the photodynamic therapy of malignant tumors [5].  

The general scope of this thesis was to create and examine broadly ap-
plicable methods for immobilization that could then be used for creation of 
biomimetic systems. The catalytic activity of Cobalt porphyrins was con-
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sidered as a model for biomimetic oxidation reactions with molecular oxy-
gen [6], see section on Catalysis below. 
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It is no exaggeration to claim that catalysis has played a large role in the 
shaping of our modern society. Two major breakthroughs that can be men-
tioned to exemplify this are firstly the invention of the Haber-Bosch proc-
ess at the beginning of the last century and secondly the discovery of coor-
dination anionic catalysis. In the former case, the invention and industrial 
development of this heterogeneously catalyzed conversion of atmospheric 
nitrogen to ammonia led amongst other things to an increased agricultural 
productivity. In part through the use of nitrogen fertilizers, the world’s 
population could grow from 1.6 billion towards today’s 6 billion people, a 
development which in turn accelerated the whole industrial development 
[7]. It also won each of the inventors, Fritz Haber and Carl Bosch, a Nobel 
Prize. The latter case is the discovery of coordination anionic catalysis, for 
which Karl Ziegler and Guilio Natta won a Nobel Prize in 1953. Their dis-
covery opened up the possibility of developing materials based on olefins 
which led to the creation of the entire plastics market.  

The Chemistry Nobel Prize of 2007 was also awarded to a pioneer in the 
field of catalysis, Prof. Gerhard Ertl, for his studies of chemical processes 
on solid surfaces. It is due to his research that we now understand the dif-
ferent steps ruling the Haber-Bosch process [8-10] and of the conversion of 
carbon monoxide to carbon dioxide on platinum catalysts, a reaction taking 
place in the catalytic converters of all modern cars [11]. The work by pio-
neers like Ertl, Gabor Somorjai [12] and others have laid a foundation for 
further development in catalysis. The research field of catalysis has the 
potential to help solve some of today’s major challenges e.g. the en-
ergy/climate challenge4 by providing opportunities for the production of 
new sustainable fuels, a hydrogen based society/economy, “green” and 
energy efficient production of bulk and fine chemicals to name a few. 

4 The energy/climate challenge consists in meeting an increasing energy demand while at 
the same time decreasing the emission of green-house gases such as CO2, see IPCC’s recent 
report on the subject [13]. 
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Jöns Jacob Berzelius, considered one of the founders of modern chemistry5,
was in 1835 the first to use the term catalysis derived from the Greek words 
kata, meaning down, and lyein, meaning loosen [14]. Berzelius’s definition 
of catalysis is still valid although today’s definition is a bit more precise. 
According to Encyclopædia Britannica catalysis can be defined as follows:
“[Catalysis] is the acceleration of chemical reactions by substances not 
consumed in the reactions themselves—substances known as catalysts.”
[15]. Expressed in terms of energy a catalyst can be said to lower the acti-
vation energy (or activation barrier) of a reaction by providing an alterna-
tive pathway as seen in Figure 2. As a consequence of the lowered activa-
tion energy the speed of the reaction increases. 

Figure 2. Energy diagram of a chemical reaction exemplifying the difference in 
activation energy between the uncatalyzed and the catalyzed reaction. The transi-
tion state is defined as the reaction intermediate at the peak of the activation energy 
curve.

In order for a reaction (chemical or biochemical) to take place there are 
three prerequisites: 

1. The reactants (e.g. atoms, ions, molecules, clusters, etc. or any 
combination there of) must come in contact. 

5 Berzelius is also credited to have coined several other important terms such as "protein", 
"polymer", "isomer" and "allotrope" as well as inventing the modern way of chemical nota-
tion [14]. 
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2. The reactants must have or gain the energy to overcome the acti-
vation barrier. 

3. The reactants must be oriented correctly relative each other. 
The energy required to overcome the activation barrier can be provided in 
several ways, e.g. as kinetic energy (heat), electromagnetic radiation (light) 
or an electric field. The activation energy is generally in the order of a few 
eV since that is the energy range for interchanging valence electrons be-
tween atoms. 

One way to quantitatively describe how these parameters influence the 
reaction rate is through the Arrhenius equation ( 1 ), 

RT/EAAek . ( 1 )

Equation ( 1 ) relates the rate constant k for a reaction with an activation 
energy EA at a temperature T. R is the gas constant and A is the pre-
exponential factor. A accounts for the probability that when the reactants 
meet they are in favorable positions. For example, the A factor for two 
oxygen radicals, reacting to form molecular oxygen, would probably be 
closer to unity than the A factor in the addition of the next monomer in an 
uncatalyzed polymerization reaction. It is evident from equation ( 1 ) that 
the rate of a reaction (k) can be increased if the activation energy (EA) is 
lowered. By applying a catalyst to a process two basic advantages can be 
obtained; both the overall reaction time and the energy demand can be de-
creased. There can also be other advantages, such as increased specificity 
and selectivity6, i.e. the ability of a catalyst to selectively promote a specific 
reaction path out of several possible ones. Selectivity/specificity is becom-
ing increasingly important as catalysts are involved in increasingly complex 
reactions, since as the size and complexity of the reactants increase, the 
number of reaction paths leading to alternative products also grows. For 
example the oxidation of CO can lead to CO2 and CO3

2-, while oxidation of 
CH4 could potentially yield CO, CO2 , CO3

2-, CH3OH, CH2O and HCOOH.
In the light of all the advantages presented by catalysis it is hardly sur-

prising that most industrial7 as well as other chemical and biological proc-
esses utilize catalysts in some way.  

One way to classify catalysts is to divide them into one of three major 
categories according to their operational state: 

Heterogeneous catalysts  
Homogeneous catalysts  
Heterogenized homogeneous catalysts and Biocatalysts 

6 Specificity (performing the desired conversion) and selectivity (with the desired reactants) 
– but in the literature the terms are often used as synonyms of each other. 
7 According to a recent report 90% of all industrial chemical reactions involve catalysts [16]. 
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The third category can be seen as an intermediate of the first two. Each of 
these categories will be treated in the subsections below. 

The defining attribute of a heterogeneous catalyst is that it is not in the 
same phase as the reactants and/or products. Heterogeneous catalysts are to 
date the most common catalysts in industrial processes and have been util-
ized industrially for over a hundred years [17]. Indeed, the main strength of 
heterogeneous catalysts is that they are straightforward to use; since the 
catalyst is in a different phase there is no need for separation from reactants 
and products and it can be used in continuous flow reactions or easily recy-
cled in batchwise reactions. They provide the backbone of the world’s 
chemical and petroleum industry and this is probably one of the reasons as 
to why they have also been the most studied and well understood so far, 
perhaps with the exception of a few enzymes.  

Another appealing feature of heterogeneous catalysts is that they can of-
ten be simplified/broken down into simpler model systems in order to gain 
basic knowledge on the different reactions steps – knowledge applicable to 
more complex systems [12, 18]. Two dimensional planar single crystal 
surfaces often lend themselves easier to investigation by surface science 
related techniques than homogeneous or three dimensional heterogeneous 
systems do. Due to the problems involved in studying industrially relevant 
heterogeneous catalysts under real-life conditions, a situation (referred to as 
the “material and pressure gap”) has arisen. The current gap in the knowl-
edge about such systems, i.e. complex catalysts at high pressure as opposed 
to single crystal catalysts under vacuum, emphasizes the need to utilize and 
develop techniques capable of handling those materials and conditions. 
This has recently been highlighted by Somorjai et al. [12, 19]. 

A typical heterogeneous catalyst consists of a transition metal compo-
nent, e.g. platinum, at the surface of which the reactants, e.g. gas phase H2,
O2, CO or higher hydrocarbons, follow the alternative reaction path(s) of-
fered by the catalyst whereafter the product(s) desorb. The desorption step 
is very important since if the product fails to desorb the reaction subsides, a 
phenomena called catalyst poisoning [20]. Figure 3 shows an example of 
such a catalytic process in the form of the catalytic conversion of carbon 
monoxide and hydrogen to formaldehyde. 
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Figure 3. Schematic representation of a heterogenous catalytic process (formation 
of formaldehyde from carbon monoxide and hydrogen) in the gas phase. The 5 
elementary steps of the catalytic cycle are emphasised: (1) adsorption of the reac-
tants, (2) diffusion, (3) dissociation, (4) reaction, i.e. formation of new chemical 
bonds, (5) desorption of the products. Illustration courtesy of Dr. Emmanuelle 
Göthelid, Mälardalen University/Uppsala University. 

Traditionally simplified heterogeneous catalytic systems have been stud-
ied and the results have primarily aided in the general understanding of the 
involved reaction mechanisms (see e.g. the work by Ertl and Somorjai men-
tioned above) but also helped to further develop catalysts with even higher 
activity (although most progress in industrial heterogeneous catalyst devel-
opment has come from trial and error approaches).  

Several phenomena might occur when the reactants adsorb onto the cata-
lyst surface, among which the reconstruction of the latter might have a pre-
dominant influence on the adsorption and desorption of reactants and 
thereby also on the reaction rate [13]. Through the introduction of electron 
donating or accepting atoms or ions in the catalytic surface the binding of 
reactants can be tuned to achieve higher catalytic activity. This is the case, 
for example, when electron donating potassium ions are mixed with the 
iron catalyst used in the Haber-Bosch process [21]. 

It is generally considered that it is the defects, dislocations, steps and 
kinks and other low-coordination sites of the surface that constitute the 
catalytically active sites, both for metals and other materials [18, 22]. At 
such sites important phenomena like reactant adsorption and bonding are 
thought to take place through the dangling orbitals of those surface atoms. 
As a route to achieve higher activity nanoparticles have received much 
attention lately [23]. Since the relative surface area increases as the volume 
is reduced, nanoparticles have a large part of their atoms at the surface in-



23

terface. A nanoparticle will also exhibit higher densities of edge and kink 
sites due to its high curvature [24].  

High activity is not any longer the only desirable property and today the 
focus has switched towards achieving high selectivity [23, 25], not the least 
because of the concept of “green chemistry” with demands for less waste 
products and more efficient processes. Subtle energy barrier differences 
among competing reactions play a key role in defining the overall selectiv-
ity of catalytic processes. The central aim with the development of well 
defined nanoparticle catalysts is to control the output of chemical reactions 
by changing the size, dimensionality, chemical composition and morphol-
ogy of the reaction center as well as by changing the kinetics using nano-
patterning of the reaction centers [19]. The hopes seem to be that these 
approaches will open up new ways for atom-by-atom design of homogene-
ous nanocatalysts with distinct and tunable chemical activity, specificity 
and selectivity. 

One of the problems often associated with catalytic nanoparticles is their 
lack of stability (although lack of stability is not a problem isolated to 
nanoparticles as noted in the following subsections). The high surface ener-
gies of nanoparticles, especially in combination with high reaction tempera-
tures, tend to cause relaxation through surface reconstructions and aggrega-
tion or sintering through Ostwald ripening8 and particle migration [20, 26]. 
The stability can in some cases be helped by passivation, e.g. by addition of 
surfactants [27] or through oxidation, but generally at the cost of lowered 
activity because of the loss of active sites (but the selectivity may increase 
[28], and it might therefore be worth the trade-off). 

A homogeneous catalyst is defined as being molecularly dispersed in the 
reaction medium. Simple examples can be an acid catalyzed reaction in 
solution such as the use of sulfuric acid as a catalyst for the formation of 
diethyl ether from ethanol (in the liquid phase) or the atmospheric decom-
position of ozone by chlorine radicals (gas phase). 

As seen for heterogeneous catalysis, the transition metals show catalytic 
activity for numerous different reactions and do so also under homogene-
ous conditions [29]. Metal organic compounds are therefore a very impor-
tant class of homogeneous catalysts. A catalytic metal organic compound 
usually consists of a central transition metal surrounded by ionic or cova-

8 Oswald ripening is the thermodynamically driven process when larger particles grow at the 
expense of smaller particles. The smaller particles have higher energy due to their relatively 
larger proportion of surface atoms. Through the merging of particles with each other or 
through surrendering atoms to larger particles the total energy of the system is lowered. 
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lently coordinated ligands. The complex strives to fill the valence shell of 
the transition metal in accordance with the 18-electron rule9 [30] in order to 
achieve coordinative saturation. During catalysis a ligand must often be 
removed to allow for a reactant to be coordinated instead. Infinite varia-
tions of the ligands, with respect to e.g. size and electronic properties, have 
to date led to a number of highly reactive and selective catalysts, see 
Jacobsen et al. for an early example [31]. One way to make an metallor-
ganic catalyst more selective is to incorporate ligands that sterically hinder 
some reactants to reach the metallic site while not restricting the intended 
ones [31]. The ligands of such a complex can be separate entities or consist 
of e.g. a multidentate macrocyclic compound where different groups of the 
macrocycle simultaneously coordinate the metal. An example of this can be 
seen in Figure 4 which depicts a Cobalt TetraPhenylPorphyrin (CoTPP) 
molecule, a tetradentate macrocycle. 

Porphyrins are known to accommodate many different metals, and re-
lated compounds are abundant in Nature where they are employed in e.g. 
redox reactions and oxygen transport, see also the section Introduction 
above. A closer account of the catalytic porphyrin system examined in this 
thesis is given in the section Summary of papers below. Also other metall-
organic compounds are commonly found in the active sites of many pro-
teins as will be discussed in the next subsection.  

9 The 18-electron rule is a rule of thumb that, even though it is not strictly correct, still can 
be used to predict the stability of transition metal complexes. By “filling” the metals nine 
(five d, three p and one s) valence orbitals with two electrons in each (originating from both 
the metal and the ligands) the metal reaches noble gas electron configuration. 
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Figure 4. Space filling representation of the coordination of Cobalt (pink center 
atom) by the four nitrogens (in blue) of a tetraphenylporphyrin molecule. Carbons 
are presented in gray and hydrogens in white. 

The main advantage of homogeneous catalysis is the ability to achieve 
both high activity and specificity/selectivity. Many homogeneous catalysts 
can function under benign conditions, e.g. even in aqueous solutions [32], 
and utilize “green” substrates, such as molecular oxygen [1, 6]. The disad-
vantages of homogeneous catalysts are often technological10 in their nature, 
or have to do with stability, e.g. inactivation through ion leakage from the 
metal complex [33]. 

The last category consists of biocatalysts (basically enzymes and biomi-
metic enzyme-like complexes) and heterogenized homogeneous catalysts. 
They can be considered to belong to the same class since they consist of a 

10 Often having to do with catalyst recycling, product separation and incompatibility with 
continuous flow reactors. 
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single site catalyst supported by either a synthetic scaffold (e.g. a solid 
support or a polymer) or the three dimensional matrix of a protein.  

A metal plays an important role at the active site in many biocatalysts, 
(over 50% of all known enzymes need a metal to be active [29]), and usu-
ally the reaction intermediates reside on the metal in the enzyme just as in 
hetero- and homogeneous catalysis. The general difference is that while 
heterogeneous catalysts contain metal atoms of a dispersed range of elec-
tronic states, homogeneous and biocatalysts are composed by “single site” 
entities with only a few possible electronic states. Herein lies part of the 
explanation of the generally higher selectivity and specificity of such cata-
lysts11. In a single site catalyst the local electronic environment and the 
spatial conformation at the metal is well controlled (by the ligands), and in 
the case of enzymes these interactions have been tweaked to perfection by 
evolution.  

Although the nature of enzymes (catalytic proteins) lie outside the scope 
of this thesis a brief description is warranted. A protein is a naturally occur-
ring polypeptide composed from around twenty different amino acids in a 
myriad of combinations and can be found in all living matter. The function 
of a protein is not directly determined by the number and order of its amino 
acids (primary structure), but rather through its three dimensional confor-
mation (secondary and tertiary structure and, if there are multiple peptide 
chains, quartenary structure). In the case of enzymes the tertiary structure is 
often arranged to form a cavity around an active site in a way that guides 
and/or excludes reactants and provides coordinating ligands for a metal or 
an organometallic molecule.  

Enzymes are unparalleled in terms of activity, selectivity and specificity. 
In fact they often exhibit 100 % regio- and stereo-selectivity, often a neces-
sity since (almost) all organisms contain only the left-handed form of 
amino acids and being unable to metabolize the right-handed form. En-
zymes usually function under benign conditions in aqueous solution since 
they originate from living organisms, even though there are examples of 
enzyme catalysis performed in organic solvents [34]. 

11 The other part of the explanation being the possibility to limit the access of undesired 
reactants through steric exclusion e.g by the ligands. 
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Table 1. Comparison of the general relative strengths and weaknesses of different 
catalyst types. 

Catalyst Technological 
advantagesa Activity Selectiv-

ity/Specificity Benign Stabilityb

Heterogenous + –/+ – – + 
Homogenous – + +/– +/– –c

Biocatalysts – + + + – 
Heterogenized + + +/– +/– + 
aRecycling, product separation and compatibility with continuous flow reactors. bLong-term
stability under catalytic turnover. cA minor problem if the catalyst is not recycled. 

The heterogenization of a homogeneous catalyst is generally performed to 
combine the high activity and/or selectivity/specificity of a homogeneous 
catalyst with the technological benefits of heterogeneous catalysis and there 
exist many examples of successful implementations [33, 35, 36]. 
Specific techniques for heterogenization through covalent immobilization 
are treated in the section on Surface Derivatization below. Another way of 
heterogenization is the “ship-in-a-bottle” approach, in which catalytic metal 
complexes are formed in the confined spaces of a porous material like a 
zeolite [36, 37]. The encapsulated metal complex is not altered in a way 
that it would be if it were covalently immobilized but still confined by the 
finite size of the pore opening. It can thus be expected to function in the 
same way as under homogeneous conditions but with the added benefits of 
heterogenization. The confinement can also lead to both in-
creased/decreased selectivity and activity, probably due to the nature of the 
interaction with the walls and size constraints imposed by the confinement 
as well as limited mass transfer [1, 38]. 

Yet another concept of heterogenized/heterogeneous catalysis is the 
concept of letting the catalyst be in another liquid phase than the reactants 
and/or products. This can be done e.g. by designing the catalyst for a non-
water soluble product to be water soluble [39]. 

Biocatalysts are also often heterogenized (or rather immobilized), e.g. 
for use in biosensors [40], to enable the study of enzymatic model systems 
[41] or in order to gain other technological advantages. Such radical 
changes to the environment of a protein often destabilize it through surface 
interactions, as seen e.g. in the studies by Bergkvist et al. [42] and Lars-
eriksdotter et al. [43], thus care must be taken in the design of the interface. 

Table 1 summarizes the relative strengths and weaknesses of the various 
types of catalysts. There are naturally numerous exceptions to Table 1 as it 
is based on broad generalizations but nonetheless it should highlight the 
main tendencies. Evident from Table 1 is that there are compelling reasons 
for trying the heterogenization route but even so, to date, few such catalysts 
have come to commercial use [17, 33].  
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The area of surface derivatization spans over many fields of science and 
technology. Surface derivatization techniques are used in as varying cases 
as to enhance the sticking of lacquer onto a car body, to facilitate the im-
mobilization of DNA primers to a diagnostic array chip [44] or to stabilize 
catalytic nanoparticles [45]. The common denominator is that by derivatiz-
ing the surface on the molecular level the intrinsic or bulk properties of the 
material – price/abundance and mechanical strength of steel for the car 
body, optical transparency of the glass for the DNA chip or the high pro-
portional surface area of the nanoparticle – can be combined with the de-
sired surface properties. Also, surface derivatization (especially through 
self-assembly) can provide a necessary interface that allows nanoscale ma-
terials to be physically handled, an important aspect well exemplified by 
molecular electronics [46] where the molecular devices in this way can be 
interfaced with traditional electronics. 

Surface self-assembly processes are an attractive route to form materials 
with new advanced functionalitys. An example of this is seen in the recent 
review on nanostructured artificial photosynthesis by Imahori et al. [47] 
which shows how surface derivatization through self-assembly is used to 
build multilayered functional materials that harvest light and transform it to 
a usable electric potential.  

Self-assembly can be used in combination with other “forced assembly” 
or “top down” techniques, parallel ones such as photolithography and micro 
contact printing ( CP) [48] or serial ones like electron beam lithography, 
dip-pen nanolithography [49] and electrooxidation with an AFM tip [50], to 
achieve spatial resolution. See Onclin et al. [51] for a review on the engi-
neering of self-assembled monolayers (SAMs). 
In this sense surface derivatization through self-assembly can be considered 
to be an extremely parallel process, a true “bottom-up” technique, and in 
principle well suited for industrial mass production. 
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Figure 5. Two different approaches to incorporating functionality through self-
assembly. In A the functionality (F) has a headgroup (X) with affinity for the 
substrate and can directly self-assemble on the surface. In B the linker molecules 
(X—Y) self-assembly on the surface, thereafter the active group (Z) on the 
functionality reacts with the active group (Y) of the linker. B can be extended in an 
arbitrary number of steps beyond the simple scheme shown here with different 
bifunctional linkers and functionalities to form complex multilayered materials. 
Note also that it is common to use more than one linker/headgroup per molecule to 
be immobilized in order to facilitate multi point attachment for added stability or 
increased control over adsorption geometry. 

There are innumerable ways of adding functionality to a surface through 
self-assembly but two basic approaches can be considered. It can be done 
all in one go (Figure 5 A) or stepwise (Figure 5 B). The second approach 
permits more flexibility in the choice of substrate material as the same 
functional species can be anchored to different substrates by the use of 
linkers with different headgroups. The use of linkers should also generally 
allow for the generation of more complex structures, e.g. multilayers 
through multistep processes. 

This section focuses on the covalent derivatization of gold and silicon 
surfaces with the aim of providing an interface for immobilization of func-
tionality. 

Self-assembly of thiols on gold surfaces is a well studied phenomenon [45, 
52]. The high affinity of thiols and disulfides towards gold (and other noble 
or coinage metals such as platinum, palladium, silver, copper, and mercury) 
comes from their ability to quickly form strong Au-thiolate bonds12 [54-56]. 

12 In the order of 126 kJ/mol (corresponding to 1.3 eV) for the UHV thermal desorption of 
alkanethiols on Au(111) i.e. the energy needed to break the Au-S bond reduced by half the 
energy gained from forming the S-S bond of the leaving disulfide[53]. 
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The self-assembly process is further aided if there is an unbranched alkyl 
chain attached to the headgroup (e.g. thiol). Van der Waals attractions be-
tween the alkyl chains work as an added driving force and crystalline 
monolayers can readily be formed in a short time directly from solution. It 
is fortunately not necessary to have van der Waals interaction between 
straight alkyl chains, as shown e.g. by Tour et al. [57], in order to achieve 
self-assembly of stable monolayers, and this increases the usability of the 
concept.

The popularity of using gold as a substrate for creating functional mate-
rials through self-assembly stems from that; i) gold films are relatively easy 
to obtain, e.g. by physical vapor deposition or sputtering, ii) gold is rather 
inert and does not react with molecular oxygen under ambient conditions13,
iii) the self-assembly process is simple to perform. Once the compounds are 
synthesized, in principle, it is only a matter of adding them together under 
the right conditions, e.g. in solution, thereby circumventing the need for 
ultra clean surfaces in ultra high vacuum (UHV) or other specialized 
equipment. Another consequence of the strong affinity between the thiol 
and Au is that the thiols, given time, will displace other organic surface 
contamination. This self-cleaning process is a very practical aid when per-
forming experiments as it can remove the organic contamination on the 
substrate, resulting from ambient exposure after a cleaning procedure, and 
thereby allow for experiments to be carried out under ambient conditions. 
Self-assembly is also applicable to substrates of any shape, for example it is 
often used for stabilization of nanoparticles [45] where the self-assembled 
molecules lower the energy of the surface, making it more stable but also 
less reactive.  

A potential problem with thiol-containing compounds is that they can 
easily oxidize to form disulfides in the presence of molecular oxygen. Since 
disulfides, as mentioned above, also exhibit high affinity for gold and read-
ily form SAMs this might not be a drawback. However, the solubility of 
disulfides is lower compared to thiols and this can cause problems, e.g. 
through physisorption of insoluble material that inactivates or blocks the 
surface. This effect is even more palpable in the case of multi-thiol contain-
ing substances as they can polymerize through the formation of disulfides, 
rendering them both insoluble and inert.  

A possible remedy for the problem with oxidation is the use of protected 
thiols. A number of protective groups for thiols are known and used exten-
sively in the field of peptide chemistry [58]. In conjunction with SAM for-
mation of thiols on gold the acetyl group has been shown to be an effective 
protecting group [57, 59]. Figure 6 shows the reaction scheme for the use 
of acetyl protected thiols species for chemical grafting onto gold. The pro-

13 Thiols and disulfides do not react with oxides of gold [55] or other metals. 
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tective acetyl group can be cleaved off, either through acid or base hydroly-
sis, or in situ by the metal surface. The exact mechanism for the in situ
cleavage [59] by the metal is not known, nevertheless, the direct observa-
tion of the phenomenon by STM has been reported [60]. Although it may 
seem an obvious choice to let the metal remove the acetyl group it can have 
implications on the properties of the formed monolayer, see also paper IV. 

R
O

S R
S

H
R

S

metal catalyzed cleavage

acid or base 
hydrolysis

i)

ii)

Figure 6. An acetyl group used to protect thiols (e.g. from oxidation to disulfides) 
can be removed either by i) acid or base hydrolysis to yield a free thiol that can 
then react with the metal surface, or ii) through in situ cleavage by the metal 
surface. R denotes an arbitrary alkyl group or molecule. 

The functionalization of a gold surface can be made according to the 
general strategies of Figure 5, e.g. papers II, III and IV follow the strategy 
of Figure 5 A by utilizing thiol linkers (in a protected form) incorporated 
directly in the active molecule to be immobilized. In cases where the thiol 
chemistry would interfere with the chemistry of the functional molecule or 
for other reasons the direct utilization of thiols is not feasible, multistep 
attachment in accordance with Figure 5 B can be used. Methods for this 
will be discussed below in the subsection on Conjugate Techniques. The 
active groups most commonly grafted to gold surfaces are amines, carbox-
ylic acids, epoxides, aldehydes and alkyl halides [61]. 

Silicon is one of the most abundant elements constituting a significant 
part of earth’s crust. The oxidized form, silica (SiO2; quartz is the crystal-
line form and glass the amorphous) is one of the more common forms. And 
as a consequence of the semi-conductor industry even atomically flat high 
purity single crystal silicon wafers can be obtained cheaply. This has also 
led to the existence of well established technologies for handling, process-
ing and patterning of silicon wafers. Another important aspect of silicon is 
that the electronic properties can be tuned through e.g. varying the dopant 
concentration and type (n or p)14. Interesting micro- and mesoporous15 silica 

14 Doping with electron donating elements like phosphorus gives n-type semiconductors 
while electron accepting elements like boron yields p-type semiconductors [62]. 
15 Pore sizes of < 2 nm and 2-50 nm respectively. 
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materials can also easily be synthesized with controlled pore size and mor-
phology through sol–gel chemistry in the presence of surfactant micelles, 
see for example the review by Soler-Illia et al. [63]. Combined, these prop-
erties make Si an attractive substrate material for the development of ad-
vanced functional materials like heterogeneous single site catalysts, and not 
the least for the development of future hybrid electronic/molecular devices 
that interface semi-conductor electronics with novel molecular based func-
tionalitys. As an example – in some applications of artificial photosynthesis 
silica was shown to be a better substrate than gold since the metal interfered 
with the charge transfer and a transparent substrate allowed light to pass 
through. 

As noted above – the appeal of Si is different from that of Au and so is 
the chemistry of Si surfaces. The bonds formed and broken at the Si inter-
face during derivatization, Si-O and/or Si-C, are higher in energy16 than the 
Au-thiolate bond. The chemistry is also necessarily more complex than that 
of Au since there are several distinctively different types of Si surfaces to 
be considered; 

SiO2 (silica). Si, in contrast with Au, quickly forms surface oxides 
in the presence of oxygen, see Figure 7 upper left. At ambient tem-
peratures the oxide growth rate slows down substantially after the 
first nanometer of oxide [66]. After the initial oxide is formed the 
continuing growth is so slow that for many applications it can be 
neglected. If a thicker oxide is wanted it can be achieved through 
thermal oxide growth or chemical oxidation by e.g. H2O2. In the 
presence of water, acidic silanol groups are formed17 on the oxide 
surface as seen in Figure 7 upper right. 
Hydride terminated silicon is also known as hydrogen passivated 
silicon. The surface resulting from etching Si with HF18 have all Si 
dangling bonds terminated by hydrogen, see Figure 7 lower left. 
The hydride terminated Si surface is rather stable but the stability 
varies depending on the crystal direction, e.g. (111) or (100) with 
the former being more stable [66, 69]. 
Neat Si is formed through heating hydrogen passivated Si to >400
C under UHV. Hydrogen leaves as H2, which gives a very reactive 
surface with dangling bonds at the coordinatively unsaturated Si 
atoms, as seen in Figure 7 lower right. 

16 320 kJ mol-1 (3.3 eV) for the Si-C bond and 450 kJ mol-1 (4.7 eV) for Si-O [64] compared 
to 190 kJ mol-1 (1.9 eV) for the dative cleaving of the Au-S bond [65]. 
17  ~ 5 nm-2 on smooth amorphous silica [67, 68]. 
18 Etching by HF is a common treatment in semi-conductor processes. 
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Figure 7.  Different types of Si surfaces that can be used as substrate for further 
derivatization. Gray background denotes the interface.  denotes elevated tempera-
ture. 

Furthermore, there is no equivalent of the strong self-cleaning mecha-
nism of Au-thiol chemistry (see above) available in the Si surface chemis-
try portfolio. The consequence of this is that chemical modifications to Si 
surfaces must be done either under oxygen free conditions or through reac-
tions with silicon oxide or silanol groups.  

For the grafting reactions on neat or H terminated silicon see the review 
by Aswal et al. [46]. The methods include reaction with unsaturated bonds 
of alkenes, halogenation with the subsequent reaction with organomagne-
sium, organolithium or alcohols, yielding Si-C and in the latest case Si-O-C 
bonds.

As noted above, the grafting reactions performed on silica can be sim-
pler to carry out since the surface is stable in an (ambient) oxygen envi-
ronment. The usual approach is to react molecules with either trichlorosilyl 
(-SiCl3) [70] or triethoxysilyl/trimethoxysilyl (-Si(OR)3) headgroups with 
the silanols of the oxide surface in a suitable solvent, see Figure 8. The 
alkoxysilanes are not as reactive as the trichlorosilanes, something which 
allows a larger variety of functional groups with the alkoxysilanes (because 
of less likelihood of cross reactions between head- and tailgroups). There 
has been debate about whether the surface silanols participate in the reac-
tion, forming covalent bonds between the surface and the adsorbates, or if 
the adsorbate molecules form a cross-linked overlayer above the interface 
with few covalent attachment points to the surface [71]. Experimental and 
theoretical evidence point in both directions. One of the more recent reports 
on the subject [72] indicates that ~ 20–40 % of the Si-headgroups form a 
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covalent bond with the surface. The remaining bonds are formed with 
neighboring silanes or are hydrolyzed with water (resulting in silanol 
groups), as shown in Figure 8. The formation of organosilane monolayers 
on silica have been extensively studied; see for example the recent review 
by Onclin et al. [51].  

OO

Si

OH
O

OH
O

Si

O O

OH
O

Si

O O

OH

O O

OO

Si

O
O

Si

R

Si

R
O

RR

R-SiY3

Y = Cl, MeO or EtO

Figure 8. Organosilane reaction with silanol groups of an amorphous silica surface. 
R denotes any organic group or molecule. The reaction forms a stable partly 
crosslinked overlayer attached to the surface through covalent siloxane bridges and 
hydrogen bonds. 

The experimental conditions and the nature of the silanol reagent have 
been found to greatly impact the morphology of the formed monolayers 
[51]. In formation from solution it has been shown that silanes with long 
unsubstituted alkane chains form ordered monolayers (due to van der 
Waals interaction between adjacent chains, the same effect as with long 
alkane thiols on gold) and that silanes with shorter chains form disordered 
ones [73]. Since the silanes are sensitive to hydrolysis by water, and some 
water might be necessary for the monolayer formation, the moisture content 
of the solvent is also of importance. Long chain silanes tend to polymerize 
in two dimensional flakes in the presence of water in the solvent. These 
flakes can then adsorb onto the substrate and still form a monolayer. Short 
chain silanes or substituted silanes lacking the possibility to self-assembly 
through the aid of van der Waals interactions tend to polymerize in three 
dimensions, forming clusters and multilayers, and thereby making it more 
difficult19 to form reproducible smooth monolayers. This was reported by 
Choi et al. for aminopropyltrimethoxysilane deposited from the gas phase 
[75] and by Heller et al. from solution [76]. 

An advantage of short and low molecular weight silanes is that they 
have relatively high vapor pressures, thereby allowing them to be deposited 
from the gas phase (see papers I and V). One way to reduce the problem of 
unwanted polymerization is to use silanes with one or two of the active 
groups (Y in Figure 8) exchanged for methyl groups. Such compounds 
form less dense monolayers due to the extra bulk of the methyl group but 
are restricted in regard to multilayer/cluster formation. 

19 More difficult but not impossible as seen in paper I and subsequent work by Pavlovic et 
al. [74]. 
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One of the most important experimental aspects affecting the monolayer 
formation, both for gas phase and solution based reactions, is the impor-
tance of clean substrates. Brief ambient exposure is enough to passivate the 
oxide with adventitious organic contaminants. The critical step thus lies 
between the activation/cleaning of the oxide, usually accomplished by 
strong acids in combination with oxidants20 or by oxygen plasma, and the 
silane deposition. After the formation of the chemisorbed monolayer the 
surface is usually quite stable (but this also depends on the functional 
group), withstanding moderately strong acids, reflux in solvents, and tem-
peratures in air above 150  C but sensitive towards HF, hot sulfuric acid 
and basic solutions [51]. Active groups (corresponding to Z in Figure 5)
commonly grafted to silica also include the thiol group (–SH) in addition to 
those usually grafted to gold, see the previous subsection [61]. 

The techniques used for the formation of organosilane monolayers on 
silica have also shown applicability for other oxides with exposed hydroxyl 
groups, e.g. TiO2 and Al2O3 [77]. 

In order to functionalize a substrate surface beyond the level of complexity 
allowed for by one step self-assembly reactions21, secondary coupling 
chemistry is needed. The chemistry used necessarily depends on the 
application at hand. Inspiration comes from techniques developed in related 
fields dealing with coupling chemistry, for example, chromatography and 
biochemistry. The fact that a coupling reaction works efficiently in solution 
is no guarantee that it will do so at the surface interface. For example the 
surface bound active component can be restrained, especially at high 
surface coverage, resulting in steric constraints on the reaction. By 
introduction of longer linkers or by lowering the density of active surface 
groups this can be circumvented.  

The excellent book by Hermanson [78] deals with conjugate chemistry 
especially suitable for biomolecules due to generally benign reaction condi-
tions. Many of the coupling reactions described there have successfully 
been applied in conjunction with solid substrates. The reviews by Onclin et 
al. [51], Sullivan et al. [61] and Love et al. [45] include sections covering 
coupling reactions and functionalization of SAMs. Important reactions 
include SAMs of; 1) amines reacted with N-hydroxysuccinimide (NHS) 
ester or carboxylic acids, 2) carboxylic acids reacted with amines or 

20 For example a fresh 2:1 mixture of H2SO4 and H2O2, sometimes referred to as piranha 
cleaning due to its reputation of eating everything organic. 
21 See the previous subsections for discussions about how substitution of the anchoring 
molecule affects the self-assembly process. 
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isothiocyanates, 3) alcohols reacted with anhydrides, trichlorosilanes or 
NHS, 4) aldehydes reacted with amines, 5) epoxides reacted with amines, 
or hydroxyls, and 6) thiols reacted with disulfides or maleimide. Conjuga-
tion via thiol–disulfide exchange reaction processes and especially the ad-
vantages of 2-pyridyl disulfides is discussed in the section Summary and 
Discussion of Papers below. 

Another efficient method for thiol-disulfide exchange conjugative cou-
pling is to activate the immobilized thiols by oxidizing them beyond disul-
fides to disulfide oxides. This can be done chemically to yield either thi-
osulfinates by mild oxidation [79] or thiosulfonates through more harsh 
oxidation [80]. The formed disulfide oxides are reactive towards thiols in 
the same manner as disulfides. The thiosulfinates that have the advantage 
over thiosulfonates in that they are possible to completely reduce back to 
thiols, while the latter forms stable sulfinic acids. Pavlovic et al. developed 
an electrochemical method [81] to accomplish the oxidation to thiosulfi-
nates/ thiosulfonates and demonstrated that a small thiol containing peptide 
could be immobilized. By the use of a localized counter electrode (AFM tip 
or CP) they were also able to spatially control the oxidation, thus allowing 
site-specific immobilization on the nanometer level [50, 81]. 

An interesting use of disulfides was recently reported by Chen et al. 
[82]. They used single-wall carbon nanotubes attached to an AFM tip for 
nanoinjection of cells. The nanotubes were functionalized with fluorescent 
quantum dots through a linker containing a disulfide. By letting the nano-
tube penetrate a cell membrane the disulfides were reduced by the naturally 
reductive environment of the cytosol and the quantum dots were released 
inside the cell. 
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Many of the most important phenomena in physics, chemistry and life sci-
ence take place at the surface interface. In order to study them more or less 
advanced techniques are often needed. 

Historically, scientists and engineers have mostly developed and used 
methods to investigate the bulk properties of molecules and materials since 
the bulk atoms generally outnumber the surface atoms and thus are respon-
sible for the larger part of the measured response. However, during the last 
50 years, different approaches for probing the surface have been developed, 
each with their own advantages and drawbacks. 

Under the subsections below the techniques used in this thesis are pre-
sented. In the last subsection, Other Important Surface Science Techniques, 
a few other significant surface science techniques are briefly described. The 
bulk analytical methods used in this work are also presented. 

X-ray Photoelectron Spectroscopy (XPS) also known under the name of 
Electron Spectroscopy for Chemical Analysis (ESCA) was developed in the 
group of Kai Siegbahn at Uppsala University during the mid-1960s. For his 
work, Siegbahn was awarded the Nobel Prize for Physics in 1981. 

In XPS the sample is radiated with soft X-rays and as a result, electrons are 
ejected from the sample. This phenomena is called the photoelectric effect 
(published by Einstein in 1905 [83]) and the electrons emitted are thus 
called photoelectrons. The measured kinetic energy of the emitted photo-
electron is given by EK in equation ( 2 ); 

SBK EhE , ( 2 ) 

were h  is the energy of the incident photon, EB the binding energy (rela-
tive to the Fermi level) of the atomic orbital from where the photoelectron 
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originates and S is the work function of the spectrometer. The work func-
tion is the difference between the Fermi level and the vacuum level and it is 
an instrument specific parameter. Figure 9 shows a schematic representa-
tion of the ionizing events encountered in XPS. 

Figure 9. A schematic representation of the different ionizing events encountered 
in X-ray photoelectron spectroscopy. Filled circles represent electrons and non-
filled circles represent electron vacancies or core holes. 

Equation ( 2 ) can be seen as an expression of the conservation of energy; 
when a photon of sufficient energy is absorbed by an electron, some of the 
released energy breaks the electrons “bond” to the atom (elevates it to the 
vacuum level) and the excess (minus the instruments work function) pro-
pels the electron. By measuring the kinetic energy and knowing the energy 
of the incoming photon the binding energy is given.  

As seen above in equation ( 2 ) it is necessary to know the energy of the 
incident photon in order to attain the binding energy, and therefore mono-
chromatic X-rays are used. In stand-alone instruments monochromated Al 
K  or Mg K  radiation is normally used. Another excellent source is 
monochromatized synchrotron radiation since it has a high flux. The main 
XPS instrument used in this work is a Scienta ESCA300 spectrometer de-
scribed in detail by Gelius et al. [84]. A schematic representation of the 
instruments is shown in Figure 10. All parts of the instrument are kept un-
der high vacuum in order to avoid contamination and interference of X-rays 
and electrons with gaseous molecules. The instrument consists of a rotating 
Al anode, which is bombarded by highly energetic electrons and thus pro-
duces X-rays with a well defined photon energy of 1487 eV. Emitted AlK
X-rays are then further monochromatized through Bragg reflection by bent 
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quartz crystals that also focus the X-rays onto the sample holder. The 
holder allows tilting of the sample with respect to the analyzer for grazing 
angle measurements as will be discussed below. Electrons (within the en-
ergy range to be measured) emitted from the sample and collected by the 
electron lens are retarded (or accelerated) to fit the pass energy of the ana-
lyzer and focused onto the analyzer entrance slits, whereafter they enter a 
hemispherical analyzer. The analyzer consists of two hemispheres with a 
mean radius of 300 mm and a potential applied between them. As the elec-
trons pass through the analyzer towards the detector their trajectories are 
bent by the electric field in proportion to their kinetic energy, and thus hit 
different parts of the detector accordingly. The energy resolution of the 
instrument is mainly determined by the combination of the energy disper-
sion of the X-rays, the radius of the analyzer and the analyzer pass energy, 
of which only the last is adjustable. Low pass energies yield higher resolu-
tion at the expense of intensity, and vice versa. The energy window of the 
analyzer is 20 eV so in order to span the complete available energy range 
(1487 eV) the retarding voltage of the electron lens is scanned. Each elec-
tron is then multiplied by micro-channel plates before hitting a phospho-
rous plate monitored by a CCD camera. The light flashes recorded by the 
CCD are sorted according to energy channel and integrated by the software. 

Figure 10. Schematic representation of the X-ray photoelectron spectrometer used 
in this work. See the text for details. 

XPS data are normally presented as the intensity of the recorded photo-
electrons versus binding energy with the highest EB (corresponding to zero 
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EK) starting at the origin of coordinates. An example of a collection of XPS 
spectra showing the Si2p core level can be seen in Figure 11.

Figure 11. X-ray photoelectron spectra from differently treated samples (A-E) 
showing the not fully resolved spin-orbit splitting of the Si 2p core level in the 
contribution from bulk silicon at around 99 eV. Also visible are the contributions 
from chemically shifted silica Si and silanol Si (in spectra C-E) at 103.5 and 102 
eV respectively. The figure is taken from paper V.

The main peaks in a spectrum originate from non-scattered or elastically 
scattered photoelectrons while the background is built up by inelastically 
scattered electrons, shakeup and shakeoff processes. A valence electron can 
get excited to an unoccupied state during the photoelectric event, a so 
called shakeup (schematically depicted in Figure 9). The energy for this 
excitation is taken from the photoelectrons kinetic energy and since the 
energy difference is discrete it will form a new feature a few eV below the 
EB of the main photoelectron peak. Likewise, if the valence electron gets 
promoted above the vacuum level the event is called a shakeoff but it will 
instead add to the increasing background of the spectra. Both shakeups and 
shakeoffs generally have much lower cross sections than the ordinary pho-
toelectron event and will therefore be less prominent. 

Auger processes, schematically shown in Figure 9, also give rise to dis-
tinct features in XPS spectra. During relaxation after a photoelectric ioniz-
ing event when a core hole is created, a valence electron falls back to the 
unoccupied core level. The gained energy is then released either as a fluo-
rescence photon or as an Auger electron leaving an ionized final state with 
two vacancies. In the energy interval of relaxations relevant to XPS, fluo-
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rescence is rare and an Auger electron is the normal outcome. The EK of the 
Auger electron is given by the binding energy difference between the core-
level the photoelectron originates from, and the valence level the electron 
that fills it, comes from. The position of the Auger lines is characteristic of 
the element and can be useful for purpose of identification (such as in Au-
ger Electron Spectroscopy, AES) but sometimes Auger structures may 
overlap with the core-level photoemission lines (see Moulder et al. p. 198 
[85] for examples). In the case of synchrotron radiation this can be circum-
vented by altering the incident X-ray energy and thereby moving the posi-
tion of the Auger structures within the spectra. There are other non-random 
energy loss events, resulting from oscillations of the bulk electrons, that the 
electrons (Auger or photoelectrons) can undergo while leaving the sample. 
Since these events have quantified energy losses they will show up at cer-
tain periodic distances from the main peak on the higher binding energy 
side with the highest intensity closest to the main peak. Distance and inten-
sity varies with the material but the intensities of these plasmons tend to be 
higher in metals and also more prominent in bulk-sensitive than in surface-
sensitive measurements. 

Since all elements have unique and discretely separated energies of their 
core levels an X-ray photoelectron spectrum will be a fingerprint of the 
elements contained in the surface of the examined sample. Table 2 gives 
the EB for some of the elements relevant in this thesis. 

Table 2. The binding energy (EB) for selected elements of relevance to the work in 
this thesis. All values taken from Moulder et al. [85]. 

Orbital Chemical environment Approximate EB

 C1s  C-H/C-C  285.0 
   C-N  286 
   C-O  286.5 
   C=O  288 
   O-C=O  289 
 N1s  C-N  400.0 
 O1s  C-O  533 
  SiOx silica  532 
 S2s  S-H/S-S  228 
 S2p1/2  S-H/S-S  162.8 
 S2p3/2  S-H/S-S  164 
 Si2p  Bulk silicon  99.3 
   SiOx silica  103.3 
 Co2p1/2  Bulk metal  793 
 Co2p3/2  Bulk metal  778 
 Au4f5/2  Bulk metal  87.7 
 Au4f7/2  Bulk metal  84.0 
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As seen in Table 3 the energy of many core levels are split in two, e.g. 
S2p1/2 and S2p3/2. To explain this it is necessary to look at the quantum state 
of the electrons in the respective orbitals. The energy levels of orbitals with 
their quantum number l higher than 0 become split due to spin-orbit cou-
pling in the atoms. The split is governed by the total angular momentum 
quantum number j, which take the values of  j = | l – s|  and  j = l + s  where 
s is the spin of the electron and is equal to ½. For s orbitals (l=0) the only 
allowed value for j is ½ and they give therefore rise to single peaks. The 
subshells caused by the spin-orbit interaction of higher orbitals are denoted 
by their j number, e.g. Si2p1/2 and Si2p3/2. The relative intensity of the split 
components corresponds to the relative number of electrons in the respec-
tive subshell and each subshell holds 2j + 1 electrons. To exemplify this we 
can look at Si2p1/2 and Si2p3/2 which has 2 and 4 electrons respectively 
giving the doublet an intensity ratio of 1:2 and the same goes for all other p 
orbitals as well. For d orbitals the ratio is 2:3 while for f it is 3:4. The en-
ergy separation of the split peaks differ between elements and orbitals but 
can generally be said to increase with the atomic number. As can be seen 
below when cross sections are discussed, the intensity ratios of the spin-
orbit doublets obtained in this way are not absolute but, within the energy 
range of AlK , they are good approximations. 

For any given atom there exists a number of final states resulting in an 
emitted photoelectron and each of those ionizing events has different prob-
abilities, cross sections [86], depending on which core level and element 
the photoelectron originates from. This must be taken into account when 
performing quantitative measurements since the intensity of the peaks in 
the spectra not only depends on the relative concentration of elements in 
the surface but also on the cross-sections for the ionizing event. In Table 3 
some cross sections relevant to this work are shown. The cross sections are 
relative to that of C1s which is given the value of 1. Especially note H1s as 
its low value gives the explanation to why the presence of hydrogen in a 
sample never add features to the XPS spectra. 
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Table 3. Examples of total photoelectric cross sections ( ) for the interaction of 
AlK  (1487 eV) X-rays with core level electrons. Values are relative to that of C1s 
which is given the value of 1. Data taken from Scofield [86]. 

 Orbital  

 H1s  0.0002 
 C1s  1.000 
 N1s  1.800 
 O1s  2.93 
 Si2p1/2  0.276 
 Si2p3/2  0.541 
 S2s  1.43 
 S2p1/2  0.567 
 S2p3/2  1.11 
 Co2p1/2  6.54 
 Co2p3/2  12.62 
 Au4f5/2  7.54 
 Au4f7/2  9.58 

The binding energy of a photoelectron is sensitive to the local chemical 
environment of the emitting atom. Even at the core levels, the state of the 
valence electrons are felt and photoelectrons from an ion or atom forming 
polarized chemical bonds will be shifted compared to those from a non-
bonded atom of the same element. Table 2 presents examples of some 
chemical shifts for elements studied in this thesis. The chemical shift is 
sometimes very useful for determining the chemical state of an element in a 
sample as e.g. in papers IV and V where the chemical shifts are used for the 
discrimination between sulfur bund to Au and other types of sulfur. 

XPS measurements are very surface sensitive since electrons of this en-
ergy range (AlK ) have short inelastic mean free paths (IMFP or ) in all 
materials. Even though the incoming X-rays will penetrate tens of mi-
crometers into the sample, the majority of electrons that leave the surface 
originate from the topmost atomic layers. The IMFP is defined as the dis-
tance an average electron can travel before undergoing an inelastic collision 
[87] and depends on the density of the material and the energy of the travel-
ing electrons. Good sources of attenuation data for many materials are the 
databases made freely available by the National Institute of Standards and 
Technology (NIST) [88]. Figure 12 shows calculated values of the IMFP 
for Au and Si in the energy range of AlK  radiation. Values below 100 eV 
differ too much from experimental data to be trustworthy but are shown 
anyway to indicate the general trend.  
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Figure 12. Calculated values of the Inelastic Mean Free Path (IMFP) for electrons 
passing through Si and Au illustrating the difference between more or less dense 
materials. Data taken from W. Werner [89]. 

Due to the short IMFP, the emitted electrons quickly get attenuated as the 
distance below the surface increases. The attenuation of the signal intensity 
from atoms buried below the surface can be roughly approximated by equa-
tion ( 3 ), 

sin
d

0d eII , ( 3 )

where Id is the signal intensity from a layer at the distance d below the 
surface and covered by material with an IMFP of .  is the take-off angle 
(a take-off angle of 90  is equal to the surface normal) of the photelectrons 
relative to the surface plane. Jablonski et al. [90] have shown though that 
the attenuation does not follow a simple exponential decay and equation ( 3 
) should therefore only be seen as a rough estimate. 

By probing at a 90  take-off angle the gratest information depth is 
reached. To further increase the surface sensitivity the sample can be ana-
lyzed at a grazing angle. By varying the take-off angle in this way it is pos-
sible to probe the same sample at different surface sensitivities and thereby 
gain information about the depth distribution of different, or even chemi-
cally shifted, elements. By this technique it is possible to determine the 
general orientation of surface-bound molecules and this has been done in 
papers I and III. Care must be taken though, when performing such angle-
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resolved measurements, since crystalline and other well ordered materials 
can exhibit inelastic forward scattering which enhances the emission inten-
sity in certain angles at the expense of others and thereby invalidates or 
distorts the quantitative measurements [91]. 

The collection of XPS spectra is always a balance between achieving 
good statistics on one hand versus time consumption and sample damage 
by the radiation on the other hand. The ionizing events studied with XPS 
will, with time, destroy the sample. When dealing with insulating or semi-
conducting samples, like porphyrin overlayers on silica, radiation damages 
become obvious already within one hour of radiation exposure. Wirde et al. 
[92] studied the effect of X-ray radiation on octadecanethiols self-
assembled on gold and found the damage effects to correlate strongly with 
the total radiation dose. In most modern spectrometers with sample tilting 
capabilities the geometry is such that the incident radiation lies in the same 
plane as the analyzer and the sample is thereby exposed to a lower photon 
flux when it is tilted. In order to minimize the local radiation dose and thus 
the damage one should therefore apart from lowering the collection time 
also measure at eventual grazing angles before performing measurements in 
the direction of the surface normal.  

For quantitative purposes the area of the photoelectron peaks are of in-
terest. Often satisfactory results can be obtained by subtracting a simple 
linear background and then integrating the remaining peak area. Sometimes 
though, it is necessary to perform careful deconvolution in order to resolve 
individual components that overlap. This can be achieved through least 
square fitting of suitable mathematical functions that describe the shape of 
the peaks well, combined with another function that describes the shape of 
the background. A common way to model the peak shape is to use the 
Voigt function which is a convolution of a Gaussian and a Lorentzian dis-
tribution. The Gaussian distribution is then considered to model the finite 
resolution of the instrument and phonon vibrations in the material whereas 
the Lorentzian distribution models the other underlying physical event re-
sponsible for line broadening i.e. the core-hole lifetime. Line broadening 
through core-hole lifetime depends on how fast the electrons can screen the 
valence holes remaining after the ionizing event and the broadening is gen-
erally stronger in metals. The inelastic background can be fitted using the 
method introduced by Shirley [93]. Hughes and Scarfe have given the 
whole process of physically relevant curve fitting of XPS data a thorough 
treatment [94].  

A variety of software now exists to aid with curve fitting. The control 
software included with the spectrometer might have such functions e.g. the 
Scienta ESCA Analysis software included with the ESCA 300 spectrometer 
[84]. A general purpose data analysis package like IgorPro (WaveMetrix 
Inc., Oregon, USA) can be used for the task. There are also special purpose 
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software packages available such as CasaXPS (Casa Software Ltd, 
www.casaxps.com) or Spectral Data Processor (XPS International LLC, 
California, USA). 

Calibration of the binding energy scale of collected spectra was per-
formed by referencing them to either the Au4f2/7 core level at 84.0 eV or 
Si2p at 99.3 eV depending on the substrate used [85]. 

Scanning Probe Microscopy (SPM) is the generic term for all the near field 
microscopy techniques that utilize a physical probe to generate an image of 
the sample surface. The probe is scanned by mechanical means, line after 
line, in a raster pattern, while the interaction between the probe and the 
sample is followed as a function of the probes three-dimensional position 
relative the sample. A common feature of all SPMs is the use of the con-
verse piezo-electric effect for controlled movement of the probe relative to 
the sample down to less than an Ångström in resolution. The piezo crystal 
scanner (often in the form of a tube as depicted below in the section on 
STM, Figure 17) is sensitive to thermal drift and are subject to severe hys-
teresis effects. To compensate for this non-linear behavior advanced com-
pensatory open and closed loop regulation is used. Figure 13 gives an over-
view of the main types of SPM techniques. 

Figure 13. Overview of the main types of Scanning Probe Microscopy: 
Scanning Tunneling Microscope (STM) – uses the tunneling current between the 
outermost atom of a conducting probe and a substrate, placed within a few atomic 
distances from each other, to map out the sample topography and electrical proper-
ties.
Atomic Force Microscope (AFM) – uses van der Waals, electrostatic, magnetic, 
chemical or hard-sphere repulsion forces between a tip and the sample to measure 
the sample topography or mechanical/chemical/magnetic properties. 
Scanning Near-field Optical Microscope (SNOM) – uses the scattered light 
through a sub-wavelength aperture to form an image. 
Illustration by Kristian Mølhave. 
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The whole field of SPM is relatively new and started with the invention 
of the Scanning Tunneling Microscope (STM) by Binning and Rohrer in 
1981 [95] for which they were awarded the 1986 Nobel Prize in Physics. 
This has to be considered a remarkable short time frame for a Nobel Prize 
and might serve as an indication of the impact STM and its offspring have 
had on many areas of science and technology. 

Since, in STM, the mode of interaction between probe and surface in-
volves the tunneling of electrons, conducting or semi-conducting samples 
are mandatory. This quickly led to the development of the Atomic Force 
Microscopy (AFM) [96] which acts on the interaction force between probe 
and surface and thus does not depend on the conductivity of the sample. 
The AFM quickly found many uses all the way from solid state physics to 
biology [97] and many different techniques have sprung from it. Today 
there exists a great number of SPM techniques like Scanning Near-field 
Optical Microscopy (SNOM) [98] and Magnetic Force Microscopy (MFM) 
[99] to mention just a few of them.  

One of the main advantages of SPM techniques over many other imag-
ing techniques is that the resolution is only limited by the volume of the 
probe-sample interaction (and not by Abbe diffraction that limits the reso-
lution in optical microscopy). And since an SPM has a physical probe it can 
even be used to directly manipulate nano-scale objects [100]. A general 
drawback of SPM is the image collection time which normally ranges from 
tens of seconds to minutes, thus making it unsuitable for dynamically 
changing samples. In some cases this can be circumvented by measuring at 
liquid nitrogen or helium temperatures but that does not really help if it is 
the dynamics that are of interest. This is an area of rapid progress and fast 
scanning SPMs are being developed [101]. Another important considera-
tion is that in order to capture good images of small overlayer structures the 
underlying substrate must be sufficiently flat, i.e. have a frequency and 
amplitude of the surface roughness that does not drown the contrast from 
the objects of interest. 

In Figure 14 a schematic illustration of a typical AFM setup is shown. An 
AFM consists of microscale cantilever with a sharp tip, the probe, protrud-
ing from it. The end radius of the tip is normally in the range of 10 nm or 
less. The tip is raster-scanned over the surface while the interaction be-
tween the tip and the surface is held constant. This is done by a feedback 
system that compares the difference between the setpoint and the actual 
interaction signal. Based on this, the feedback system alters the voltages fed 
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to the piezo scanner that in turn alters the Z position of the sample. This is 
constantly done in an iterative way so that the tip-sample interaction is 
always at the setpoint.  

Figure 14. A typical AFM setup. The deflection of a microfabricated cantilever 
with a sharp tip is measured by reflecting a laser beam off the backside of the can-
tilever while it is scanning over the surface of the sample. Note that the figure is 
not drawn to scale. This illustration is based on artwork from Opensource Hand-
book of Nanoscience and Nanotechnology [102] 

The interaction between the sample and the AFM probe comes from at-
tractive inter-atomic van der Waals forces, hard-sphere repulsion forces 
which act repulsively on the very short length scale and other attractive and 
repulsive forces of various ranges e.g. electrostatic and chemical forces. 
Figure 15 shows the interaction between an AFM tip and a sample under 
ambient conditions, during which the sample and probe are always covered 
by a thin water layer. This causes the formation of a water meniscus when 
the probe approaches the surface and the resulting capillary force attracts 
the probe towards the surface [103]. The strength of the capillary force 
depends of the relative humidity of the ambient atmosphere as well as on 
the hydrophobicity of the sample and the probe, but it will normally be the 
strongest long-range interaction at play. One possible way to circumvent 
the effect can be to perform the measurements in a liquid. 
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Figure 15.  Schematic force curve, taken under ambient conditions, showing meas-
ured cantilever deflection (IDetector) versus the vertical position of the piezo (ZPiezo)
as the probe approaches (light part of curve) and retracts (dark part of curve) from 
the sample. At A) the capillary force of the meniscus pulls the probe towards the 
sample, at B) the probe and sample are in physical contact and at C) the cantilever 
has exerted enough force upward to pull the tip free of the meniscus. 

The AFM can be run in different imaging modes, contact, non-contact or 
tapping mode. In contact mode the tip is, as the name implies, in contact 
with the surface and the surface interaction consists of repulsive contact 
forces resulting in a bending of the cantilever upwards. Contact mode gives 
information about the friction of the surface in addition to the topographic 
information (through cantilever torsion twist and cantilever bending respec-
tively, see Figure 14 ). In non-contact mode the tip is moved in the range of 
attractive van der Waals forces, either at constant distance/interaction or in 
an oscillatory way related to tapping mode described below, weakly inter-
acting with the sample without physically touching it. 

 In Tapping Mode (TM-AFM) the cantilever is oscillated at its resonance 
frequency (usually by a piezo crystal) and the tip only contacts the surface 
at its lowest point. The feedback system acts on the amplitude of the oscil-
lation which is damped when the tip is brought closer to the surface, 
whereas in oscillatory non-contact mode the resulting phase shift is used. 
TM-AFM has the advantage that it transfers far less energy to the surface 
(forces are in the order of pN to nN for TM) than contact mode does and 
thus is less destructive, allowing imaging of samples, e.g. soft biomolecules 
[104] like proteins, that would come loose from the surface in contact 
mode. But even though interaction forces are in the order of nN the local 
pressure can be MPa and therefore compression of soft samples is common, 
thereby yielding apparent heights lower than expected [105]. In TM-AFM 
surface information can also be extracted from the phase shift between the 
driving frequency and the cantilever oscillation and this can further help to 
improve the contrast of the topographic image as well as to highlight dif-
ferences in the mechanical properties of the surface. All imaging modes can 
be performed in liquids [106] e.g. allowing imaging of living cells or under 
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UHV conditions and in the latter case it is possible to reach true atomic 
resolution [107]. 

Figure 16. (A) Examples of image artifacts caused by tip-surface convolution and 
compression of soft samples. (B) Scanning electron microscope (SEM) image of an 
Atomic Force Microscope (AFM) cantilever showing the sharp tip at the end. 
Image B by Kristian Mølhave. 

The probes generally used in AFM are micro-manufactured out of silicon 
and/or silicon nitride where the harder silicon nitride tips tend to be more 
durable, see Figure 16 B. An AFM image is a convolution between the tip 
imaging the surface, and due to the finite size of the tip, and the surface 
imaging the tip as depicted in Figure 16 A. To reduce the convolution ef-
fect special types of probes with smaller radius of curvature and higher 
aspect ratio have been developed. Such probes can be made by altering an 
ordinary AFM probe, e.g. through depositing a extra sharp carbon tip with 
the electron beam of a SEM, by mounting or growing carbon nanotubes 
from it [108, 109] or by machining it in a focused ion beam. Such probes 
do not necessarily give better resolution but usually allow for better repro-
duction of high aspect ratio features. Another type of often encountered 
image artifact comes from tips that break or pick up particles and, by form-
ing a multi-point probe, giving raise to a “stamp effect” in the resulting 
image where every object gets repeated in the same pattern. Multi tip ef-
fects can be detected by changing the scan direction by 90  whereby the 
position of real objects rotate but the orientation of the stamp pattern re-
mains the same. The acquisition of an AFM image is a balance between A) 
not scanning too long as the tip will wear down/change and the sample will 
change due to tip-sample interaction and B) take enough time to vary the 
imaging parameters in order to achieve an artifact free image.  

The AFM instrument used for the investigations in this thesis is the 
Nanoscope IIIa (Veeco Instruments Inc., New York, USA). 
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A schematic illustration of an STM setup is shown in Figure 17. In STM an 
atomically sharp conducting tip, usually made of Platinum-Iridium or 
Tungsten, is raster-scanned a few Ångströms away from a 
(semi)conducting surface by means of a piezoelectric scanner. A bias volt-
age is applied between the tip and the sample and the resulting current from 
tunneling electrons is used for feedback. The STM can be run in two differ-
ent feedback modes; constant height, or the more common constant current. 
In constant height mode the tip travels in a plane above the surface and the 
varying tunneling current is recorded. In constant current mode the Z-
position of the tip relative the sample is varied in order to keep the tunnel-
ing current constant. 

Figure 17. A schematic illustration of a Scanning Tunneling Microscope. Illustra-
tion courtesy of Michael Schmid, TU Wien. 

Many of the effects encountered in STM can be accounted for by a local 
density of states22 concept where the tunneling of electrons between tip and 
sample is a quantum mechanical effect and the tunneling current is propor-
tional to the tunneling probability. The tunneling probability depends on the 
tip-sample distance, the bias voltage and the density of states of the surface 
at the location of the tip, as shown in Figure 18. The tunneling current de-
cays exponentially with increasing tip-sample separation and it is partly this 
that allows for the exceptional resolution of STM. When a negative bias 
voltage is applied to the sample, as in Figure 18, there is a net tunneling of 

22 The local density of states (LDOS) can be seen as the local density of electrons at a cer-
tain energy. 
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electrons from filled states in the sample to unoccupied states in the tip and 
the other way around when a positive bias is applied. A negative sample 
bias thus probes the filled states of the sample and a positiv bias probes the 
empty ones. The DOS of the tip should also be constant close to the Fermi 
edge as the mapping will otherwise be a complex convolution between the 
states of the tip and the sample. 

Figure 18.  A schematic energy diagram depicting the net electron tunneling from 
sample to tip (separated by distance d) with a negative bias voltage U applied to 
the sample. Energy is along the vertical axis and density of states (DOS) of the 
sample and tip are shown in opposite directions along the horizontal axes. Filled 
states are shown in gray and the electron tunneling probability is symbolized by the 
gray arrows in the gap. 

At low bias voltages a constant current STM image of a metallic surface 
can be considered to correspond to the topography of the sample since it 
maps the constant LDOS at the Fermi energy of the sample surface. The 
surfaces (of tip and sample) are considered to be in the ground state and 
scattering effects are not considered. While this approach does not explain 
everything a more thorough theoretical description is very hard to achieve, 
partly due to the unknown shape and composition of the tip but also be-
cause of the current limitations in available theory. The limitations of the 
LDOS approach can become evident when moving from clean metal sur-
faces to systems with adsorbed molecules. For example Bartels et al. [110] 
reported that CO molecules adsorbed on an Cu(111) surface were imaged 
as indentations by a clean tip and as protrusions with a CO terminated tip, a 
phenomenon not possible to explain by ground state theory [111]. A similar 
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behavior can be seen for organic molecules with conjugated -electron
systems such as porphyrin molecules which are imaged as protrusions or 
indentions depending on their substitutions [112]. An overview of the the-
ory of STM imaging can be found in the review by Drakova [113].  

Just like the AFM, STM measurements can be run under ambient condi-
tions and even under water but in order to capture high quality images it is 
often necessary to perform measurements in UHV to avoid contamination, 
oxidation at elevated temperatures or to be able to measure at liquid helium 
temperatures. Measurements at low temperatures reduces vibrations and the 
mobility of the imaged atoms or molecules, something that can help in cap-
turing images of adsorbed or grafted molecules that have a high degree of 
freedom. Furthermore, vibration damping is of vital importance and UHV 
STMs are generally rigorously decoupled from floor vibrations, e.g. by 
means of air and magnetic suspensions, but even with suspension loud 
noises close to the instrument can introduce image distortions or even crash 
the tip. As discussed above, especially in the case of adsorbed/chemisorbed 
molecules on a metal surface, it is important to always keep the origin of 
STM contrast in mind when interpreting images as it is the probability of 
tunneling at the applied bias voltage that determines the fine structure and 
not the sample “topography” as such. 

The STM instrument used for all measurements included in this thesis 
was an Omicron Variable Temperature UHV SPM (Omicron NanoTech-
nology GmbH, Germany). 

Nuclear Magnetic Resonance (NMR) spectroscopy probes the response of 
atomic nuclei aligned in a static magnetic field when disturbed by an alter-
nating orthogonal electric field. All nuclei of atoms with odd numbers of 
protons or neutrons have an intrinsic magnetic moment and angular mo-
mentum and are therefore detectable by NMR although 1H and 13C are the 
most commonly measured ones. Each type of nucleus has its own reso-
nance frequency, i.e. the frequency at which it adsorbs energy from the 
alternating electrical field. This is of practical use in NMR spectroscopy 
since nuclei of the same kind but in different positions in a molecule will 
exhibit differences in resonance frequency. Depending on the number and 
relative position of magnetic neighbors surrounding a nucleus it will be 
more or less shielded from the external field and its resonance frequency 
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will be shifted accordingly. This is referred to as the chemical shift. Due to 
this chemical shift NMR spectroscopy can be used to probe chemical struc-
ture. The higher the strength of the static magnetic field is the greater the 
intensity of the response signal. Furthermore, the absolute separation of 
chemical shifts also increases with magnetic field strength. NMR has been 
employed in in-situ studies of catalysis on surfaces [114, 115]. 

In addition to structural studies, NMR can be used quantitatively to de-
termine the relative concentration of molecules in a solution. For this kind 
of measurements the solvent must either be substituted for a non-NMR 
active one, or be non-overlapping and well separated from the analyte 
peaks and suppressed by presaturation to selectively attenuate the solvent 
signal [116]. 

Ultraviolet/visible (UV/Vis) spectroscopy measures the attenuation of a 
light beam with energy from the UV/Vis spectral range23 as it passes a sam-
ple. The absorption of light by the sample is given by the Beer–Lambert 
law in Equation ( 4 ); 

cL
I
IlogA
0

10 , ( 4 ) 

where A is the absorbance, I0 is the intensity of the incident light at a given 
wavelength, I the transmitted light,  the molar absorptivity constant, L the 
path length through the sample and c the concentration of the sample. 

UV/Vis spectroscopy can be used for quantitative analysis of solutions 
of conjugated organic compounds and other compounds that exhibits strong 
enough absorption in the energy range. In order to achieve a good signal to 
noise ratio the solvent should absorb weakly, i.e. have a low  at wave-
lengths at which the analyte absorbs strongly. 

Much of the early knowledge on the surface structure of materials was con-
ceived from Electron Diffraction (ED) methods. Low Energy, LEED and 
Reflected High Energy, RHEED probes the crystal structure of the surface 

23 Normally from 180 nm to around 900 nm or higher in wavelength depending on the in-
strument. 
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atoms and requires high vacuum. An electron beam is diffracted by the 
surface and from the diffraction pattern the atomic surface structure can be 
determined. In the case of RHEED the electron beam is reflected at a graz-
ing angle in order to achieve surface sensitivity, something which is not 
necessary with LEED because of the short mean free path of the electrons 
used (approximately 1 nm for electrons of 50-100 eV kinetic energy). To-
day RHEED is mainly used to monitor the epitaxial growing of thin films. 

X-ray absorption spectroscopy studies the absorption of X-ray photons 
by matter through the photoelectric effect24. In Near Edge X-ray Absorption 
Fine Structure (NEXAFS) the fine structure of the absorption of X-rays are 
studied near an absorption edge of the studied element. Synchrotron radia-
tion is normally used and the energy of the radiation is monochromatized to 
fit the studied element. Synchrotron radiation has a natural polarization and 
it can be utilized to great advantage in NEXAFS studies. If the molecular 
adsorbates studied have sigma and pi bonds that have a particular orienta-
tion on a surface the arrangements of the molecules can be probed through 
varying the angle of the incident X-rays. The absorption will vary with the 
orientation of resonant bonds due to dipole selection rules. And since all 
elements have energetically well separated core levels the technique is 
chemically specific [117]. 

Infrared (IR) spectroscopy can be used in conjunction with IR reflective 
metallic substrates (called Infrared Reflection Absorption Spectroscopy, 
IRAS) to probe vibrational modes in the molecules of an overlayer. The 
overlayer needs to be constructed on top of the metal substrate (often Au) 
and the IR beam is reflected off the substrate at a grazing angle so that no 
radiation is absorbed by the metallic substrate. By the use of polarized IR 
only vibrational modes with a transitional dipole moment perpendicular to 
the surface can be seen and information about the orientation of molecules 
on the surface can be obtained from the interpretation of the collected IR 
spectra. This especially holds true if the overlayer molecules assume crys-
talline order on the surface [118]. Another type of surface-sensitive IR 
spectroscopy is Attenuated Total Reflection Infrared Spectroscopy (ATR-
FTIR) where the IR beam is totally internally reflected many times as it 
passes through an ATR crystal. During total reflection an evanescent wave 
extends a short distance from the outer crystal surface. Molecules present at 
this surface can get excited by the wave in accordance with the IR selection 
rules and absorption spectra can thus be collected. 

Raman spectroscopy is complementary to IR spectroscopy in such a way 
that it probes vibrational modes often not seen in IR and vice versa. Due to 
overlapping with fluorescence which is normally much stronger than the 

24 For a discussion about the photoelectric effect see the subsection on X-ray Photoelectron 
Spectroscopy above. 
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Raman signals, Raman spectroscopy is best suited to probe inorganic cata-
lyst surfaces [119]. 

Sum frequency generation (SFG) surface vibrational spectroscopy is a 
technique that can be used to study the surface of a catalyst during catalytic 
turnover even at the high pressures relevant for many heterogeneous cata-
lytic reactions [120, 121]. In SFG spectroscopy a laser at a fixed frequency 
in the visual range and a tunable IR beam are focused onto the surface. 
Through the sum-frequency effect the two beams are combined at the sur-
face, resulting in a new local higher frequency beam that probes the sur-
face. Only symmetry breaks induced by the surface interface are visible. 
SFG gives similar information to that of other vibrational spectroscopies 
but it can operate under conditions where other spectroscopic methods 
would either not work at all (i.e. electron spectroscopy and electron probe 
techniques) or pick up too much signal from molecules in the gas phase 
(e.g. IR and Raman). 

Quartz crystal microbalance (QCM) is a nondestructive analytical 
method (in similarity with the vibrational spectroscopies) that utilizes the 
piezo-electric effect [122] to laterally oscillate a quartz crystal at its reso-
nance frequency by applying an alternating current. Any additional mass 
picked up by the crystal will change the resonance frequency and thus the 
crystals response to the applied driving signal. Thereby the added mass can 
be measured very accurately. The prerequisites for this is that the mass is 
evenly distributed, adheres to the sensor surface, and is rigid or thin enough 
to have negligible internal friction. The QCM can also be operated in pulse 
driven mode where the dissipation of the system is measured to yield in-
formation about the damping of the system. Since the damping depends on 
the interaction of the surface with the surrounding media it can give quali-
tative information of the solvent-surface interaction. A potential drawback 
of the method is that experiments need to be performed on the surface of 
the upper electrode of a pre-calibrated quartz crystal. 

Ellipsometry is another nondestructive technique. Linearly polarized 
light that is reflected from a thin film is usually transformed into an ellipti-
cally polarized beam. The properties of the reflected beam are determined 
by the thickness and optical characteristics of the film and the wavelength, 
polarization direction, and the angle of incidence of the incoming light. 
Since usually not all the incident light gets reflected from the uppermost 
layer, information from lower layers can also be obtained. Layers of up to a 
total thickness of about one micron can be probed and the vertical resolu-
tion can be less than an Ångström although the lateral resolution of most 
instruments is generally in the order of micrometers to millimeters as it is 
dependent on the instruments ability to focus the light. Ellipsometry can 
provide quantitative information about surface coverage in real time. 
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The immobilization of macromolecules on surfaces is of major importance 
in both biotechnology and nanotechnology. This is reflected in the fact that 
there are a large number of conjugative methods available for the covalent 
attachment of molecules to various surfaces (see the subsection Conjugate 
Techniques above). In biotechnology it is common to utilize exposed amino 
groups (of e.g. proteins or peptides) as anchoring points [78]. Amino 
groups of a molecule to be immobilized can be reacted with electrophilic 
structures such as epoxy groups, succinimide esters or isothiocyanates on 
the solid phase. Also carbodiimides can be used to activate carboxylic 
groups to facilitate the reaction with an amine. A general drawback of those 
reactions is that side reactions, like hydrolysis, compete with the desired 
amine conjugation. Furthermore, if a specific orientation of an immobilized 
protein molecule in relation to the substrate is desired, this can be difficult 
to accomplish since amines are often present at multiple locations on a 
protein surface.

An alternative method that can be used to avoid this is thiol-disulfide 
exchange chemistry [123] in which a thiol group of the molecule to be im-
mobilized is reacted with a substrate-attached reactive disulfide. If the 
molecule does not contain thiols such can be incorporated by converting an 
amine or carboxylic group to a disulfide with a suitable heterobifunctional 
crosslinker like N-succinimidyl 3-(2-pyridyldithio)propionate (SPDP) [124] 
and then reduce it to form a free thiol. 

 The scheme for the exchange reaction used in paper I is shown in 
Figure 19. By reacting the surface thiols of the substrate with a mixture of 
2-thiopyridone (2-TP) and excess of 2,2-dipyridyl disulfide (2-PDS) reac-
tive disulfides are formed. Due to the mixture of 2-TP/2-PDS the reaction is 
not reversed, something which happens when a thiol is reacted directly with 
the initially formed disulfide. Once the 2-pyridyl disulfides are formed, 
thiol-disulfide exchange conjugation reactions with thiol-containing mole-
cules can be performed, even at neutral pH in water solution – an advantage 
when sensitive proteins are immobilized. Another advantage of 2-pyridyl 
disulfide is that the leaving group of the conjugate exchange, 2-TP, is stabi-
lized through tautomerization and therefore this reaction is less likely to be 
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immediately reversed. Furthermore, the method is specific for thiols and 
the formed conjugate is rather stable25 towards hydrolysis at pH 7 to 9. 

The attached molecule can be released by reduction of the disulfide with 
a reducing agent such as dithiothreitol (DTT) provided there are no steric 
hindrances.

Figure 19. Reaction scheme for the introduction of reactive disulfides on a thiol-
terminated silica surface. A) Oxidation of a thiolated silica surface occurs rapidly 
in the presence of oxygen. Although the formed disulfides are reactive towards 
thiols such a reaction is likely to be reversed. B) 2-thiopyridone (2-TP) reacts with 
the surface disulfide to form one 2-pyridyl disulfide group and one free thiol. C)
The free thiol reacts with 2,2-dipyridyl disulfide to form another surface bound 2-
pyridyl disulfide group. The reversibility of the exchange reaction is thereby cir-
cumvented. D) The resultant surface is reactive towards thiols and the leaving 2-TP 
is stabilized through tautomerism and the reaction is thus less likely to go in the 
reverse direction. 

25  2-pyridine disulfide activated silicon surfaces can be stored for weeks in aqueous 
solution.
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The method presented in paper I was shown to reproducibly produce ap-
proximately a monolayer of reactive 2-pyridine disulfides from mercaptosi-
lanes vapor deposited on the native oxide of silicon wafers. Measurements 
by AFM showed that the surface roughness is close to that of the native 
oxide. The angle-resolved XPS analysis revealed that the molecules are 
oriented with the thiols and disulfides pointing away from the surface and 
that the disulfides could be reduced by DTT (implying that immobilization 
by this technique would be reversible). Approximately 40 % of the mercap-
tosilanes were converted to reactive 2-pyridin disulfides. 

In order to examine the reactivity of the produced surfaces experiments 
were performed in which the protein -galactosidase ( -gal) was immobi-
lized. These experiments were not reported in the paper as they are of a 
latter date. The enzyme -gal is a relatively large protein (500 kDa) that is 
easily detected by AFM. It has approximately 15 accessible thiol groups 
and it was thus a suitable candidate for evaluation of the thiol-disulfide 
exchange conjugation. 

The experiments were performed by exposing derivatized silicon sub-
strates (reactive disulfide) and control substrates to either 1 or 10 mg/ml 
concentrations of -gal (in acetate buffer pH 8) for 15 min followed by 
rinsing with buffer and drying under flowing N2. The samples were then 
imaged by AFM in tapping mode and the average number of -gal per m2

was counted. The control surfaces consisted of native silicon oxide (silica), 
dimethyldichlorosilane (DDS) methylized silicon and mercaptosilane deri-
vatized silicon (unreactive disulfide).

Table 4. Amount of -gal absorbed/chemisorbed onto reactive disulfide- and con-
trol surfaces as measured by TM-AFM. 

Surface [ m-2] @ 1 mg/ml -gal [ m-2] @ 10 mg/ml -gal

Silica (hydrophilic) 0 0 
DDS (hydrophobic) 2 21 
Unreactive disulfide 2 20 
Reactive disulfide 26 256 

Table 4 shows the result of the AFM analysis. As seen from the control 
surfaces the adsorption due to unspecific interaction is approximately one 
tenth or less of the absorption on the reactive disulfide. The results indicate 
that there is indeed a specific interaction between -gal and the activated 2-
pyridin disulfide surface. This is likely the result of formation of one or 
more disulfide linkages between the protein and the surface.  



60

Paper II describes the synthesis of cobalt tetraarylporphyrins with thioace-
tate-functionalized carbon linkers on the aryl groups and the ability of these 
to form monolayers on gold surfaces. In order to inhibit polymerization of 
thiols through disulfide formation between molecules in solution a thioace-
tate functionality, rather than thiol, was used. The synthesis was performed 
by the group of Prof. J. E Bäckvall at Stockholm University. The reason for 
the synthesis of thioacetate linkers on the porphyrin was to facilitate immo-
bilization of these molecules onto gold and derivatized silica surfaces in 
order to evaluate their use and performance in heterogeneous catalysis, as 
described in Papers III to V.

Cobalt porphyrin was chosen as an object of study due to its well studied 
performance as a homogeneous catalyst for oxidation reactions under the 
hypothesis that the performance could be improved through heterogeniza-
tion. Of special interest is the catalytic system [6], developed by the group 
of Bäckvall, that utilizes electron transfer mediators to carry out biomimetic 
oxidations with molecular oxygen, see Figure 20. This system, inspired by 
biological oxidations such as that of cytochrome c [125], is of great interest 
since it makes it possible to perform controlled oxidation with dioxygen 
under mild reaction conditions with water as the only byproduct. Direct 
oxidation by dioxygen is unfavorable since firstly, molecular oxygen is not 
very reactive towards organic molecules26, and secondly, when they do 
occur they are unselective and hard to control. By activating oxygen with 
the metal complex and transferring the electrons in several controlled steps 
selective oxidations can be performed. 

OHOH

OO

H2O

1/2 O2

HQ

BQ

MOX

MRED

+H2O

Cobalt 
porphyrin

Pd(II)

 Pd(0) 
+2H+

Reactant

Oxidized
Product

Figure 20. Schematic representation of the redox reactions of the biomimetic triple 
catalytic system employing an electron-transfer mediator (EMT), developed by 
Bäckvall at al. [6]. 

Of the two different porphyrins synthesized, the one with an oxygen atom 
in each linker was chosen for further experiments due to solubility reasons. 

26 The ground state of dioxygen is as triplet oxygen with two unpaired antibonding electrons 
with the same spin. Because of spin conservation triplet oxygen is unreactive towards singlet 
species, a fortunate fact since we would otherwise undergo spontaneous combustion. To be 
reactive it needs to be activated to its singlet state by e.g. a transition metal complex [126]. 
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This molecule was, when immobilized onto a gold surface through self-
assembly, found to form a monolayer as indicated by XPS measurements.  

A part of the EMT redox reaction chain (see Figure 20) was chosen as a 
model system for evaluation of the heterogeneous catalytic performance of 
the previously designed thioacetate-linker functionalized cobalt porphyrin 
(CoTPP-L), see Figure 21.

Figure 21. Space-fill representation of a cobalt porphyrin functionalized with thio-
acetate linkers. Pink center atom represents: cobalt, blue: nitrogen, gray: carbon, 
red: oxygen and yellow: sulfur. Hydrogens omitted for clarity. 

The catalyst was immobilized through self-assembly onto evaporated 
gold layers on both sides of polished silicon wafers with a total surface area 
of 150 cm2. The aim of this setup was to provide both access to the surface 
for analysis as well as enough catalyst surface area to facilitate evaluation 
of the catalytic performance. Those wafers were then evaluated for their 
performance in heterogeneous oxidation catalysis of hydroquinone (HQ) to 
benzoquinone (BQ) in the presence of oxygen, see Figure 22.
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Figure 22. Catalytic model system for evaluation biomimetic catalytic oxidation 
performance. M denotes the cobalt metal. 

The O2 pressure above the surface was kept at 1 atmosphere, a much higher 
pressure than tolerated by similar systems under homogeneous conditions 
[125]. This was done to stress the system in regard to dimerization or other 
disabling self-oxidation processes [127-129] and to see if those could be 
minimized as an effect of site isolation [130]. 

Comparison with the corresponding homogeneous system indicated a 
hundredfold increase in catalytic turnover as well as a much extended life-
time of the catalyst. After an initial (within 50 h) decrease of activity, cata-
lytic turnover continued, approximately at steady state, until the experi-
ments were terminated after up to 17 days. 

The combined XPS and STM study revealed that a stable saturated un-
ordered monolayer of CoTPP-L was formed on the gold surface. It was 
found that an average of 60 % of the thiol linkers27 formed thiolate bonds 
with the gold substrate, whereas it could not be determined from the XPS 
analysis whether the non-bond linkers were present as free thiols or as thio-
acetates. By angle-resolved XPS analysis (as described in the section on X-
ray Photoelectron Spectroscopy above) it could be determined that sulfur 
not bund to Au was in the outermost surface layer and thiolate sulfur was 
closer to the Au interface. These results indicate that at least some of mole-
cules are immobilized by at least three linkers bound to the surface and thus 
oriented with the porphyrin plane parallel to the surface. The remaining 
part of the CoTPP-L molecules could be tilted or planar. A mix of orienta-
tions in the monolayer is also supported by STM images showing different 
apparent heights of individually resolved molecules.  

The grafting density of CoTPP-L on the surfaces was estimated from the 
combinations of calculations based on the relative intensities of the Au4f 
and N1s XPS peaks and manual counting of molecules in the STM images. 
Since the first method is expected to yield an over- and the second an un-
derestimate the average of 0.2 nmol/nm2 or 5 nmol/wafer was used for cal-
culating catalytic turnover.  

27 Out of the total of four per CoTPP-L molecule. 
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It was thus demonstrated that by controlled covalent heterogenization of 
the homogeneous catalyst a much improved activity and stability could be 
achieved, likely because of site isolation of the catalytic centers. 

This paper presents the effect on adsorption geometry of three different 
methods for deprotection of the thioacetate groups of the linkers of CoTPP-
L followed by immobilization to gold surfaces. The thioacetate was re-
moved either by acid or base hydrolysis prior to immobilization or through 
in situ cleavage upon thiolate formation on the gold surface28. The formed 
monolayers were analyzed by XPS and STM. As seen previously, saturated 
monolayers are formed for all immobilization times (1 h to 3 days) and 
concentrations (20 M to 0.5 mM) of CoTPP-L.  

More interesting is the result of the XPS analysis of the monolayers 
formed through the different deprotection schemes. Angle resolved meas-
urements at normal and grazing take-off angles revealed differences in 
adsorption geometry dependent on whether or not the CoTPP-L molecules 
were hydrolyzed prior to immobilization. For in situ cleaved monolayers 
60 % of the linkers formed thiolate bonds to gold, as also seen in previous 
experiments. For the short deprotection with NaOH, 80 % of the linkers 
bund to gold, meaning that a majority of the adsorbed molecules must be 
oriented parallel to the surface. Moreover, detailed studies of the different 
contributions in the S2p core level photoelectron spectra indicates that for 
the deprotected species, a portion (13 to 24 %) of the thiol linkers are 
bound to gold through metal-sulfide bonds, likely at high coordination 
sites. In the case of the deprotected species in long contact with NaOH 
(24 h) an even higher portion (37 %) of chemically shifted S2p correspond-
ing to metal-sulfide, and a C/N ratio inconsistent with the native atomic 
ratios, indicated chain scission of the linkers. This deprotection scheme also 
shows a high proportion (15 %) of highly oxidized sulfur, also consistent 
with decomposition of the linkers through the long exposure to basic solu-
tion.

STM imaging of the chemisorbed layers reveals no mobility of individ-
ual molecules, thus also supporting the hypothesis of multi-point attach-
ment to the surface by two or more linkers. In order to investigate the sta-
bility of the formed monolayers thermal desorption experiments were per-
formed. Heating up to 100 C did not alter the layer in any significant way 
(XPS and STM) whereas after annealing above 180 C the XPS signal from 
sulfur was completely absent and even so, the molecules did not show signs 

28 See the subsection on Gold Surfaces in the section Surface Derivatization and Chemical 
Grafting above. 
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of mobility. This is somewhat surprising as in previous studies of CoTPP 
physisorbed onto gold the molecules showed signs of mobility and pattern 
formation at elevated temperatures [131]. After annealing to 400 C only 
the porphyrin core seems to remain on the surface.  

As a route to controlled heterogenization of CoTPP-L onto high surface 
area materials and possible industrial applications, an immobilization 
method for silica was developed. Another interesting subject was the influ-
ence on the catalyst performance by an insulating versus a conducting sub-
strate. The process was followed by XPS and AFM. The catalytic perform-
ance of the previously described model system (Figure 22) was evaluated 
and compared to that of gold immobilized heterogeneous and homogenous 
catalysis. 

The formation of covalently attached molecular monolayers on silicon 
wafers is a different challenge in comparison to formation on gold. The 
demand for a completely clean substrate for the initial silanization reaction 
puts constrains on the experimental setup. The method described in Paper I 
is not suitable for derivatization of whole wafers and therefore another 
method was developed and optimized. This method works by performing a 
short air plasma etching of a pre-cleaned silicon substrate wafer. Subse-
quently a volatile mercaptosilane is introduced into the evacuated chamber 
by a carrier flow of argon. The silane reacts with silanols on the native ox-
ide. In this way thiol-functionalized monolayers were reproducibly formed. 
The thiols/disulfides were activated to thiol-reactive 2-pyridyl disulfides 
through the method described in Paper I above. In order to immobilize 
CoTPP-L, it must first be deprotected, thereby risking polymerization in 
solution concurrent with monomer chemisorption onto the surface. As re-
vealed by AFM analysis patchwise multilayers are formed. Since, in solu-
tion, metalloporphyrins are known to undergo deactivating processes like 
dimerization and oxidative breakdown – in a multilayer likewise could be 
expected, see Paper III above. Nonetheless, the measured catalytic activity 
was found to be the same or higher than that of the corresponding gold 
system and thus at least a hundredfold higher than that of the homogenous 
system. The higher activity compared to the gold immobilized system may 
be due to underestimation of active catalyst on the silica surface. The graft-
ing density was determined relative that of CoTPP-L on Au as determined 
by the relative XPS intensities of Co for the two catalysts. On silica the 
CoTPP-L grafting density was found to be 2/5 of that on Au or 2 nmol on a 
catalytic silica wafer. Since this estimate was based on surface-sensitive 
XPS measurements and, as mentioned above, AFM images of the catalyst 
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shows thick multilayer aggregates, the grafting density could be an under-
estimate. Additional quantification of cobolt on the silicon wafer by Induc-
tively Coupled Plasma Mass Spectroscopy (ICP-MS) gave a total amount 
of cobolt of 10 nmol which, according to this result, will give a more or less 
equal catalytic activity on gold or silicon support. However, a higher activ-
ity on silicon can despite this fact not be excluded since the activity of the 
catalytic units inside those clusters is expected to be lower as both substrate 
limited transport of hydroquinone as well as formation of inactive dimers of 
Co-TPP-L can be foreseen. 

A re-design of the CoTPP-L is in progress with incorporation of the re-
active disulfide in the molecule which could facilitate immobilization and 
avoid formation of multilayers of the catalyst. 
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