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Abstract 

Biological and chemical reactions involved in physiological processes are often complex and 
very sophisticated. Such processes can be mimicked in the laboratory to obtain important 
knowledge, valuable for the development of new diagnostic methods, drugs and biosensors. 
This thesis includes investigations of bio-functionalized surfaces that can be used as model 
systems to mimic naturally existing biomolecular recognition processes.   

In this thesis, three different peptides, of our own design, that mimic parts of the second and 
third intracellular loops of the α2A-adrenergic receptor, are studied. The peptides were 
immobilized onto gold substrates, through thiol chemistry. The interaction between the 
peptides and the G-protein was investigated using surface plasmon resonance (SPR). The G-
protein showed the highest binding capability for surfaces functionalized with a peptide 
mimicking the n-terminal of the third intracellular loop (GPR-i3n). The binding was enhanced 
when the pure GPR-i3n peptide was mixed with a short oligopeptide (3GC). A tentative 
explanation for the obtained results is that the presence of the 3GC molecule enables 
conformational changes of the GPR-i3n monolayer which affect the interaction with the G-
protein.  The results from the SPR measurements also indicated that the conformation of the 
G-protein was kept intact during the interaction with a peptide mimicking the c-terminal of 
the third intracellular loop (GPR-i3c). Multilayers were formed on the surfaces functionalized 
with a peptide mimicking the second intracellular loop (GPR-i2c) and the GPR-i3n peptide. 
We suggest that conformational changes of the G-protein are induced during the interaction 
with the surfaces functionalized with the GPR-i3n and GPR-i2c peptides. 

Comprehensive surface characterizations of four biomolecular systems, based upon the 
functional groups: noradrenaline, phenylboronic-ester, phenylboronic-acid and 
benzenesulfonamide, are presented in the thesis. The aim is to develop a platform for detailed 
molecular recognition studies on surfaces. The molecular systems were characterized using 
infrared spectroscopy, X-ray photoelectron spectroscopy, near edge X-ray absorption fine 
structure spectroscopy, ellipsometry and contact angle goniometry. Noradrenaline was chosen 
as it is a neurotransmitter that interacts with the extracellular loops of adrenergic receptors. In 
this work, the noradrenaline analogue (Nor-Pt) of our own design, was equipped with a -SH 
handle to be linked to surfaces and with the free noradrenaline group available for interaction 
studies. The Nor-Pt molecules were organized on the surfaces with the sulfur atom close to 
the gold substrate and the aromatic ring available for possible interactions with other 
biomolecules in the ambient media. The main component of the C=O vibrational mode 
present in the amide moiety had a parallel orientation relative to the plane of the gold surface, 
based on the infrared spectroscopy results. The phenylboronic system was designed as a 
simple mimicry of an adrenergic receptor as the boronic acid functional group binds to diol 
containing molecules such as noradrenaline. The boronic ester-terminated alkane thiol (BOR-
Capped) was chemisorbed onto gold substrates. We showed that BOR-Capped was linked to 
the gold substrate via thiolate bond formation and formed a well-organized monolayer. The 
pinacolyl protection group was removed directly from the BOR-Capped monolayer on the 
surfaces, which resulted in an unprotected monolayer terminated with the boronic acid 
functional group (BOR-Uncapped). The strong chemical bond to the gold substrate was 
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retained during the deprotection procedure as only thiolate sulfur species were observed for 
the BOR-Uncapped molecular system. The benzenesulfonamide based molecule was designed 
as a model system for bioselective surfaces. An amine-terminated alkane thiol was adsorbed 
onto a gold substrate. In a second step, a benzenesulfonamide derivative was linked to the 
amine-terminated monolayer by the formation of an amide bond. We showed that the 
resulting benzenesulfonamide-terminated alkane thiol (AUT-C6) formed a well-organized and 
semi-thick monolayer on the gold substrate. The polarization dependence of NEXAFS was 
used to determine the average tilt angle of the aromatic ring structures of Nor-Pt, BOR-
Capped, BOR-Uncapped and AUT-C6. The results indicate that the aromatic ring planes of 
BOR-Capped and AUT-C6 have a preferential orientation toward the surface normal. The 
aromatic ring structures of Nor-Pt and BOR-Uncapped were determined to have a more tilted 
orientation relative to the gold surface normal. 
Finally, the interaction between carbonic anhydrase and the AUT-C6 molecule was 
investigated using surface plasmon resonance and ellipsometry. The surface immobilized 
benzenesulfonamide was shown to bind to carbonic anhydrase and the results indicated that 
the interaction is specific. 
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Populärvetenskaplig sammanfattning  

I människokroppen pågår ständigt en mängd olika reaktioner och processer som baseras på 
molekylär igenkänning; att molekyler känner igen och kan binda till varandra. Detta är viktigt 
till exempel då vi blir förkylda och vår kropp måste bekämpa det virus som för tillfället 
orsakar vår olägenhet eller då våra celler kommunicerar med varandra.  Reaktionerna som då 
sker är ofta mycket sofistikerade och ibland mycket komplicerade och innefattar inte sällan en 
mängd olika delsteg innan den förväntade responsen erhålls. Genom att försöka efterlikna 
dessa naturligt förekommande processer kan vi erhålla viktig information som är till hjälp i 
vår strävan att få fram bättre mediciner och behandlingsmetoder.  

I den här doktorsavhandlingen ligger fokus just på dessa detaljerade reaktioner, inklusive de 
ingående små byggstenar och ämnen som på olika sätt är specifika och som medverkar i 
molekylära igenkänningsprocesser i människokroppen. Syftet är att efterlikna delar av de 
naturligt förekommande processerna och studera hur vi i laboratoriemiljö kan använda dessa 
som modellsystem för molekylär igenkänning.   

För att kunna förstå vad som händer när de olika beståndsdelarna i modellsystemet samverkar 
måste man ”känna sitt molekylsystem”. Med det avses i detta fall att man kan verifiera att det 
som var avsett att förekomma i systemet verkligen finns där. I vårt fall består modellsystemen 
av små molekyler som vi bundit till guld ytor där de bildar molekylära filmer. Dessa filmer är 
mellan 10-30 Å tjocka (en ångström är 1/10000000000 meter). De ytstrukturerna som erhålls 
på detta sätt är således mycket små. En stor del av avhandlingen har ägnats åt grundforskning 
som är en mycket viktig del i arbetet med att få ett välkänt, välkontrollerat och väldesignat 
system. Vi har på olika sätt verifierat att det vi avsett att skapa i vårt modellsystem verkligen 
är sant. För att erhålla denna information är det nödvändigt att kombinera olika 
kompletterande mätmetoder. Metoderna som används för att karaktärisera modellsystemen 
bidrar på olika sätt med pusselbitar till helheten och tillsammans ger de till en tillförlitlig bild 
av de studerade systemen.  De huvudsakliga karaktäriseringsmetoderna som har använts är 
baserade på ljus, speciellt infrarött ljus och röntgenljus. När molekyler utsätts för infrarött ljus 
kan olika delar av molekylerna fånga upp energin i ljuset genom sina vibrationsrörelser 
beroende på hur molekylerna är uppbyggda och i vilken omgivning de befinner sig i. 
Eftersom den energi som krävs för vibrationerna är specifik för de olika ingående delarna i 
molekylerna kan man använda den informationen för att identifiera olika byggstenar i 
modellsystemen.  Med röntgenljus kan vi påverka laddade partiklar så kallade elektroner som 
finns i våra molekyler. Dessa elektroner kan ta upp energi från röntgenljuset. Beroende på 
vilken energi ljuset har, fås elektronövergångar mellan specifika energinivåer och i vissa fall 
till och med lämnar elektronen molekylen. Dessa metoder ger detaljerad information om den 
elektroniska strukturen hos de ingående molekylära komponenterna. De analyser och resultat 
som presenteras i avhandlingen ger god grund och är till nytta för framtida grundforskning i 
gränsområdet fysik och biologi med fokus på molekylär igenkänning och har också på sikt 
potential för medicinska applikationer.    
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1 Introduction 

Specific interactions between molecules are described as “molecular recognition”. Molecular 
recognition involves both the interactions between the molecules as well as selectivity 
processes or as described by Lehn “binding with a purpose”.1 The formation of weak bonds 
such as hydrogen bonds, ionic bonds or van der Waals bonds often occurs between the 
molecules in question. Biomolecular recognition is very important for a large variety of 
physiological processes in our body, such as the interaction between an enzyme and its 
substrate, the interaction between a receptor and its ligand during cell signaling, the DNA 
base pairing as well as the interaction between an antibody and its antigen in an 
immunological response.2 These often very sophisticated reactions inspire scientists, in a wide 
range of research areas around the world, in their work. Research fields influenced by 
naturally occurring recognition processes are for example biomaterials3-5, material science6, 
sensor development and technology7, 8 as well as pharmacology9. Molecular recognition is of 
high interest in basic research and for deeper understanding of processes in receptor 
chemistry10, biomedical imaging6-8, 10, 11, drug screening and drug delivery12. To mimic 
naturally occurring reactions and responses, is a matter which needs to be done in a controlled 
well defined way and it is an absolute challenge. It is clear that the environment in the 
laboratory is often unlike the environment where the reactions take place naturally. Still, 
model systems in the laboratory, designed to mimic these complex bioselective interactions or 
parts of the interactions have in many cases shown to provide valuable information.3-5, 13-15 A 
well working model system must be robust, reproducible and well defined. One strategy to 
achieve detailed information about the investigated molecular systems is to use a combination 
of different experimental techniques and characterization methods in combination with 
methods used to investigate the binding between molecules. 

There are many existing powerful characterization methods for surface adsorbates such as X-
ray photoelectron spectroscopy16, X-ray absorption spectroscopy17, 18, X-ray emission 
spectroscopy18, ultraviolet photoelectron spectroscopy16 and infrared spectroscopy19. All of 
the mentioned techniques provide a lot of information about the investigated molecular 
systems; however they do not individually give the whole picture. The approach in this thesis 
is to combine a set of characterization methods to achieve information about the investigated 
molecular systems and to verify the results using these complementary techniques. 

The design of the molecules in this thesis has been inspired by molecular recognition in cell 
signaling and enzymatic activity.  Short descriptions about the investigated molecular 
systems, which include peptides and biomolecules, are presented in Chapters 2-3. 
Synchrotron radiation is described in Chapter 4. Several experimental methods that have 
been used in this thesis are described in Chapters 5-11. A summary of the included papers is 
given in Chapter 12 and future perspectives are presented in Chapter 13.   
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2 G-protein coupled receptors 

2.1 Cell signaling by G-protein coupled receptors 

G-protein coupled receptors (GPCRs) belong to the largest family of cell membrane bound 
receptors.20, 21 The protein is composed of seven helices spanning the cell membrane. The 
helices are connected with three extracellular loops and three intracellular loops. A schematic 
illustration of a GPCR is shown in Figure 2.1. A large variety of molecules interact with 
GPCRs such as neurotransmitters for example dopamine, noradrenaline and adrenaline as 
well as proteins, lipids and nucleotides.22 The binding of these ligands to the extracellular part 
of the receptor induces conformational changes in the receptor. Mutagenesis studies of 
rhodopsin in the 1990s showed that the orientation of helices 3 and 6 of the receptor changes 
upon activation.23, 24 It is believed that the conformation changes in the helices spanning the 
membrane facilitate the interaction between the receptors and the G-protein. The interaction 
between the GPCR and the G-protein induces a cascade of intracellular reactions and 
responses.25 The name G-protein originates from the fact that these proteins bind guanine 
nucleotides. The G-protein is composed of three subunits: α, β and γ and is found close to the 
intracellular part of the membrane.25  When the protein is in its inactive form, the α subunit is  
bound to GDP. Activation of the G-protein, through the interaction with the receptor, causes 
the GDP molecule to be exchanged with the GTP molecule. The activated trimeric G-protein 
dissociate into two parts: the Gα subunit and the Gβγ subunit. These two subunits can 
separately affect secondary proteins and thus induce different cellular responses of the 
receptor activation.25 Since at least 20 Gα subunits together with 12 Gγ and 5 Gβ subunits are 
known, a large variety of the trimeric G-proteins can bind to the GPCRs and mediate cell 
signaling.25  

 

 

  

 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2.1 A schematic illustration of a GPCR spanning the cell membrane with seven helices. 
When the receptor gets activated by the interaction with a ligand, conformational changes in the 
receptor facilitate the binding with the G-protein. As the inactive trimeric G-protein binds to the 
receptor and becomes activated, GDP is exchanged for GTP and the protein dissociates into two 
subunits: Gα and Gβγ. These two subunits can separately interact and activate other proteins.  

Ligand 

Extracellular 

Intracellular 

GPCR 

Effector protein 
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2.2 The GPR-peptides (papers I and II) 

The α-adrenergic receptor is one of the exciting GPCRs. This receptor is found in glands such 
as the liver and the pancreas as well as in smooth muscle cells in for example the eye, the 
arterioles, the veins, the stomach, the intestine, and the kidneys.26 The receptor is also present 
in the central nervous system.27 We have focused on the α2A-adrenergic receptor. This 
receptor interacts with G-proteins that have the Gα subunits: Gs, Gq/11 or Gi/o.22 There are 
certain regions of the intracellular loops of the receptor that are believed to be of special 
importance for the interaction with the G-protein.28-30 In paper I and II, the interaction 
between three different peptides, immobilized onto gold substrate, and the G-protein was 
investigated. The peptides were designed to mimic the second intracellular loop (i2), the c-
terminal of the third intracellular loop (i3c) and the n-terminal of the third intracellular loop 
(i3n), see Figure 2.2 and Table 2.1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Many of the existing drugs target GPCRs.31  Now the possibility of also using G-proteins as 
drug targets has been discussed in the literature.32, 33 Investigations of the interaction between 
the immobilized peptides, mimicking parts of the α2A- adrenergic receptor, and the G-protein 
could increase our knowledge about the potential of using the G-protein as a drug target and 
the possibility of using this kind of model system for drug screening. These investigations can 
provide information that increase the ability to design model systems for molecular 
recognition studies.  
 
 
 

Figure 2.2 A schematic illustration of the α2A–adrenergic receptor. The amino 
acids present in that particular part of the intracellular loops are shown by the 
one-letter abbreviations. The amino acid sequences shown in the figure are the 
same as in the peptides that we designed. 

Extracellular 

Intracellular 

N-terminus 

C-terminus 

Ec1 Ec2 Ec3 

Ic1 
Ic2 

Ic3 
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Name    Sequence    Remarks          Theoretical net charge   

GPR-i2c    H3N-QAIEYNLKRTPRRGGGC-ONH2   aa 1-13 corresponds to aa 137-149        +3  

      in the ic2-loop of the α2A-AR      

GPR-i3n    H3N-CGGGRIYQIAKRRTRVP-ONH2  aa 5-17 corresponds to aa 218-230        +5  

      in the ic3-loop of the α2A-AR      

GPR-i3c    H3N-RWRGRQNREKRFTGGGC-ONH2  aa 1-13 corresponds to aa 361-373        +5  

          in the ic3-loop of the α2A-AR          

Table 2.1 The primary sequence of the synthesized peptides and their location 
in the α2A-adrenergic receptor. To facilitate the immobilization onto the gold 
surfaces four additional amino acids were added to the peptides during the 
synthesis: three glycine amino acids and one cysteine amino acid.  
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3  The biomolecular adsorbates 

Three different biomolecular systems have been characterized using X-ray photoelectron 
spectroscopy, infrared spectroscopy and near edge X-ray absorption fine structure 
spectroscopy. The following sections include short descriptions about the investigated 
molecular systems. 

3.1 The noradrenaline and the Nor-Pt molecules (paper III) 

Noradrenaline is a ligand for adrenergic receptors.31 The chemical structure of noradrenaline 
is shown in Figure 2.3. The catecholamine noradrenaline is synthesized from dopamine by the 
activity of the enzyme dopamine β-hydroxylase34, 35 in the adrenal medulla26 and also in the 
central nervous system34, 35. Noradrenaline is both a neurotransmitter and a hormone.26  

 

 

 

 

 

A noradrenaline analogue, denoted Nor-Pt, was designed to be used in studies of molecular 
recognition processes such as the interaction between noradrenaline and its receptor. The 
chemical structure of Nor-Pt is shown in Figure 2.4. Noradrenaline was linked to 
mercaptopropionic acid (MPA), which works as a spacer, through the formation of an amide 
bond. The thiol group (-SH) is an effective linking group to gold substrate.  

 

 

 

 

 

3.2 The BOR-Capped and the BOR-Uncapped molecules (paper IV) 

Boronic acid has the capability to reversibly bind 1,2- or 1,3 diols, such as different sugars 
and catechols, through the formation of covalent bonds.36-38 This property makes boronic acid 
based molecules interesting for biosensor applications.39, 40  An alkane thiol terminated with a 
boronic ester moiety, which we call BOR-Capped, was designed. The thiol functional group 
facilitates the immobilization onto gold substrates. The BOR-Capped was adsorbed onto the 
substrate and the pinacolyl group was removed, on the surfaces, by transesterfication.41 The 

Figure 2.4. The chemical structure of Nor–Pt.  

Figure 2.3. The chemical structure of noradrenaline.  
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remaining molecular adsorbate is an alkane thiol terminated with a boronic acid moiety. This 
molecule is called BOR-Uncapped. The chemical structures of BOR-Capped and BOR-
Uncapped are shown in Figure 2.5. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The boron-based molecular system was designed as a mimicry of adrenergic receptor. The 
system was aimed for molecular recognition processes, involving the receptor interaction with 
catechols, for example dopamine and noradrenaline.  
 

3.3 The benzenesulfonamide derivative C6 and the AUT-C6  
molecule (paper V) 

Sulfonamides are molecules that have a R1-SO2-N-(R2R3) chemical structure. Derivatives of 
benzenesulfonamide have mainly been investigated for their ability to regulate the activity of 
carbonic anhydrase.9 Derivatives of benzenesulfonamide have been shown to interact with β3-
adrenergic receptors.42, 43 Carbonic anhydrase is an enzyme that is active in the respiratory 
system. It is found in erythrocytes where it catalyzes the formation of carbonic acid from 
carbon dioxide and water in deoxygenated blood.  

An amine-terminated alkane thiol (AUT) was adsorbed onto gold substrates. A 
benzenesulfonamide was, in a second step, bound to the AUT molecule by the formation of an 
amide bond. This linking procedure resulted in a benzenesulfonamide-terminated thiol on the 
gold surfaces. We denote this molecule AUT-C6. The chemical structures of C6 and AUT-C6 
are shown in Figure 2.6.   

The AUT-C6 molecular system was designed as a model system for molecular recognition 
between the immobilized benzenesulfonamide and carbonic anhydrase.  
 
 
 
 

BOR–Capped BOR–Uncapped

Figure 2.5. The chemical structures of BOR–Capped and BOR–Uncapped.  
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Figure 2.6 The chemical structures of C6 and AUT–C6. 
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4 Preparation of gold substrate and monolayer 

The gold surfaces, prepared by ourselves for measurements included in this thesis, were 
obtained using an electron beam evaporation system. Silicon (100) wafers were first cut in 
proper sizes and then cleaned in a basic peroxide solution (TL-1) (MilliQ water:NH3 
(25%):H2O2 (28%), 5:1:1) for approximately 15 minutes at 80º C. The TL-1 cleaned surfaces 
were then rinsed in MilliQ water, dried with nitrogen gas and inserted into the evaporation 
system. The silicon surfaces were first precoated with a 25 Å thick titanium film, working as 
an adhesion layer, and then coated with a 2000 Å thick gold film. The prepared gold surfaces 
were stored in Petri dishes until they were used. It has been shown that the Au films are 
preferentially grown in the (111) direction.44 A picture of a gold surface (20x40 mm) used for 
the IRAS measurements is shown in Figure 4.1 together with an AFM image of a gold 
surface.  

 

 

 

 

 

 

 

 

 

 

The functionalization of the gold surfaces was performed by adsorption of the peptides and 
biomolecules from an incubation solution. Monolayer samples, on gold surfaces, prepared 
from incubation solutions were presented for the first time in the 1980s by Nuzzo and 
Allara.45 Adsorption of molecules from a solution of alkane thiols onto gold substrates is 
nowadays well-established.46 It has been shown by for example scanning tunneling 

microscopy and atomic force microscopy that alkane thiols form hexagonal √3	 √3 30°                              
structures on Au(111) surfaces.47, 48 
 
 

 

 

Figure 4.1 A picture of a gold surface used for IRAS measurements and an 
AFM image of a gold surface. Both shown surfaces were prepared according to 
the procedure described in this chapter.  

1 μm
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5  Synchrotron radiation 

 
All of our NEXAFS measurements and the synchrotron based XPS measurements presented 
in this thesis have been performed at the bending magnet beamline D1011 at MaxLab in Lund 
(Sweden). Beamline D1011 is located at the MAX II storage ring. The principle of how to 
produce synchrotron light is the following; the electrons in a storage ring move with a high 
speed, close to the speed of the light. When they are accelerated, synchrotron light is 
emitted.49 In a bending magnet beamline the path of the electrons is bent by magnets. When 
the electrons experience centripetal acceleration synchrotron light is emitted tangentially to 
the circular path, in a very narrow cone (see Figure 5.1). Consequently, the emitted light is 
well collimated, which means that the emitted beam is almost parallel. 
 
 
 
 
 
                                                                                                         	
 
 
 
 

Figure 5.1 The synchrotron light from a bending magnet is emitted tangentially to  
the circular path in a cone that has an angular width of θ=1/γ where γ≡(1/(1-(v2/c2)))1/2.49 
The figure is redrawn from Attwood.49 

 
 
Synchrotron light sources have high brightness. The term brightness is defined as the power 
[photons/sec] per area that is radiated into a solid angle [(photons/sec)/mm2 · mrad2].49  
Experiments using light in the energy range of infrared region to the hard X-ray can be 
performed.  
 
The MAX II storage ring is a so-called 3:rd generation synchrotron radiation source. In the 
1:st and 2:nd synchrotron radiation sources, the electrons move in circular paths. The 3:rd 
generation radiation sources also include straight sections which contain undulators and 
wigglers. The straight sections have a number of magnets with a certain distance between 
each magnet. The electrons that experience the periodic magnetic fields in these sections will 
move in an oscillating motion. The difference between the undulators and wigglers is the 
strength of the magnetic field. The wigglers have a stronger magnetic field compared to the 
undulators.49 In the future, a 4:th generation synchrotron light source, which will include for 
example free-electron laser, will be available in Lund.50, 51 When using a free-electron laser 
the radiation can be pulsed (10-15 sec)49, which makes it possible to for example, investigate 
dynamic processes. 
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Beamline D1011 is equipped with a plane grating monochromator (PGM) and it is possible to 
use excitation energies in the range 30-1500 eV.52  The degree of linear polarization P> 0.95 
for beamline D1011, consequently the emitted light is well polarized.53 A picture of the front 
chamber of beamline D1011 is shown in Figure 5.2. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 5.2 The front chamber at beamline D1011, MaxLab, Lund, 
Sweden. 
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6 Near edge X-ray absorption fine structure 
spectroscopy 

6.1 General introduction 

The first results from near edge X-ray absorption fine structure (NEXAFS) spectroscopy 
measurements on chemisorbed molecules (CO, N2 and NO) on a solid substrate (Ni(100)) 
were presented in the literature in the beginning of 1980s by Jeager and Stöhr.54 With the 
increased number of synchrotron light facilities around the world, there has been an 
exponential increase in the number of published NEXAFS articles from less than 50 in the 
1980s to over 1000 in 21st century.55 In a NEXAFS experiment the photon energy of the 
incoming light is swept from energies just before the absorption edge to approximately 30-40 
eV after the edge. The transitions of core level electrons to unoccupied molecular final states 
and Rydberg states are probed. A resulting spectrum of such a process is shown in Figure 6.1. 
Both weak and pronounced peaks so called resonances with varying widths can be observed 
in the spectrum. The width is strongly correlated to the mechanism in the absorption    
process.17 Resonances such as π*, Rydberg (R*), C-H* and σ* are observed, where the * 
denotes that the orbital is empty. The possibility to tune the energy of incoming photons is 
one of the great advantages of synchrotron light sources. 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this thesis work we are focusing on molecular systems where excitations of electrons from 
the K-shell (carbon, nitrogen, boron, and oxygen) and the L-shell (sulfur) to final state 

Figure 6.1 A typical carbon K-edge NEXAFS spectrum of an 
organic molecular thin film on a metal surface with ranges 
showing where to expect the excitation energies of the π*, 
R*, C–H* and σ* resonances.  

π*, R* and C–H* σ*
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molecular orbitals (π* orbitals, C-H* and σ* orbitals) and Rydberg orbitals (R*) are present. 
The lowest unoccupied molecular orbital (LUMO) is the π*, which is located below the 
vacuum level (see Figure 6.2). The associated resonances in the NEXAFS spectrum is 
observed at excitation energies lower than the ionization potential.   

 

 

 

 

 

 

 

 

 

 
Figure 6.2 A schematic illustration of the potential diagram in a diatomic molecule.  
The figure is adopted from Stöhr.17  

 

Excitations of core electrons to π* orbitals exists in molecules with a chemical structure that 
includes multiple bonds. The π* resonances are often well-defined and the excitation energies 
needed for these transitions are influenced by the nearest chemical environment of the atoms 
in question.56, 57 Rydberg resonances (R*) and C–H* resonances are observed at photon 
energies lower than the ionization potential. It has been observed, for both smaller and larger 
hydrocarbon molecules, that the Rydberg resonance can be quenched if the molecules are 
oriented close to a metal surface.58, 59 Broad resonances observed in the NEXAFS spectra at 
excitation energies higher than the ionization potential are assigned to final state σ* molecular 
orbitals and multielectron excitations.17 The position of the resonances assigned as σ* 
transitions is dependent on the length of the bonds. The shorter bond length, the higher 
excitation energy is needed for the transition to occur. Consequently, resonances assigned to 
σ*(C–O) transitions are observed at lower photon energy positions compared to resonances 
assigned to σ*(C=O) transitions.  

When larger molecular systems are investigated, overlapping core-electron transitions may 
occur and the assignments are less straight forward. Analysis of overlapping resonances can 
be supported by analysis of experimental spectra from related molecular systems, as well as 
by modeling and analysis of calculated spectra.  
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6.2 X-ray absorption  

When a sample, such as a thin film composed of organic molecules is irradiated, the 
molecules and atoms within the sample can absorb energy from the photons. Absorption of 
electromagnetic radiation causes excitation of electrons to higher energy states. The 
probability of an electron excitation to occur can be expressed “as the number of electrons 
excited per unit time divided by the number of incident photons per unit time per unit area”. 
This is also the definition of the X-ray absorption cross section.17   

When a sample is irradiated with X-rays and the energy of the electromagnetic radiation is 
lower than 2000 eV, photoionization is the dominating process.17 Thus, the majority of the 
excited electrons are photoelectrons, see illustration in Figure 6.3.17 An empty core hole will 
be formed during the photoionization but such a state is not stable and the photoionization is 
within ~10-15 sec, followed by a de-excitation process i.e. the transition of an electron from a 
higher energy level to the core hole. The de-excitation processes can be radiative i.e. emission 
of photons or non-radiative i.e. emission of Auger electrons or Coster-Kronig electrons. (see 
Figure 6.3). The decay rate of the Auger emission or in other world the life time of the core 
hole, relative to the total decay rate is expressed in the term of Auger yield (ωA). The decay 
rate of the fluorescence emission and the decay rate of the Coster-Kronig process relative to 
the total decay rate are expressed in the term fluorescence yield (ωF) and Coster-Kronig yield 
(f), respectively. The sum of the Auger yield, the fluorescence yield and the Coster-Kronig 
yield is equal to 1,60 that is:  
  

	 1 
  
The Auger yield for the K shell is higher than the fluorescence yield for atoms with Z≤30.60 
 

 

 

 

 

 

 

 

 

 

 

Figure 6.3 The photoinization process is rapidly followed by the de-excitation of 
electrons at higher energy levels. The de-excitation process is radiative or non-
radiative. In the radiative process, photons are emitted from the sample. In a non-
radiative process, Auger electrons or Coster-Kronig electrons are emitted from the 
sample.  

(6.1) 
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If the excitation energy is lower than the threshold value, the core level electrons are instead 
excited to higher unoccupied energy levels. There are two so-called selection rules that need 
to valid in order for an electron transition to occur. These rules include restrictions regarding 
the orbital angular momentum quantum number (l) and the total angular momentum quantum 
number (j). The only allowed transitions are the ones that follow the rules: ∆ 1	and 
∆ 0, 1. The total angular momentum quantum number j is expressed as: 

 

 

where s is the spin quantum number. 

The excitation process is rapidly followed by the de-excitation process, which as in the case 
of photoionization can be non-radiative or radiative. Thus, the transitions can be probed either 
by detecting electrons or photons. We have used electron detection techniques.  

In the de-excitation process, the excited electron is either transmitted back to the core hole or 
the core hole is filled with an electron from another orbital.61 The excess in energy is used for 
the electron emission, see Figure 6.4.   

 

 

 

 

 

 

 

 

 
 

 
 

 

 

 

 

 

| | 
	

(6.2) 

Figure 6.4 The excitation of a core electron to higher unoccupied energy levels 
is followed by the de-excitation process. The de-excitation process is called a 
participator process if the core hole is filled with the same electron that was 
excited. If the core hole is filled with another electron than the one that was 
excited, the de-excitation process is called a spectator process.  
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When the photo-excited electrons move within the sample they can transfer energy to other 
electrons by collisions. Consequently a cascade of excitation processes begin within the 
sample, see the schematic illustration in Figure 6.5.  

 

 

 

 

 

 

 
 

6.3 The electron detection 

In NEXAFS, three different electron detection methods can be used to measure the X-ray 
absorption: Auger electron yield (AEY) detection, total electron yield (TEY) detection and 
partial electron yield (PEY) detection. The most straight forward detection method is to 
record all electrons emitted from the sample, thus using the total electron yield detection 
method. The majority of the electrons that are emitted from the sample, that contribute to the 
NEXAFS signal, will have low kinetic energies (<20 eV).17 The so-called universal curve, in 
which the mean free path of the electrons is plotted as a function of their kinetic energy, is 
shown in Figure 6.6. Our investigated molecular monolayer samples have thicknesses on the 
gold substrates in the range of approximately 10–30 Å. When using the TEY detection 
principle a small part of the total signal originates from our molecules at the surface and a 
majority of the contribution to the signal will originate from the bulk (in this case the gold 
substrate). Another way to detect the emitted electrons is to use the so-called partial electron 
yield (PEY) detection method. For the PEY method a retardation voltage is applied to the 
electron detector, and only electrons that have a higher energy than the cutoff energy will be 
detected. Consequently, the surface sensitivity is enhanced. We have used the PEY detection 
method for all our NEXAFS measurements presented in the articles included in this thesis. A 
retardation voltage of -150 eV was used for the carbon K-edge NEXAFS measurements. For 
the Auger electron yield detection method the electron energy analyzer is set to just detect 
electrons that have a certain kinetic energy.   
 
 
 
 
 
 

Figure 6.5 A schematic illustration of the creation of a cascade of interactions between 
electrons within a sample.   
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6.4 Angular dependent NEXAFS studies  

One of the advantages with NEXAFS is the ability to investigate the orientation of the final 
state molecular orbitals that are probed. This can be achieved by using the polarization 
dependence of NEXAFS. If the orientation of the final state molecular orbital can be 
described using a vector with a parallel orientation relative to main orbital axis and the light is 
linearly polarized. Then, the intensity for the observed corresponding NEXAFS resonance (Iv) 
can be expressed according to Equation 6.4.  

 

 

where e is the unit vector of the electric field and | |  is a matrix element with the same 
direction as the final state molecular orbital. In equation 6.3, δ is defined as the angle between 
the electric field vector ( ∥) and a vector parallel to the axis the final state molecular orbital 

(O), see Figure 6.7. The highest intensity is observed when the vectors ∥ and O are parallel.  

Figure 6.6 The so-called universal curve. The inelastic mean free path is plotted 
as a function of the kinetic energy of the electrons. The shape of this curve is 
common for many materials.  

| ∙ | | | ∝  (6.3) 
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Figure 6.7 A schematic illustration showing how the angles δ, α,	  and θ are defined (adopted from 

Stöhr17) . ∥ is the electric field vector component with a parallel orientation relative to the plane of the 

incidence light and  is the electric field component with a perpendicular orientation relative to the 
plane of the incidence light.  

In Figure 6.7, θ is defined as the angle between the surface normal and the ∥ component of 
the incidence light, α is defined as the angle between the surface normal and a vector with a 
parallel orientation to the axis of the final state molecular orbital and  is an azimuthal angle.  

One example of a molecular orbital, for which the orientation can be described by using a 
vector is the σ* orbital in a single bond and another example includes the π* orbitals for 
aromatic rings. The orientation of the σ* orbital in a single bond can be described by using a 
vector along the bond axis. The orientation of π* orbitals associated with aromatic ring 
structures can be described by using a vector parallel to the main axis of the π* orbitals, see 
Figure 6.8. In the following section molecular orbitals for which the molecular orientation can 
be described using a vector will be discussed.  

 

 

 

 

 

 

 

 

Figure 6.8. A schematic illustration showing the directions of the vectors parallel to σ* and π* 
orbitals for single bonds and for aromatic ring structures. (adopted from Stöhr17) 

π or σ vector 
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The total intensity of the observed NEXAFS resonances depends both on the ∥ component 
and the  component of the electric field vector (E). The total resonance intensity can be 
expressed as: 

 

where  is the total resonance intensity associated with a final state molecular orbital for 
which the orientation can be described using a vector with a parallel orientation relative to the 
orbital axis, ∥ is the intensity for the ∥	component of the electric field vector,  is the 
intensity for the  component of the electric field vector, P is the degree of linear 
polarization and A is a constant.  

The relative intensity of the E║ component, or the degree of linear polarization, can be 
expressed according to equation 6.5.  

 

 

For the bending magnet beamline D1011 at MaxLab (see Chapter 5), which has been used for 
all our NEXAFS measurements, the degree of linear polarization P> 0.95.53  The contribution 
from the  component to the total intensity for this beamline is small.  

∥	can be expressed as: 

 

                     
 
and  can be expressed as: 
 
 

Due to the symmetry of the substrate, such as the gold surfaces in our case, Equations 6.6 and 
6.7 can be simplified as: 
 

∥ 	
1
2

	
1
3
1

1	
2
3 1 3 1  

 

 

where θ is defined as the angle between the surface normal and the ∥ component of the 
incidence light and α is defined as the angle between the surface normal and a vector parallel 
to the axis the final state molecular orbital (O) as stated previously. 

| ∥|
| ∥| | |

 (6.5) 

∥ 	 	 2 	 	  

 

(6.6) 

(6.7) 

(6.8) 

	
1
2

 (6.9) 

∥ 1  (6.4) 
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θ is determined by the experimental setup. By mapping the intensity of the resonances in the 
recorded spectra as a function of incidence angles of the light (θ), the angle α can be 
extracted.  

The relative ratios of the intensities of the resonances observed in the collected spectra (I90° 

/Iθ) are plotted as a function of the angle α (defined as the angel between the surface normal 
and a vector parallel to the molecular orbital), when using different incidence angles of the 
light, in Figure 6.9.  

 

 

 

 

 

 

 

 

 
 

 

 

We have investigated the average tilt orientation of the aromatic ring structures of Nor-Pt, 
BOR-Capped, BOR-Uncapped and the AUT-C6 molecues (Paper III, IV and V) by using the 
resonance associated with the electron transition of core electrons to the π* molecular final 
states.  

 

6.5 Normalization procedures 

Several normalization procedures for fluctuations in the intensity of the incident light have 
been suggested by Stöhr.17 The intensity in the spectrum is dependent on the intensity of the 
X-ray light. Normalization procedures are therefore needed to compensate for time dependent 
changes in the intensity of the incident light. Carbon contamination on optical elements 
induced by exposure to X-rays is frequently observed. This reduces the intensity of the 
incident light and complicates the carbon edge region.62 An example of this effect is shown in 
Figure 6.10, where two raw C K-edge spectra recorded on the same molecule are presented. 
The data were collected at two separate occasions with 30 months between the two 
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Figure 6.9 Relative intensities (I90° /Iθ) of the observed resonances plotted as a function of 
α (the angle between a vector with a parallel orientation relative to the molecular orbital 
and the surface normal), using different incidence angles of the light (θ). P=0.85. 
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measurements.  There is a significant decrease in the intensity at about 284 eV in Figure 6.10 
A compared to Figure 6.10 B. We are often interested in measurements performed at the 
carbon K-edge (275–325 eV) and consequently a proper normalization procedure to 
compensate for these structures is important. We have chosen to normalize each experimental 
spectrum using division by a sputtered clean gold surface spectrum recorded at the very same 
angle of incident light.   

 

 

 

 

 

 

 

 

 

 

 

 

 

The photon flux at synchrotron facilities varies during the measurements and is dependent on 
the periodicity of the injections. At MAX-lab, the electrons are usually injected into the 
storage ring two times per day. The maximum intensity of the X-ray light is directly after the 
injections and is then gradually reduced until a new injection takes place. To compensate for 
variations in the intensity of the incident light, the spectra are also normalized to the pre-edge 
and the post-edge.  

 

  

A 

Figure 6.10 Raw NEXAFS spectra of the same molecule with 30 months between the 
two measurements, (A) before and (B) after that the X-ray induced carbon 
contaminations on mirrors had been reduced. The same incidence angle of the light was 
used for both measurements.  

B 
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7 X-ray photoelectron spectroscopy 

7.1 General introduction 

When a material, such as a metal or a monolayer of an organic thin film, is irradiated with 
electromagnetic radiation with sufficient high energy, electrons are emitted from the material. 
This mechanism is called photoionization or the so-called photoelectric effect and was 
discovered by Heinrich Hertz in 1887.16, 63 This phenomenon is used for the surface 
characterization technique X-ray photoelectron spectroscopy (XPS). Since each element has 
its own unique set of electrons and the binding energy of the electrons is specific, information 
about the elemental composition, the relative ratio as well as information about the closest 
chemical environment can be obtained from the XPS measurements.  

The first X-ray photoelectron spectroscopy spectrum was published in the 1950’s by Kai 
Siegbahn and his research group in Uppsala (Sweden) and it was also Siegbahn et al. whom 
first introduced the name ESCA, which stands for electron spectroscopy for chemical 
analysis.63 Kai Siegbahn was awarded the Nobel Prize in physics in 1981 for his work with 
electron spectroscopy.64  An overview core level XPS spectrum is shown in Figure 7.1.   

 

 

 

 

 

 

 

 

 

 

 
The main sharp peaks that we observe in the XPS spectrum (Figure 7.1) originate from the 
emission of core level electrons. We also have peaks from the Auger process, as well as 
valence structures close to the Fermi level, and inelastic scattering processes. When 
photoelectrons are traveling through the material towards the surface, there is a certain 
probability that they collide and interact with matter and by that lose some of their energy (see 
Figure 6.5, Chapter 6). The increase in the background signal on the high binding energy side 
of the main peaks is mainly due to these inelastic scattering processes.63   
 

Figure 7.1  An overview XPS spectrum of monolayer of the peptide GPR–i3c on gold 
substrate. The most prominent peaks in the spectrum originate from the gold substrate.   

hν=1253.6 eV
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In the photoemission process, the relationship between the energy of the electromagnetic 
radiation, the kinetic energy of the emitted electrons, and the binding energy (or ionization 
energy) of the electrons, is commonly described as:  

                               

 

where  is the photon energy,  is the kinetic energy of the emitted electron and  is 

the binding energy of the emitted core electron.  

Equation 7.1 was presented by Albert Einstein in the beginning of the 20th century and is valid 
for gaseous samples. Equation (7.2) is valid for solid samples:                               

 

 

where q is the charge of the electron and 	is the work function. The work function is the 
minimum energy required to remove an electron from a solid or in other words the energy 
required to move an electron from the Fermi level to the vacuum level, see Figure 7.2. When 
the sample and the spectrometer are in electrical contact, the sample is grounded to the 
spectrometer. The Fermi level of the sample will align with the Fermi level of the 
spectrometer, see Figure 7.2. The kinetic energy of the emitted electrons  can be 
measured using an electron energy analyzer. The work function of the spectrometer  can 

be obtained and the energy of the electromagnetic radiation (hν) is known. Consequently, 
information about the binding energy of the electrons (EB) can be extracted.  
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Energy scheme for the sample Energy scheme for the spectrometer

Figure 7.2  Energy scheme for the sample and the spectrometer. If the sample and the 
spectrometer are conductively coupled, the Fermi level of the sample is aligned with the 
Fermi level of the spectrometer.  
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The intensity of a core level peak, originating from the emission of a core level electron is 
dependent upon a number of different parameters, see Equation 7.3.  
 
In Equation 7.4 the emission of an electron from a core level X of an atom A is considered.  
 

	 	 Φ 	   

 

/ Φ  

 
where IAX is the intensity , is the cross section,  is the detection efficiency for 
the emitted electrons,  is the angular asymmetry factor, Φ 	is the 
transmission of the electron analyzer,  is the flux of the X-ray line in the plane of 
detection on the sample,	  is the atomic density, z is the distance from the surface of the 
sample that the electrons are detected and  is the inelastic mean free path. It is very 
difficult to calculate the absolute intensity using Equation 7.3.16 Instead we can calculate the 
relative ratio of the element in a sample by using Equation 7.4.  
 
 
 
 
 
 
where IAX  is the intensity of the signal detected for the emission of an electron from the core 
level X of an atom A and IBT is the intensity of the signal detected for the emission of an 
electron from the core level T of an atom B. 

 
One of the strength with XPS is the ability to obtain information about the molecular 
structure. Differences in the chemical environment will induce shifts in the binding energy 
positions of the observed core level peaks in the XPS spectra. This is illustrated in Figure 7.3. 
Two peaks are observed in the O(1s) core level spectrum of  BOR-Capped monolayer. The 
peak observed at the lower binding energy position has been assigned to the oxygen present in 
the amide moiety and the peak observed at higher binding energy position has been assigned 
to the oxygen linked to the boron atom in the boronic ester functional group.   

 

 

 

 

 

(7.3) 

(7.4) 	≃  
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Several secondary structures can also be observed in an ordinary XPS spectrum. Examples of 
secondary structures are shake-off satellites, shake-up satellites, broadening due to vibrational 
excitation and so-called electrostatic splitting (multiple splitting).63 Shake-up satellites can be 
observed in spectra from measurements of molecules with aromatic ring structures and are 
caused by transitions of electrons from HOMO to LUMO thus π to π* transitions.16, 63 These 
shake-up satellites are observed at the high binding energy side of the main peak. The 
excitation of electrons from HOMO to LUMO is caused by a relaxation of the valence 
electrons.  When a core electron is emitted and the molecule becomes ionized the valence 
electrons experience an enhanced positive charge from the nucleus, which causes the 
relaxation. A core level C(1s) spectrum of multilayer samples of the noradrenaline molecule, 
is shown in Figure 7.4 

 

 

 

 

 
 

Figure 7.3 Shifts in the binding energy positions of the observed peaks 
in a XPS spectrum are due to differences in the closet chemical 
environment of the element in question.   
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7.2 Surface sensitivity and angular dependence  

The X-ray photons that are used to excite the electrons can penetrate deep into the sample, but 
only a small part of all the excited electrons can be detected due to the so-called inelastic 
scattering process. Many of the electrons that move within the substrate will experience an 
energy loss by inelastic collisions with other electrons. Even thought the X-ray photons that 
are used to excite the electrons can penetrate deep into the sample, only a part of all the 
excited electrons can be detected.  The inelastic mean free path of an electron is the average 
distance that the electron can move within the substrate without interacting with other 
particles. The inelastic mean free path (IMFP) of the electrons has been plotted has a function 
of the kinetic energy of the electrons in Figure 6.6 (the so-called universal curve). If one 
consider for example photons emitted from the Mg Kα (1253.6 eV) anod, the mean free path 
of the photoelectrons is 10-20 Å for our investigated moleules. The number of electrons 
created at a thickness d, reaching the surface can be expressed as: 
 
 
 
 
where I is the intensity of the electrons that reach the surface, I0 is  the intensity of the 
electrons created at a thickness d, λ is the inelastic mean free path and θ is the angle between 
the surface normal and the detector. If a normal takeoff angle (TOA) of the electrons is 
considered, thus θ=0 then 95% of the collected electrons originates from a thickness d=3λ and 

 

	

(7.5) 

Figure 7.4  A core level C(1s) XPS spectrum of a multilayer sample of noradrenaline 
showing a shake–up satellite on the high binding energy side of the primary peaks.    

π              π* 
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approximately 63% of the collected electrons originates from a thickness d=λ. By changing 
the TOA angle the surface sensitivity can be enhanced even further.65  
 

7.3 X-ray induced damages 

XPS is considered to be a relatively gentle characterization technique.63 X-ray induced 
damages may though occur for sensitive samples when using high flux or prolonged exposure 
time. Therefore it is important to control if there are time-dependent changes of the line shape 
in the spectra. We investigated if the monolayer of Nor-Pt on gold surfaces was sensitive to 
X-radiation, see Figure 7.4 An obvious change in line shape was observed when comparing 
the spectra recorded before and after 30 minutes of X-ray exposure.  

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 7.4 X-ray sensitivity was investigated and a change of the line shape was observed when 
we compared the spectra recorded before and after 30 minutes of X-ray exposure. These 
measurements were performed on a non-cooled sample of Nor-Pt monolayer on a gold surface.   
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Thus, care should be taken when measuring on biomolecular systems. These damages can be 
limited by shortening the exposure time i.e. the total dose. This can be done for example by 
changing the spot of irradiation i.e. limit the measurement time on each spot.66 Another way, 
to limit the X-ray effect that has been shown to be effective for several of our molecular 
systems is to cool the sample while measuring.  
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8 Infrared Spectroscopy 

8.1 General introduction 

Infrared (IR) spectroscopy can be used for identification of both organic and inorganic 
compounds and it is commonly used for detection of chemical functional groups in the 
investigated samples.19, 67 Information about the functional groups in organic materials65, 68,  
molecular conformation69 as well as the orientation of molecular adsorbates can be   
obtained65, 68. The principle of infrared spectroscopy is based on the absorption of light in the 
infrared region  A molecular sample is irradiated and the absorption of the infrared light can 
be extracted by recording the intensities of the electromagnetic radiation before (I0) and after 
the interaction with the sample (I).19 Wavenumber (cm-1) is frequently used in IR 
spectroscopy as energy unit, compared to X-ray based techniques such as X-ray photoelectron 
spectroscopy and near edge X-ray absorption fine structure spectroscopy, where the excitation 
light used is measured in terms of electron volts (eV).   

 

 

 

 

 

 

 

 

 

 

 

 

A typical IR spectrum is shown in Figure 8.1. A large number of vibrational bands is 
observed in the spectrum. The vibrational bands can be assigned to different vibrational 
modes in the investigated molecules. The energy needed for excitation of vibrational modes in 
the molecules is specific, thus qualitative information can be obtained. The intensity of the 
vibrational bands is dependent on the number of the same vibrational mode that contributes to 
that specific vibrational band, thus quantitative information can also be obtained. The 
wavenumber region, from about 1500–650 cm-1, contains unique information for each 
molecule, due to the presence of coupled skeletal and bending vibrations in single bonded 

Figure 8.1 An IR spectrum recorded on a multilayer sample on a CaF2 window.  

45



34 
 

organic molecules.19 This region is used for identification of organic molecules and is 
therefore called the fingerprint region. IR spectroscopy is a gentle and sensitive 
characterization method, thus monolayer samples can be investigated without the need to 
consider possible induced radiation damages.  

8.2 The vibrational excitation  

If we assume that the bond between an atom A and an atom B, in a simple model, can be 
considered as a spring with force constant (kAB) and that the molecular vibration can be 
considered as a harmonic oscillation, then the frequency of the vibrational mode can be 
expressed as19, 67:  

 

 

 

where ν is the frequency of the vibrational mode, kAB is the force constant, c is the velocity of 
the light and μAB is the reduced mass for the molecular system (atom A + atom B). The 
reduced mass can be written as: 

 

 

where mA and mB are the atomic mass of atom A and atom B, respectively.  

The relationship between frequency (ν) and wavenumber (ν) can be expressed according to 
(8.3).  

 

The vibrational bands observed in IR spectra originate only from vibrational modes that have 
induced a change in the dipole moment, i.e. the so-called transition dipole moment (Mi) for 
the vibrational mode has to be non-zero (see  Equation 8.4). 

 

 

where Mi is the transition dipole moment associated with the vibrational mode i, μ is the 
dipole moment and Qi is the vibration coordinate for the vibrational mode i. 

The intensity (I) of the absorption can be expressed as70, 71: 
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where E is the electric field vector, Mi is the transition dipole moment and  is the angle 
between the E-vector and a vector parallel to the transition dipole moment of the vibrational 
mode.  

This means that vibrational modes that induce large changes in the transition dipole moments 
will contribute to vibrational bands in the IR spectra with relatively high intensities. The 
absorbance will be maximized if the transition dipole moment vector and and the electric field 
vector E have a parallel orientation relative to each other. This polarization dependency can 
be used to obtain information about the orientation of a specific vibrational mode.  

8.3 Infrared reflection-absorption spectroscopy (IRAS) 

 In IRAS, the molecular orientation can be obtained due to the fact that only vibrational 
modes with a component that has a parallel orientation relative to the surface normal will be 
see in the spectrum, when the absorption of molecules on a reflecting surface is measured.70 
The component of the electric field with a perpendicular orientation relative to the plane of 
the incidence light (  is approximately equal to zero at the surface 0 .  This is due to 
the fact that there is a phase shift of 180º when the light is reflected (see Figure 8.2), and the 

 component and the	 component will cancel each other out. If the incidence angle of the 
light (θ) is high (>80º), the component of the electric field with a parallel orientation relative 
to the plane of the incidence light ∥  will be enhanced at the surface (see Figure 8.2).  

 

 

 

 

 

 

 

 

When measuring the absorption of multilayer samples there is always some molecules with 
the transition dipole moment vector parallel to the electric field vector. This means that all 
vibrational modes that induce a change in the dipole moment can be observed in a TR 
spectrum.  The vibrational modes observed as resonances in the IRAS spectrum on the other 
hand follow the surface selection rule.70 This means that only vibrational modes with 
transition dipole moment components that have a parallel orientation relative to the surface 
normal will be observed in the IRAS spectra. By comparing the results from the TR 
measurements on multilayer samples with the results from the IRAS measurements 
information regarding the orientation of the molecules, when they are adsorbed onto the 
surfaces, can be extracted. 

Figure 8.2 The electric field component that has a perpendicular orientation 
relative to the plane of the incidence light is cancelled at the metal surface. 
The electric field component that has a parallel orientation relative to the 
plane of the incidence light is enhanced, if the incidence angle (θ) is large. 
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A narrow region (1700–1575 cm-1) of transmission IR (isotropic) and IRAS spectra of the 
BOR-Capped molecule are shown in Figure 8.3. The vibration band centered at 
approximately 1665 cm-1 originates from C=O stretching vibrational mode in the amide 
moiety. In the isotropic IR spectra this vibrational band is clearly observed but in the IRAS 
spectrum the band is hardly noticeable. This results indicate that the main component of the 
C=O stretching vibrational mode is oriented parallel to the surface due to the fact that when 
measuring on samples adsorbed onto a reflecting surface, excitation of  vibrational modes 
follow the surface selection rule.  
 
 
 
 

  

 

  

 

 

 

 

 

 

 

 

 

 

 

The transmission IR results presented in this thesis have been collected on a Bruker Vertex 70 
instrument and a Bruker IFS 66v instrument. The IRAS measurements were performed on a 
Bruker IFS66 instrument. 

 

 

Figure 8.3 IR spectra of (A) multilayer sample (isotropic) of BOR-Capped and (B) monolayer of BOR-
Capped adsorbed onto a gold surface. The vibrational band centered at about 1665 cm–1originate 
from C=O stretching vibrational mode in the amide moiety of the BOR-Capped molecule. The 
vibrational band is observed in the isotropic IR spectrum but barely noticeable in the IRAS spectrum. 
Due to the surface selection rule it is possible to draw the conclusion that the main component of the 
C=O stretching vibrational mode is oriented parallel to surface for the BOR-Capped molecule 
adsorbed on gold. 

A 

B 

1665 
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9 Biospecific interaction analysis  

9.1 General introduction 

The biospecific interaction analysis (BIA) was presented for the first time in the beginning of 
the 1990s.72 BIA is a label-free biosensor technology used for real-time investigations of 
molecular interactions.72, 73  Information about for example the affinity and the kinetics of the 
binding can be obtained.72 In BIA, analyte molecules are flown over a sensor surface and the 
interactions between the analytes and the ligand molecules, immobilized on the surface, are 
monitored. The response signal is plotted as a function of time in a so-called sensorgram, see 
Figure 9.1.  The binding between the analyte and the ligand is observed as an increase in the 
response signal (the association phase). The dissociation of the interaction between the 
analyte and the ligand is observed as a lowering of the response signal.  

 

 

 

 

 

 

 

 

 

Figure 9.1. A sensorgram showing the interaction between the G-protein and the surface 
immobilized GPR-i3n peptide. 1 RU corresponds to a G-protein surface concentration of 1 
pg/mm2.  

 

9.2 The detection principle 

BIA is based on the surface plasmon resonance phenomenon or the so-called SPR.72, 73 A SPR  
instrument is composed of a light source, a sensor surface, glass prism, flow channels and a 
photo detector, see Figure 9.2.72, 73 The surfaces used for SPR measurements have a thin layer 
of gold ~500 Å on one side and glass on the other side.73 The flow channels are in contact 
with the gold film. Consequently, the analyte molecules interact with ligand molecules 
immobilized on the gold film. The light is monochromatic and polarized parallel to the plane 
of incidence.73, 74 The glass side of the sensor surface is irradiated with the incidence light.  

association phase 

dissociation phase 
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glass prism
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  polarizer 

If the angle of the incidence light is larger than the so-called critical angle (θ>θc) total internal 
reflection occur at the interface between the glass prism and the gold surface. A major part of 
the light is reflected but an evanescent field penetrates into the gold substrate. If the gold film 
is thin enough (approximately 500 Å) the evanescent field penetrates through the film and 
create a surface plasmon at the interface between the gold and the ambient media, which can 
be for example a buffer solution containing the analyte molecules. Liedberg et. al. have 
described a surface plasmon as “a charge density wave occurring at the interface between a 
metal and a dielectricum”.72   

The propagation vector for the surface plasmon can be expressed as:  

 

 

When the momentum of the propagation vector for the surface plasmon (ksp) and the wave 
vector component of the electromagnetic radiation that is parallel to the plane of the surface 
(kx) is equal i.e. ksp = kx there will be an enhancement of the evanescent field into the ambient 
media and a significant decrease in the intensity of the reflected light. This is called surface 
plasmon resonance and occurs when the incidence angle of the light is θsp.  
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(9.1) 

Figure 9.2 The glass prism side of the sensor surface is irradiated and an evanescent field is 
created perpendicular to the surface. At a certain angle of the incidence light, the so–called SPR 
angle (θsp), the momentum of the wave vector kx of the electromagnetic radiation is equal to the 
propagation vector for the surface plasmon ksp. At the SPR angle there is a large decrease in the 
intensity of the reflected light. The angle at which the surface plasmon resonance occurs is 
dependent on the refractive index of the ambient media.   
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Equation 9.1 can be rewritten as: 

 

 
The refractive index of the gold film and the glass prism is constant. But changes of the 
refractive index of the ambient media may be induced when molecules bind to the sensor 
surface. This will influence the  angle (the SPR angle). A change in the  angle of 

0.0001° (Δθsp = 0.0001°) corresponds to 1 resonance units or response units (1 RU).  

Both a Biacore 2000 and a Biacore 3000 have been used for the SPR measurements included 
in this thesis. The Biacore 3000 instrument is shown in Figure 9.3 together with a sensor chip. 
A variety of pre functionalized sensor chips that already from the beginning are functionalized 
with biomolecular matrixes suitable for biointeraction studies are commercially available. In 
this thesis we have made our own sensor chips by immobilized molecules of our own design 
onto the gold film.  

 

 

 

 

Figure 9.3 The Biacore 3000 instrument used for the SPR measurements included in article V and a 
sensor chip. The sensor chip is made of glass with a gold film on one side. The gold film has to be 
thin (~500 Å) in order for the evanescent field to be able to create surface plasmon at the interface 
between the gold and the ambient media. 

	 ∙
∙

 
(9.2) 
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10 Null ellipsometry 

Null ellipsometry is an optically based technique commonly used for thickness measurements 
of biomolecular films. It is with this technique possible to obtain information about the 
amount of proteins, peptides or molecules on reflecting surfaces, such as the gold substrates 
prepared and used in this thesis. The measured film thickness is an average of the molecular 
density from an area of approximately 1 mm2.70 Consequently, the most precise values are 
obtained for homogenous molecular films. For more inhomogeneous systems, such as films 
based on small molecules mixed with larger molecules, the analysis is more complex. If the 
systems are known, ellipsometric measurements provide valuable information.  

The refractive index of a clean gold surface is measured before the surfaces are placed in the 
incubation solution.  If the refractive index of the ambient media and the refractive index of 
the molecular film are known, the thickness of the molecular film on the surface may be 
obtained. The refractive index, for many molecular systems such as for proteins75 and alkane 
thiols76, can be found in the literature.  

The concentration of the proteins on the gold surfaces can be calculated by using Equation 
10.1.70 

 

 

where d is the thickness, in nm, obtained from the ellipsometry measurements and K is the 
density of the proteins in air, which is approximately 1.2 g/ml. The surface concentration (Γ) 
of the proteins is given in the unit ng/mm2. 

 

The ellipsometric measurements in this thesis were performed on an automatic Rudolph 
Research AutoEl ellipsometer equipped with a He-Ne light source. The wavelength of the 
light is 632.8 nm and the incidence angle is 70º.  

 

Γ ∙  (10.1) 
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11 Contact angle goniometry 

Information regarding the wettability of a functionalized surface can be obtained using 
contact angle goniometry. This is a straight forward technique where a droplet of water is 
placed on the surface and the angle between the tangent of the water drop and the plane of the 
surface is measured. A schematic illustration of the contact angle (θ) is shown in Figure 11.1. 
The water molecules are just able to interact with the molecular moieties present a few 
angstroms down in a monolayer; consequently it is the top layer of a molecular film that 
determines the wettability of the surface. 77 A surface is assumed to be wetting if the contact 
angle is small (less than 10º).78 A non-wetting surface has a high contact angle (~110-115°).79  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

In this thesis, the static contact angle of water was measured using a CAM 200 goniometer.  

Figure 11.1 The contact angle (θ) is defined as the angle between the tangent of a liquid drop and 
the plane of the surface. 
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12 Summary of Papers 

This chapter contains short summaries of the articles included in this thesis. 
 
Paper I  
 
Three peptides mimicking the second intracellular loop (GPR-i2c), the n-terminal of the third 
intracellular loop (GPR-i3n) and the c-terminal of the third intracellular loop (GPR-i3c) of 
α2A-adrenergic receptor were designed. The peptides were chemisorbed onto gold surfaces. X-
ray photoelectron spectroscopy and infrared spectroscopy were used to characterize the 
peptides. The interaction between immobilized peptides and the G-protein was investigated 
using surface plasmon resonance. The X-ray photoelectron spectroscopy measurements 
showed that all of the three peptides were chemically linked to the gold substrates through 
thiolate bonds.  The infrared spectroscopy measurements verified the presence of amide I and 
amide II vibrational bands, which is significant for vibrational modes in the amide moiety. 
The surface plasmon resonance measurements showed that the GPR-i3n peptide has the 
highest binding capability towards the G-protein and that multilayer of the G-protein was 
formed on the gold surfaces functionalized with the GPR-i3n and the GPR-i2c peptide.  In 
this work we propose that the formation of G-protein multilayer is due to induced 
conformation changes of the protein during the interaction with the GPR-i2c and the GPR-i3n 
peptides.  
 
Paper II  
 
Mixed monolayers of a peptide mimicking the n-terminal of the third intracellular loop (GPR-
i3n) of the α2A-adrenergic receptor and a short oligo peptide (3GC) on gold surfaces were 
prepared. The monolayers were characterized using X-ray photoelectron spectroscopy and 
ellipsometry. The GPR-i3n peptide was labeled using 125I and the mass concentration of the 
GPR-i3n peptide on the surfaces was measured using radioimmunoassay (RIA). The 
interaction between the mixed monolayers and the G-protein was investigated using surface 
plasmon resonance (SPR). Presence of thiolate sulfur species only was verified by XPS 
measurements for both GPR-i3n peptide monolayer as well as 3GC oligopeptide monolayer. 
Consequently, both the GPR-i3n and the 3GC oligopeptide were chemically bound to the gold 
substrates. The surfaces concentrations of the GPR-i3n and 3GC as a function of the molar 
fraction (%) of the molecules present in the incubation solutions could be obtained based on 
results from ellipsometry and RIA. It was shown that even a small amount of 3GC present in 
the incubation solution (1%) has an impact on the amount of GPR-i3n adsorbed onto the gold 
surfaces. The SPR measurements showed that by mixing the GPR-i3n with the 3GC 
oligopeptide the binding of the G-protein could be enhanced. We conclude that the 3GC 
induce conformational changes of the GPR-i3n peptide on the surfaces that facilitate the 
binding to the G-protein. 
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Paper III 
 

In Paper III, a noradrenaline analogue (Nor-Pt) was studied. Noradrenaline is a catecholamine 
that binds adrenergic receptors. In this paper, noradrenline was linked to a mercaptopropionic 
acid, which both facilitates the binding to the gold substrates and works as a spacer. It was 
shown, based upon the experimental results obtained from XPS, IR and NEXAFS 
spectroscopy, that the Nor-Pt molecules form an organized monolayer with the sulfur atom 
oriented close to the gold surface and the aromatic ring structure facing the ambient media. 
Vibrational bands characteristic for the amide moiety were observed in the IR spectra of Nor-
Pt. The results indicated that the main component of the C=O stretching vibrational mode in 
the amide moiety is oriented parallel to the surface. The average tilt angle of the vector 
parallel to the π* orbitals of aromatic ring was estimated to be 51º relative to the surface 
normal for Nor-Pt adsorbates, based on the NEXAFS results. The experimental XPS, IR and 
NEXAFS results were supported with theoretical calculations.  
 

 Paper IV 
 
Monolayers of a boronic ester terminated-alkane thiol (BOR-Capped) and a boronic acid 
terminated-alkane thiol (BOR-Uncapped) were investigated in Paper IV. Boronic acid based 
molecules can reversibly bind 1,2-diol containing molecules and could be used as a mimicry 
of a receptor for i.e. noradrenaline.  BOR-Capped was immobilized onto the gold substrate 
and the pinacolyl functional group was removed on the surfaces by transesterfication, which 
resulted in a monolayer terminated with a boronic acid functional group (BOR-Uncapped).  It 
was shown, based on the results obtained from the IR, XPS and NEXAFS experimental 
measurements, that BOR-Capped and BOR-Uncapped form organized molecular monolayer 
on the gold substrates. Both molecules are linked to the gold surfaces by thiolate bonds. No 
other sulfur species, such as unbound sulfur, oxidized sulfur or X-ray induced sulfur species 
were observed. The IR results indicated that the main component of the C=O stretching 
vibrational modes in the amide moiety of the BOR-Capped molecule has a parallel orientation 
relative to the gold surface. The NEXAFS and the IR results indicated that the plane of the 
aromatic ring of the BOR-Capped has a preferential orientation toward the normal of the gold 
surface while the plane of the aromatic ring of BOR-Uncapped has a more tilted orientation. 
The experimental IR and NEXAFS results were complemented with theoretical calculations 
to further strengthen our assignments.  
 

Paper V 
 
In paper V, a benzenesulfonamide-terminated thiol (AUT-C6) was investigated. Derivatives 
of benzenesulfonamide can bind to the enzyme carbonic anhydrase and influence its activity. 
The experimental results obtained from the XPS, IR and NEXAFS measurements indicate that 
the AUT-C6 molecule forms well-organized, semi-thick monolayer on the surfaces, with the 
important benzenesulfonamide part of the molecule facing the ambient media. The NEXAFS 
results indicated that the plane of the aromatic ring has a preferential orientation toward the 
gold surface normal. The possibility of the AUT-C6 monolayer to be used a model system for 
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molecular recognition was evaluated by investigating the binding to carbonic anhydrase.  
Ellipsometry and SPR studies of the binding between the AUT-C6 molecule and carbonic 
anhydrase indicate that the AUT-C6 molecular system has the potential to be used as a model 
system for molecular recognition.  
We have combined the results observed in the experimental measurements with theoretical 
calculations to further strengthen our assignments and to increase our knowledge about the 
investigated systems.  
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13 Future perspectives 

There are many interesting project that could be developed based upon the information 
obtained in this thesis. Some ideas about future experiments are presented in this following 
chapter.  
To further explore the interaction between the GPR-peptides and the G-protein it would be 
valuable to investigate the interaction between the immobilized GPR-peptides and the G-
protein that had been pre-incubated with the same peptide that is immobilized onto the 
surfaces. This study could provide information about the specificity of the interaction. 
Another possibility would be to preincubate the G-protein with another GPR peptide 
compared to the peptide immobilized on the surface. It would also be valuable to compare the 
surface plasmon resonance results with other technique available to study interactions in real 
time, for example quartz crystal microbalance (QCM). Atomic force microscopy could be 
used as a complementary technique to investigate the distribution of the G-protein on the 
peptide functionalized surfaces. Equilibrium studies using of the interaction between GPR-
i3n, GPR-i3c and GPR-i2c that have been mixed with 3GC and the G-protein would be 
interesting to further investigate the possibility of the 3GC peptide to induce conformational 
changes of the peptides immobilized onto the gold substrates.  
The aim of the investigation presented in Paper III about the Nor-Pt molecule was to design a 
system that could be used for molecular recognition studies. The molecular system is well 
characterized and it would be very interesting to investigate if the Nor-Pt molecule could be 
used for cell or tissue specific targeting. This could be achieved by linking the Nor-Pt 
molecule to for example nanoparticles used for biomedical imaging. Studies of how well the 
boron based molecular systems (Paper IV) work for molecular recognition have been initiated 
and it would be valuable to continue this line of work by using other complementary 
characterization methods to IR such as NEXAFS or XPS to verify the present of ligand such 
as noradrenaline or dopamine. Expanded studies studies of the interaction between the 
boronic acid immobilized on a surface and a ligand would provide an increased knowledge 
about the designed systems and it could also be investigated as prototypes for biosensing. The 
interaction could be investigated using for example surface plasmon resonance and quarts 
crystal microbalance.  It would be valuable to further evaluate the interaction between the 
AUT-C6 molecule and carbonic anhydrase by investigating the binding as a function of the 
concentration of the carbonic anhydrase combined with different concentrations of the 
acetazolamide. It would also be valuable to investigate the importance of the choice of buffer 
for the different models systems. I would like to get the opportunity to investigate these 
molecular systems and their interaction processes using imaging XPS i.e. the NanoESCA 
equipment that will be installed spring 2012 in our laboratory. This instrument will deliver 
images, with chemical information, with a lateral resolution on the micro- and nanoscale 
level. I would like to use this technique to explore this type of information that can be 
collected for the systems designed, analyzed and presented in this thesis.  
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